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Abstract

Determination of Oxygen Reduction on Platinic and Non-Platinic Electrodes and Sulfur
Oxidation Reaction Mechanisms on Pt and Pt;Co Electrodes using in situ X-Ray
Absorption Spectroscopy

X-ray Absorption Spectroscopy (XAS) has been used to examine several active fuel cell
catalysts with the objective of extending the applicability of the novel Ap XANES technique to
more complex systems, and to develop a catalyst that is more stable, less prone to poisoning, and
less expensive than the current standard Pt nanoparticles supported on carbon. In this work we
examined Au nanoparticles supported on SnOy, ligand-stabilized Pt nanoparticles, sulfur poisoned
Pt cathodes, and Rh-based sulfide, Rh,S,, in situ in an electrochemical cell. Both Extended X-ray
Absorption Fine Structure (EXAFS) analysis, as well as the novel difference technique utilizing
the X-ray Absorption Near Edge Structure (Au-XANES) were utilized.

The XAS data, taken at the National Synchrotron Light Source at Brookhaven National
Laboratory, were measured in Situ to acquire information on the oxygen reduction reaction (ORR)
mechanism on the indicated electrocatalyts. Particle modeling and EXAFS data were used to
estimate catalysts nanoparticle size and morphologies. Full multiple scattering calculations were
performed on small atomic models representing the catalysts to interpret the XANES Ap
signatures. The geometric binding sites and relative coverage of simple H, OH, and O species to
more complicated organic ligands and various sulfur species adsorbed on the electrocatalysts
were determined at different applied electrochemical potentials. The results aided in improving
our understanding of how the ORR reaction occurs on different catalysts such as Rh,S,, Au-SnO,,
ligand stabilized Pt, and S poisoned Pt.

Au nanoparticles supported on tin-oxide (Au-SnO,) and mixed with Vulcan carbon (VC)
are active electrocatalysts for the ORR, while Au/VC by itself is inactive. These results indicate

that the SnO, support either enhances the ORR activity of the Au, or participates directly in the
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reaction. Results obtained from the Au XANES and EXAFS show that a bifunctional mechanism
plays the dominant role in the ORR reaction. O, adsorbs and dissociates on the nearby SnOjy
surface with apparent simultaneous electron transfer from the Au, and then ultimate reduction to
water.

XAS data were also acquired on Pt nanoparticles stabilized by triphenyl phosphine
triphosphonate (TPPTP) ligands attached to the Pt particles. Ap analysis shows the Pt particles in
the Pt/TPPTP catalyst are complexed via the P (i.e., Pt-P<tp) with about 0.3 ML of TPPTP
(where the tp indicates the triphenyl groups); these species exist on the surface along with a
dramatically reduced OH coverage. The reduction in OH coverage enhances the surface specific
ORR rate relative to the same sized Pt particles on carbon, but is not sufficient to increase the
mass specific ORR rate.

A broad range of experimental tools were used to study Rh,S,/C. These tools include X-
ray diffraction (XRD), high-resolution transmission electron microscopy (TEM), micro-analysis
and electrochemical investigations, along with the XAS. The adsorption of water, OH, and O as a
function of overpotential is reported. Heating of the Rh,S, catalysts causes Rh segregation and
the formation of Rh metal particles, and immersion in TFMSA causes S dissolution and the
formation of a Rh skin on the Rh,S, samples. It is shown that some Rh-Rh interactions are
needed to carry out the ORR.

Finally XAS data were collected and analyzed using a modified Ap XANES technique to
distinguish the adsorption of O and SO species on Pt and Pt;Co electrocatalysts. This modified
Ap technique enabled the direct observation of O coverage and SO, oxidation state, and the
results were correlated with previous electrochemical data and theory to assign oxidation and
reduction potential regions. The data reveal why S oxidation and ultimate removal from Pt;Co
are much more efficient than that which occurs when S interacts with Pt. SO, to SO;4 oxidation

occurs concurrently with OH and O adsorption on Pt;Co, while on Pt the potential apparently has
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to be cycled to higher potentials to oxidize the SO, in the presence of O/Pt, and then back down

to lower potentials to remove the SO; in the presence of OH/Pt.
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Chapter 1

Introduction

1.1 Introduction

Research into alternative energy sources has grown in recent years in part because of our
need to reduce our dependence on foreign oil. Current research has also been focused on finding
a substitute to gasoline-powered internal combustion engines, due to the deleterious effects of
gasoline engine exhaust, particularly CO,, on the environment. According to the Global Carbon
Project', the United States recently led the world in greenhouse gas emissions until China
surpassed us due to its rapidly developing economy.

The biggest contributing factor to the increase in global emissions is the consumption of
fossil fuels. The 1850s saw the advent of the Industrial Revolution when CO, levels began to
increase. CO, levels have increased nearly 40% since then from ~280 ppm to ~390 ppm and this
is expected to increase with the continued burning of fossil fuels®. There are predictions,
particularly from the Intergovernmental Panel of Climate Change, that this concentration will
increase to a range of ~583 to ~987 ppm by 2100.°

The increasing concerns with global CO, emissions have stimulated the development of
cleaner transportation fuels and overall lower-polluting technologies. Increased attention to fuel
cells has been given as an alternative to the fossil fuel burning combustion engines, due in part to

their superior fuel efficiency and performance. Fuel cells have efficiencies of nearly ~85-95%, as



opposed to the internal combustion engines which are only around 40% efficient*. However,
even more importantly, they produce zero hydrocarbon emissions with hydrogen as a fuel’. Fuel
cells are also attractive because they can be used as power sources in remote areas of the world.
They can be utilized anywhere from space missions and military exercises to more routine
applications, such as computers and cellular phones®.

Even though much research has been conducted on fuel cells, and much investment has
been made, large scale commercialization has not been realized due to issues involving the
overall system complexity’. The problems are many and involve numerous variables. The
performance of the fuel cell is largely dependent on a critical component: the electrocatalyst. This
is an area where there is a surprising lack of detailed atomic level information concerning the
most important processes; namely what really happens at the catalyst surface, including the
reaction mechanisms for oxygen reduction on different catalysts, as well as mechanisms by which

catalyst poisons hinder the fuel cell performance.

1.2 History of Pt-based Electrocatalysts for Fuel Cells

Platinum is the most common catalyst used in fuel cells and was used in the first fuel cell
experiment. In 1839, Sir William Robert Grove invented the first fuel cell and was the first to
show that a supply of electricity could be produced between two Pt wires via an electrochemical
reaction as long as a fuel (hydrogen) and an oxidizer (oxygen) were being fed through the system.

Platinum supported on porous carbon is still the most popular choice for proton exchange
membrane fuel cells (PEMFCs). The PEMFC is the the most commercially viable fuel cell to
date. The workings of the PEMFC will be defined below. The Pt catalysts are normally highly
dispersed with around 3-8 nm sized Pt particles®. There are many explanations as to why there is
an enhanced activity seen at transition d-metal surfaces, particularly Pt. It is proposed that these
metals donate their d-electrons at the surface for bonding with atomic and molecular adsorbates.

According to most theories, this is because d-electron metals have low energy electronic states as



well as electron vacancy states that result in hybridization between d and the s,p electrons. These
degenerate states can then readily accept or donate electrons to and from absorbed species. The
more reactive metal surfaces have higher concentrations of degenerate electronic states, thus
making them more reactive towards breaking and creating new bonds’.

Figure 1.1 illustrates the density of states of Pt in a Pt cluster, where the position of the
Fermi level is indicated at -7.529 eV. Because the s, p, and d states of Pt occur above and below
the Fermi level, they can contribute to adsorbate bonding quite effectively. Different occupancies

in the d-band can also explain changes in adsorbate binding strengths on different metals.

1.3 Electrode Reactions in Fuel Cells
Fuel cells most often utilize the electrochemical reaction between hydrogen and oxygen
to produce electricity and water. Hydrogen is fed to the anode side and oxidized while oxygen is
fed to the cathode side and reduced. An acid electrolyte is usually incorporated, in the form of a
Protron Exchange Membrane (PEM), which conducts protons from oxidized hydrogen to the
cathode side to react with oxygen. This reaction, if carried out under optimal fuel cell conditions,
will subsequently produce water:
Anode: 2H, > 4H' + 4e 1.1
Cathode: O, +4H" + 4¢” > 2H,0 1.2
with the overall net reaction:
2H, + O, = 2H,0. 1.3
Figure 1.2 illustrates the operation of a fuel cell, indicating the anode and cathode
catalysts, as well as the flow of protons and electrons and their subsequent reactions. The
electrolyte or PEM provides a path for protons via hydrophilic channels rich in water. The
remaining part of the membrane is hydrophobic and provides the structural framework and barrier

to other ion flow. The PEM material most often used is Nafion, a Dupont trademark name for a
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Figure 1.1 Density of states for the s, p, and d orbitals as obtained from a theoretical calculation
utilizing quantum mechanics (FEFF 8.0 code)'® on a Pt cluster pictured in Figure 1.1 The Fermi

level is indicated at -7.529 eV.
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H, = 2H* + 2e O +4H" + de = 2H O

Figure 1.2 Schematic of a fuel cell including the anode and cathode catalysts as well as the flow

of protons and electrons and their subsequent reactions. Figure taken from www.efuelcell.biz



trifluoro methyl sulfonic acid based material. The 4-electron cathodic reaction in Eq. 1.3 is vital
in fuel cell catalysis. If this reaction does not occur correctly, then a by-product like peroxide may
form which will decrease the efficiency of the fuel cell. This will be described in more detail
later'".

1.4 Adsorbate-electrode interactions considered in this thesis

The aim of this thesis is to investigate the chemistry of adsorbate-electrode interactions,
support effects, and the fundamental properties of adsorbed species on platinic and non-platinic
electrocatalysts and their effect on the ORR. Most commercial electrocatalysts generally consist
of metal clusters 3-8 nm in size which are supported on a carbon substrate. The motivation is to
obtain an atomic level understanding of the reaction mechanisms from adsorbed species on an
electrode interface and the changes that occur to the catalyst under reaction conditions. Metal-
support interactions between Au nanoparticles supported on a tin oxide support, using in situ
XAS, are studied in Chapter 3. The changes that occur in this catalyst will then be used to explain
its effect on the ORR. Chapter 4 describes the analyses of catalysts with incorporated organic
ligands, specifically triphenyl phosphate triphosphonate (TPPTP) on Pt nanoparticles. The ligands
serve to both stabilize Pt particles through a support/ligand effect, and to make these catalysts
more ORR efficient than unmodified Pt nanoparticles. Both of these chapters reveal how altering
the chemical environment of the catalyst surface can inhibit OH poisoning and ultimately
improve ORR performance.

Non-platinic catalysts are studied in Chapter 5, namely a Rh based chalcogenide of the
type Rh,S, which possessed a complicated multiphase structure. The relative stability of these
phases was studied, and that phase that contributes most to the ORR activity is indicated. Finally,
in Chapter 6, a analysis of the sulfur poisoning process on Pt and Pt;Co alloys provides a more
detailed understanding of which sulfur species exist at certain potentials.

The topics from each chapter are briefly introduced below in separate subsections.

These studies reveal reaction mechanisms that occur in an electrochemical environment and how



these mechanisms contribute to the overall performance of the catalyst. Many details and
intricacies are revealed at an atomic scale level using x-ray absorption spectroscopy (XAS),
which is introduced below, with full details given in Chapter 2.

Knowledge of the reaction mechanisms that are responsible for the oxidation and
reduction of adsorbates on catalyst surfaces are important because such knowledge can provide
direction for improved design and development of better catalysts. Current flow in a fuel cell is
dependent on a variety of parameters ranging from the crystal orientation of the electrode surface
to the adsorbate’s affinity and binding site on the electrode surface'” . Identification of an
adsorbate and determination of its orientation on the catalyst surface from the start of the
electrochemical fuel cell process to the end is crucial to fully understanding the mechanistic
details of electrocatalysis.

One major goal of fuel cell research includes an understanding of deleterious effects of
poisons on Pt during electrochemical operation. Although Pt and Pt alloys are very popular in fuel
cell catalysis, they are susceptible to poisoning and are also very expensive ® . Attempts at using
other platinic metals such as Rh and Au have been investigated. There have also been studies on
depositing noble metals on activating supports to enhance ORR and reduce poisoning. Altering
the chemical environment of Pt catalysts by incorporating ligands has also been studied. These
methods have all been incorporated in order to reduce poisoning, lower the loading of the
catalysts, and reduce costs. In situ spectroscopic techniques can provide a more detailed look at
the adsorption processes; however, the electrochemical environment often adds interferences
from the bulk electrolyte. As a result, determination of the adsorption sites in situ under operating

circumstances have traditionally been difficult.

1.4.1 Improving Oxygen Adsorption on Pt Electrocatalysts



The oxygen reduction reaction on Pt is a vital reaction in electrocatalysis that occurs at
the cathode, eq. (1.2). The adsorption of molecular oxygen, its dissociation, and formation of
subsurface oxide under operation in an electrode make the ORR a very complicated reaction.

Water activation leading to OH or O adsorption on Pt and even oxidation of Pt in

electrolyte occurs simultaneously with O, reduction:'*'*!?
Pt+H,0 > PtOH+ H' +e- 1.6
PtOH > PtO+H" +¢’ 1.7
PtO + H,O > PtO, + 2H + 2¢e 1.8

This process poisons the Pt surface for O, reduction; however, the exact details of this mechanism
remain unclear and are the subject of various studies.

At very high O coverage, it is observed that a surface oxide layer is formed on platinum.
The evidence for this Pt-OH place-exchange reaction comes in part from the roughening of the Pt
surface at high coverage'®'”"'® The sequence of reactions, eqs. 1.6-1.8, was confirmed recently
by Teliska'®, et. al., who found that at low coverage, OH absorbs originally in a 1-fold atop
position (eq. 1.6), which takes place on the steps and edges of small Pt clusters. As coverage of O
increases, O proceeds to more coordinated positions (eq. 1.7); first in a 2-fold site near edges and
corners, then gradually to 3-fold sites on the (111) planes. Eventually Pt-OH place-exchange, eq.
1.8, which occurs at around 0.8V on small clusters, leaves O in 4-fold sites below the surface.
This water activation mechanism has been heavily studied because the OH species that form on
Pt atoms at potentials above 0.8V poisons the surface by blocking Pt sites required for the ORR.
OH formation can occur either because of water activation or from the reaction with O, itself. But
One reason that a PEM or other concentrated electrolyte such as concentrated phosphoric acid is
used in fuel cells is to reduce the amount of water at the Pt surface and thereby reduce water
activation.?

The electrochemical performance of Pt needs improvement because of the slow kinetics

of the ORR. This results in high overpotentials (up to 0.4 volts before significant current flow)*’



and requires use of Pt loadings that are too high for commercial use**. There have been efforts to

23,24,25,26,27,28,29,30,31,32,33
’ or

increase Pt performance by combining Pt with other transition metals
to replace it altogether by using other less expensive metals instead of Pt**?**** " One factor
contributing to the large overpotential in the ORR is the OH posioning of the Pt surface described
above. A strong Pt-O bond makes H,O removal difficult, and H,O is the final product in the
ORR. Thus a signficant goal is to reduce the Pt-OH bond strength and thereby decrease the ORR
overpotential.

A common approach to altering the Pt-O bond strength is through alloying the Pt
nanoparticles with a less expensive d-metal®®. Bimetallic nanoparticles have been shown to
enhance the ORR. It has been seen that Pt-Fe and Pt-Cr alloys inhibit OH poisoning the most due
to a Pt “skin” on the surface. An electronic effect derived from the Fe and Cr atoms worked best
at inhibited OH formation. However, there can be variances in atom distribution and size
depending on synthesis procedures which the ORR highly depends on'**

Much attention has been given to incorporating ligands into Pt electrocatalysts to improve
the catalyst under study. Ligands can affect the selectivity of metal nanoparticles and also

40,41,42

influence the electronic properties of the metal core . Changes in the electronic properties

of the metal core, due to changes in the protecting ligand shell, were observed in N(alkyl),CI-

40,41

stabilized Pd nanoparticles™"'. Ligand-stabilized Pt nanoparticles have also been investigated as

prospective electrocatalysts due to their ability to delay the onset of OH poisoning™***.
However, a detailed description of how these novel catalysts work has yet to be provided.

Chapter 4 will present XAS results on the use of triphenylphosphine triphosphonate ligands that

will provide a unique insight into how this ligand provides enhancement of the ORR on Pt.

1.42 Oxygen Adsorption on Au Electrocatalysts

Gold is usually inactive in the acidic environment of PEMFCs because it does not adsorb

13,14

molecular oxygen, which is the first step in the ORR'™". Recently, the rate-limiting step of the



ORR on Pt catalysts has been related to the strength of the Pt-O bond, and density functional
theory (DFT) studies on Pt (111) crystals in a vacuum have confirmed electrochemical results.*
As stated previously, the Pt-O bond is relatively strong compared to the Au-O bond; when the 2p
orbitals from the oxygen combine with the 5d orbitals of gold, largely occupied antibonding
states, these antibonding states are produced making the net Au-O bond strength weak.*’

It has been found that molecular oxygen does not adsorb on low-index plane single Au
crystals in the temperature range from 300 to 500K even at pressures of 1400 Torr.** Several
investigations were conducted during the 1970s that suggested there was an activated adsorption
of oxygen on Au forming a disordered layer on Au (111) between 373 and 873K* and a possible
surface oxide which was stable up to 1073K.*® However, these findings are controversial due to
the possible formation of surface contamination by calcium and silicon oxides, forming partial
layers of their oxides®'**>*

Supported gold catalysts have yielded more promising results for ORR. However there

has been disagreement in the literature on whether the increased reactivity is due to the smaller

particle size or to some interaction involving the support. Early research described a detection of

54,55,56 57,58

oxygen adsorption . Some reported a “slight” uptake of oxygen on Au/TiO, and it was
found that there was a sufficient amount of oxygen present when Au is supported on various other
oxides that were prepared by a deposition-precipitation technique. This allowed coverage
estimates to be made by temperature programmed desorption (TPD)”. A study on Au/SiO,
indicated that enough oxygen adsorbed so that Au particle size estimates could be made, although
the results were not fully reliable®. There has also been spectroscopic evidence®**® that CO
and O can adsorb onto a single Au atom; yielding an intermediate in producing CO,. Pretreating
the supported Au catalysts under oxidizing conditions and the importance of an optimal choice of

calcination temperature suggested that the high activity for CO oxidation is related to the mode of

oxygen interaction.
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In an electrochemical environment, Au has exhibited several instances where it does
proceed with the four-electron ORR. In acid, the ORR at Au usually requires very high
overpotentials, which make Au a poor choice. ORR reactivity has been reported in base at lower

overpotentials®*®

_ Oxygen reduction at Au/VC (Vulcan carbon) in acid, and in base, at high
overpotentials usually produces peroxides (Eq. 1.9):
0, +2H" + 2¢'— H,0,. 1.9
Some research has been conducted using tin-oxide as a support to enhance the activity of
various d-metals like Au and Pt. Pt/SnO, was found to be very effective for methanol

66-57 and oxygen reduction. Baker®® et. al. found that tin-oxide was sufficiently stable to

oxidation
allow the ORR in a low pH range (0 to 1). Metal oxide supports are favorable in electrochemical
catalysis because they are relatively inexpensive, ionically conductive, due to their redox couples
which aid in the supply of protons for the ORR, and most are resistive to corrosion; especially tin
oxide. However, the effects of incorporating metal oxides as supports for noble metal catalysts to
enhance ORR activity has yet to be fully understood. Chapter 3 will present XAS results that

confirm that the SnO, support exerts a strong ligand effect, but more importantly contributes

directly to the ORR reaction at the Au-support interface.

1.4.3 Rhodium Chalcogenides as Electrocatalysts

There have not been many cases of using rhodium in electrocatalysis. It is also highly
unlikely that Rh or Rh-based chalcogenides (i.e. RhS) will ever replace Pt in PEMFC or direct
methanol fuel cell (DMFC) applications because of their costs. Rh is 5-10 times more costly than
Pt¥. However, despite their cost they are quite useful as industrial catalyts; particularly in
automobile catalytic converters and for catalytic carbonylation of methanol to produce acetic acid
by the Monsanto process’"'".
Recently, the most promising alternative to Pt in electrocatalysis have been transition-

72,73

metal chalcogenides Several of these chalcogenides, particularly RuSe, have exhibited

11



74,75

reasonably high ORR performance ™", and seem to be relatively unaffected by poisons that

typically poison Pt in methanol’®”"” and in the presence of halides”. However, due to the
toxicity of Se, ReSe catalysts also will most likely not be used in consumer applications’>®.

The Rh,S,/C electrocatalyst produced and patented by De Nora has exhibited the highest
ORR performance and stability of the sulfide-based chalcogenide electrocatalysts®. The
performance and structural characteristics of the Rh,S,/C electrocatalyst render it an ideal model
compound for investigation of the ORR pathway on a sulfur-based chalcogenide electrocatalysts.
Even though this catalyst does not exhibit the high level of methanol tolerance of Ru-based
chalcogenides®?, it is well suitable for chlorine gas generation.

Characterization of Rh,S,/C has been very difficult using standard methods like X-ray
Diffraction (XRD) due to its structural complexity. The catalyst is comprised of three very
different phases: Rh,S;, Rh;S,4, and Rh;5S, 538485 The big question that has yet to be answered is
which phase is active and contributes most to the ORR. Chapter 5 presents results of a study

utilizing a combination of XRD, XAS, TEM, and electrochemical measurements, providing an

assessment of the relative stability and minimum requirements for the ORR on Ru,S,.

1.4.4 Sulfur Poisoning on Pt and Pt-Alloy Electrocatalysts

PEMFCs must maintain high ORR activity over extended periods of time for efficient
operation. This activity can be hindered by factors such as the corrosion and poisoning of Pt.
Sulfur, often found in either the fuel fed to the anode or the air fed to cathode in Pt fuel cells®,
can be a problem because it can block active sites on Pt and hinder both the H oxidation reaction
(HOR) and the ORR.

It has been well documented that as sulfur is cycled in a Pt electrode. It starts out as zero-
valent S (S”) at 0.05V. As the potential increases, it is believed that sulfur becomes oxidized to

87,88,89,90,91,92,93,94,95,96,97,98

sulfate (SO,”) and then desorbs from the surface In situ Fourier

Transform (FTIR) spectroscopy showed that SO, adsorbed onto the surface at 0.5V oxidizes to

12



SO,> at a potential range from 0.5V to 1.5V. However, coulometric analysis indicated that SO,
adsorbed onto Pt at 0.65V and oxidized at potentials both higher and lower than 0.65V*. As of
now, it is very difficult to discern between what species of sulfur are on the electrode surface,
especially in the fuel cell operating range (0.6 to 0.8V).

As discussed previously, alloying Pt with another transition metal (e.g. Co) can improve
the ORR and inhibit OH poisoning on Pt due to a ligand effect caused by the alloying metal. A
recent study has confirmed that initial sulfur coverage is higher on Pt;Co than Pt, due to
decreased surface OH coverage on the alloyed Pt. However, sulfur species are more easily
removed from the Pt;Co surface than Pt; and Pt suffers a higher loss of mass activity'®. A
precise and accurate picture of the type of reaction mechanism which occurs in these catalysts, as
well as adsorbate speciation during poisoning has yet to be determined. Chapter 6 presents XAS
results which reveal for the first time the changes of S oxidation levels spectroscopically on the
surface, why cycling is necessary to remove S from a Pt electrode, and why the cleaning process

is greatly enhanced in the case of Pt;Co.

1.5 Use of X-Ray Absorption Spectroscopy

The development of modern surface science techniques over the past decades has allowed
for the investigation of numerous properties of adsorption at the atomic level. These techniques
offer information about the electrode surface and the molecular identity of the species adsorbed at
the electrode surface. Numerous techniques have been used to study the electrode surface;

however, many require a gas phase or ex sifu environment as summarized in Table 4.1.

X-Ray absorption spectroscopy (XAS) including X-ray absorption Near Edge
Spectroscopy (XANES) and Extended X-ray Absorption Spectroscopy (EXAFS) (to be discussed
in the next chapter) are in sifu spectroscopic technique that can provide unique site-specific

adsorbate bonding information and particle size information. Further, these techniques do not
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Table 1.1 Comparison of various spectroscopic techniques utilized to study catalysts

Technique Information In situ Disadvantages/advantages
obtainable
XAS Ads. Binding Yes Synchrotron required
(XANES/EXAFS) | site Complex theoretical analysis
Particle size
XRD Crystal Yes Long range order required
structure Complex theoretical analysis
XPS/Auger Electronic No UHYV required
structure
TPD Ads. Binding No UHYV required
energy
Vibrational spectroscopies
ATR, IRAS Binding prop Yes Noisy differential/difference
techniques
Dipole selection rules make 3-
fold site vibrations invisible
IR/Raman Binding prop Yes Huge bulk electrolyte adsorption
HREELS Binding prop No UHYV required
SHG, SFG Binding prop Yes Noisy differential/difference
SNIFTERS techniques
Dipole selection rules make 3-
fold site vibrations invisible
NIS Binding prop No Huge surfaces areas required

because of small cross-section

for scattering
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suffer from the adsorption by the bulk electrolyte such as occurs in the IR region. X-ray
Diffraction (XRD) of course also provides detailed structural properties but it requires long-range
order, which is generally not present in real high surface area catalysts. X-ray Photoelectron
(XPS) and Auger (AES) electron spectroscopies can provide detailed electronic structure
information, unfortunately they require ultrahigh vacuum (UHV). A very powerful technique for
providing detailed adsorbate bond strengths is temperature programmed desorption (TPD),
unfortunately this also can only be utilized in vacuum.

XAS uses synchrotron radiation, which has wide applications not only in the field of
catalysis but in those of chemistry, biology and environmental science to name a few.
Synchrotron radiation offers a tunable wavelength which enables certain atoms of interest to be
studied. Synchrotron radiation also has higher intensity compared to most conventional light
sources and a small spot size which allows for in sifu determinations.

Vibrational spectroscopy involving infra-red (IR) and Raman absorption are powerful
techniques that provide detailed information on different binding sites, and bond stretching
frequencies, but they are severely hindered by the large absorption by the bulk water of the
electrolyte. Several attempts to eliminate this absorption by taking differences or differentials
(such as in the Subtraction and Normalization Fourier Transform Infrared Spectroscopy
(SNIFTIRS), Second Harmonic Generation (SHG) and Sum Frequency Generation (SFG)
techniques) have been developed, but these often still produce noisy data, and because of dipole
selection rules cannot probe vibrations coming from the dominant adsorbate species in the three-
fold binding sites. Other vibrational techniques such as High Resolution Electron Energy Loss
(HREELS) and Neutron Inelastic Scattering (NIS) enable non-dipole transitions to be observed,
but they are not in situ techniques. Thus XAS remains as a powerful and unique technique for
studying particles under an electrolyte'*'"'*

XAS analysis has been limited to providing geometric information on systems with short-

range order, i.e. the normal Extended X-Ray Absorption Fine Structure (EXAFS) technique'®. It
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has been reported that the electron scattering producing the Pt Ly XANES is very sensitive to the
adsorption of both O and H.'™ Using a novel analysis technique that isolates this Pt-adsorbate
scattering, combined with theoretical calculations, allows for the in situ determination of
adsorption sites on platinum electrodes utilizing Pt L; X-ray Absorption Near Edge Structure
(XANES).

One disadvantage of XAS has been the complex theoretical analysis required to obtain
information from the data. XANES data can now be interpreted utilizing full multiple-scattering

theoretical results from the FEFFS.0 code'®.
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Chapter 2

Experimental and Theoretical Techniques

2.1 Introduction

This chapter will assess the experimental X-ray absorption (XAS) techniques and
methods for analyzing XAS data, and summarize the fundamental theory of X-ray absorption. It
will also review the quantum mechanical theoretical methods used to interpret the XAS results,
and provide other information such as preferred adsorption sites on various types of catalysts such
as Au and metal oxide-supported Au clusters, ligand-stabilized Pt nanoparticles, RhS catalysts,
and also adsorption sites of sulfur on Pt clusters. The chapter will also further summarize other

experimental techniques used to characterize these catalysts.

2.2 The XAS spectrum

Many surface sensitive analytical techniques are currently available; however, most are
not sensitive enough to probe at the atomic level, in situ in an electrochemical cell. Synchrotron

based in-situ XAS is an effective and unique method for determining the metal cluster size
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clusters, the electronic structure of the metal, and the short-range atomic order of adsorbates on
the surface. XAS can serve as an in sifu technique since the probe and signal are both x-rays
which can penetrate “dilute” or thin samples.

The XAS spectrum is normally divided into two regions, the EXAFS (Extended X-Ray
Absorption Fine Structure) and XANES (X-Ray Absorption Near Edge Structure). The physical
origins of both XANES and EXAFS are the same, yet they provide complimentary information,
and the analysis techniques in these two regions are completely different. Figure 2.1 shows a
typical XAS spectrum. The region from 0-50 eV is referred to as the XANES which provides
information about the atoms configuration and site symmetry. The region after 50 eV is termed
EXAFS which gives more structural and geometric information such as bond length and

coordination number.

2.3 XAS Theory

XAS provides a measurement of the x-ray absorption coefficient p, or the x-ray
absorption capacity, of a material as a function of photon energy E, which is above or below the
threshold of an absorption edge Eo,. The intensity, /, of x-ray photons decreases as it passes
through a material depending on the absorption coefficient, u, and the path length that the x-rays

have traveled according to the following equation:

dI=-u(E) Idx 2.1

The linear absorption coefficient, p as a function of energy, E, can then be calculated by
the integration of the attenuation in the light intensity from of a sample thickness x which results
in Lambert’s law

I=1,e"®~ 2.2
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Figure 2.1 XAS spectrum at Pt L; edge of a Pt foil. The edge value is indicated where the
photoexcitation occurs at 11564 eV. The pre-edge, XANES, and EXAFS regions are also

displayed.
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The absorption coefficient of an atom depends roughly on the x-ray energy, E, the atomic number

Z, the electron density, p, and atomic mass, A, according to the following relation:

Z4
uxE
AE

23

If the energy (hv) of the incident photon beam is large enough, an atom absorbs an x-ray of
energy E, exciting a core electron with energy E;, and emitting a photoelectron with a kinetic
energy of (E-Ey) which is represented by Ej in the equation below. The core state is eventually
filled and a fluorescent x-ray or Auger electron is finally ejected. Once the x-ray is large enough
to promote an electron into the continuum, a sharp increase in absorption occurs. This increase in
absorption is exhibited in the XAS spectrum, as displayed in Figure 2.1 and illustrated in Fig. 2.2.

The kinetic energy of the photoelectron Ey is given by the equation:

E=hv-Epinding-¢ 2.4
where: hv is the energy of the incident x-ray, ¢ equals the work function of the metal, and Eyjnding
equals the binding energy of the orbital (relative to the Fermi level) from which the photoelectron
is excited.

The photoelectron can be expressed in quantum mechanics as a spherical wave with a

wavelength, A, described as:

with the wavevector k:

k= Kg’;mJ(hv—Eo )T 2.6

where m equals the mass of the electron and h is Planck’s constant.
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Figure 2.2 Schematic of the photoelectric effect. An x-ray is absorbed by the atom, the energy of
the x-ray is transferred to a core level electron (K or L shell) which is ejected from the atom and

into the continuum.
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The probability for x-ray absorption is given by Fermi’s golden rule illustrated in Figure

2.3, where the probability of a dipole mediated transition from a core state, y; to a final

unoccupied state ¢ is given by:

2 3
,u(E)=87[2%-‘(1//f|E0r|1//i>‘2 -5(Ef —-FE, —hv) 2.7

= electron charge

Q
|

Here
@ = angular frequency of the incoming photon
¢ = speed of light
Y, = final state wave function of the bound electrons, core hole
and excited photoelectron
Y, = initial state wave function of the bound electrons
E = electron field polarization vector
r = position vector with respect to absorber
0 = density of states at the final energy, and

E; and E; = final and initial state energies.

The standard theory of XAFS has historically been based on the approximation of a
spherical muffin-tin scattering potential. The potential seen by the photoelectron is composed of
non-overlapping, spherically symmetric potentials around each atom and is flat between the
different atomic-like potentials.

The propagating electron goes out and consistently returns to the original absorber atom.
This backscattered wave can interfere with the original outgoing photoelectron wave. As the

photon energy increases, the energy of the photoelectron increases causing the
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Figure 2.3 Diagram of the sequence of events that occur from x-ray absorption. An ejection of an
electron from the ground state or initial state, ¥;, to a final unoccupied state, ¢, occurs according

to Fermi’s golden rule.



wavelength to decrease. This causes the outgoing and backscattered waves to interfere either
destructively or constructively depending on the wavelength and path length required to return to
the absorber. The initial state is the ground state of the system. In the presence of neighboring
atoms, the final state has a core hole along with the photoelectron; the wavefunction describing
the photoelectron is given as a sum of the interfering outgoing and backscattered waves. This
wave interference gives rise to the oscillations seen in the EXAFS region of the XAS spectra.
Figure 2.4 shows the interference patterns of the photoelectron waves.

The multiple scattering (MS) theory, incorporated within the muffin-tin approximation, is
based on perturbation theory, and the potential scattering of an electron from atom to atom is
often termed a "path" approach. Single scattering and multiple scattering paths are illustrated in
Figure 2.5. In multiple scattering, the photoelectron wave is scattered from more than one atom.
Photoelectron waves can return to the central atom from many MS paths, but extremely long
paths are thought to mostly cancel each other, or at least undergo significant amplitude reductions
due to inelastic scattering effects. Thus, the single scattering plane-wave approximation becomes
more accurate at higher energy since the multiple scattering is weaker at higher energy.

In the analysis of the EXAFS region, the oscillations will depend on the distance between
the absorber atom and the neighboring atoms. Simple EXAFS analysis is based on a single
electron, single scattering formalism. It is assumed that the photoelectrons have sufficiently high
energies so that only single backscattering is important, which is why only the energy region
>50eV is considered in EXAFS analysis. In XANES, the photoelectron has a smaller momentum
and a longer mean free path, and consequently the plane-wave and single scattering formalism is
no longer valid. Therefore, in this region, the photoelectron wave samples the more immediate
environment around the absorber atom many times, and the effects of multiple scattering provide

electronic or orbital bonding information.
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Constructive — In Phase Destructive — Out of Phase

Figure 2.4 Constructive and destructive phases of a backscattered wave which can interfere with

the original outgoing photoelectron wave
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Single Scattering Multiple Scattering

Figure 2.5 Single and multiple scattering paths which an electron can undertake after being
ejected from an absorber atom. Single scattering paths dominate in the EXAFS region while both

single and multiple scattering paths equally are present in the XANES region
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Absorption edges correspond to the threshold for excitation out of core level atomic
shells and subshells. For example, an atom of interest could have one K absorption edge, three L
edges and five M level edges. Between absorption edges, the absorption coefficient decreases
roughly as 1/E’ and will decrease in the order of K>L>M. The spectral shape near the edges can
give information regarding the effective charge or valence of the absorbing atom since the energy
generally correlates with the oxidation state.

In the dipole approximation, the transitions are restricted by the selection rule AL=+1 and
AJ=£1,0 where L is the orbital angular momentum quantum number and J is the total angular
momentum quantum number. Table 2.1 shows the X-ray absorption edges and the core level
excitations. In this thesis, the K edges of Co, Rh, and Sn, and the L; edges of Pt and Au, were all

studied.

Table 2.1 X-Ray absorption edges and core level excitations

Level Core-Level Excitation
K edge Is=2>p

L, edge 2s2p

Ly; edge 2pinsn=2s.d

M, edge 3s>p

M, ; edge 3pinsn=2s.d

2.4 EXAFS and XANES Analysis
The Athena code of Ravel and Newville', from the IFEFFIT package, was used for both
the EXAFS and XANES analysis to subtract the background and normalize the data. The Artemis

program in the IFEFFIT package was used for EXAFS analysis, with FEFF 8.0% calculated
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references. An isolation technique was used and compared with the theoretical calculations for
the XANES analysis using the FEFF 8.0 code. The FEFF 8.0 code was developed by John Rehr
at the University of Washington over the last 20 years®

2.4.1 EXAFS analysis

The absorption coefficient p is generally expressed as , (1+y), where p, is the
absorption due to the absorber atom itself, and the yx part arises from the photoelectron
backscattering and interference as described above. Thus  provides the geometric information.

The well-known and basic EXAFS equation is:

N f ke
y(k) = ZI/_ 12 rE Sin[2kR; + 6, (k)] 2.8
J

It incorporates the scattering interferences and probability for scattering as discussed above. Here
[(k), the scattering amplitude, and J;(k), the phase shift, are scattering properties of a neighboring
atom, which depend on the atomic number Z of the scattering atom. From this equation the

following can be determined:

R: distance to the neighboring atoms
N: number of neighboring atoms, and
o’ mean-square displacement of neighboring atoms due to thermal vibration and

static disorder.

A fourth parameter, the inner potential E,, required in the determination of k, eq. 2.6, is also
generally required.
The first step required in both EXAFS and XANES data analysis is removal of the pre-

edge background. The background is removed by normally fitting a quadratic or linear
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polynomial to approximately 50 eV of the data prior to the edge, which is then extrapolated
beyond the edge as seen in Fig. 2.6 (1). The pre-edge absorption curve can sometimes contain
background noise arising from higher beam harmonics, elastic scattering and other discontinuities
in data collecting, producing glitches, spikes or steps in the data that can hinder the background
removal process, but usually this is not a problem.

The next step in the analysis is to normalize the data by estimating the edge step, Au (E,).
The absorption coefficient y(E) can be expressed as ,(E)(1+y(E)) where y(E) is given by eq. 2.8
and contains all of the information of interest, and z,(E) is the atomic absorption coefficient. The
effective edge, Eg is selected as the energy with the maximum derivative (i.e. steepest onset)
shown in Figure 2.6, and the step height Ax is normalized to 1 over a large energy above the
absorption edge. The absolute photon energy at E, is the effective binding energy of the core
electron.

To extract the desired y(E) function, ,(E) must be determined. This is most often done
by performing a spline smoothing of w(E) which is then subtracted from g(E) as shown in Fig.
2.6. The proper removal of u,(E) from g(E) is still an “art” that one must acquire, but better

criteria have been developed in recent years.*

FT(R) = ij“fa" k" y (ke dk 2.9

/272- k min

Once the final y(E) function is extracted, the Fourier transform is used to convert the data
from k-space to R-space as shown in eq 2.9. The Fourier transform gives peaks at the distances
between the absorber atom and its neighbors, albeit slightly shifted from the true value of R.
From least-squares fitting procedures utilized in the ARTEMIS code and functions obtained from
theoretical calculations for the scattering amplitudes and phases in eq. 2.8, the critical distances

Rj, and coordination numbers Nj can be determined.
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Figure 2.6 Separation of a) EXAFS and b) XANES features. 1) Pre-edge background removal. 2)
Normalization range. 3a) Post-edge background removal and conversion to k-space and 4a) Fourier
Transform and fitting with FEFF 8.0 references. 3b) Illustration of Pt L; line shapes before

subtraction and 4b) Segregation of Ay adsorption signatures.
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FEFF 8.0 calculations were used in this work to determine the scattering amplitudes,
phases, and other variables in eq. 2.8. These parameters can also be obtained by fitting a model
to experimental data from known similar reference materials and then transferring the obtained
parameters to the unknown system for structural determination, however this procedure was not
used in this work. Using the simple EXAFS model of eq. 2.8, with FEFF 8.0 references, the
parameters R, N, o % and E, are obtained from the least-squares fits with a typical uncertainty in
the interatomic distance of + 0.02 A, and in the coordination number, N, of about + 0.5. Here the
Debye-Waller factor involving o” is caused by thermal vibration and static disorder, and is
particular to each material. Unfortunately, a large linear dependence exists between N and 7, so
that often o is fixed to decrease the uncertainty in N. This was generally done in this work, so

that just 3 parameters were utilized per shell, with at most two shells (Pt-Pt, Pt-O, Pt-P, Au-Au,

Sn-Sn, Sn-O, Rh-Rh, and Rh-S) considered in this work.

2.4.2 Isolation of XANES features

The fine structure features in the XANES arise from transitions of the excited photoelectron
into unoccupied states just above the Fermi level. The excited low energy photoelectron has a long
mean free path, which allows a significant amount of multiple scattering around the absorbing atom
without significant loss of energy. There is no convenient generally used XANES equation like that
for EXAFS, therefore a new interpretation technique must be developed. This technique has been
used in previous work and applied to H, O, and OH on Pts’(’? Pt-M (M=Cr, Fe, Co, and Ni) cathodes’
both in an electrochemical cell, and CO poisoning in PtRu catalysts in a fuel cell®.

The pre-edge background is removed exactly like that for the EXAFS as described above and
shown in Figure 2.6. The effective edge, E, is chosen as the half height of the absorption edge step
and the normalization is now done over a smaller (compared to EXAFS) energy region, typically 0-

50eV. Careful energy alignment is needed in order to carry out the analysis to be described below,
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and this is done by using the Pt foil spectra always taken simultaneously with that for the Pt sample.
This alignment eliminates the slight “wandering” in photon energy that exists in any photon beam
coming from a synchrotron. The Pt L; foil (or a foil corresponding to the edge being studied) spectra
taken simultaneously with each sample run are aligned and then the actual sample spectra are shifted
by the exact same energy required to align the foil spectra.

In order to highlight the adsorbate bonding effects, a difference:

Ap = w(X/Pt)-p(Pt) 2.10

is taken where p(Pt) is the spectrum of the “clean” electrode at or near 0.54V used as a reference.
Near 0.54 V the Pt electrode lies in the double layer region where there is no adsorbed hydrogen and
oxygen expected. Directly adsorbed anions and water may exist on or near the surface in this region,
but since these species do not adsorbed in registry on the surface (i.e. they are either somewhat
mobile or disordered on the surface), they are found not to contribute significantly to the XANES
data.

With p = po(1+y) as indicated above, the Ap of eq. 2.10 can be expressed by the

following equation:

Ap=Ap, + AIVIUOZPtfPt —‘ + My adsi pe X pr-ads 2.11

where Ay, is the change in the atomic XAFS, A(uo)pep) 1S the change in the Pt-Pt total scattering
induced by the atom adsorption, and yp.ags 1S the additional scattering arising from the adsorbate.
Both the yp.p (With and without the adsorbate) and the yp..aq4s include the full scattering (both the
single and multiple scattering), which in the XANES region can be dominated by the multiple
scattering contributions. In order to fully interpret the Ap difference spectra, theoretical

calculations were used as described below.
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2.5 Theoretical Calculations

Theoretical calculations were performed on model clusters in order to interpret the
XANES data and understand the results. Real-space full multiple scattering calculations utilizing
a muffin-tin potential are performed using the FEFF 8.0 code. These calculations effectively
approximate the continuum orbitals, and because of the full multiple scattering, also reasonably

approximate the strong antibonding resonances present in this energy region.

2.5.1 FEFF 8.0

The FEFF 8.0 code perfoms ab-initio self-consistent field, real-space, full mutiple scattering
calculations. It is known that in the FEFF 8.0 code, the results are somewhat dependent on the
potentials used in the code. Previously it was found that the Dirac-Hara potential with an imaginary

4,9,10,11 .
2101 However, the emphasis

part of 5 eV was optimal for describing the Pt-Pt and Pt-O scattering.
in that optimization procedure was placed on the 25-150 eV region. Here we are interested in the
region below 40 eV. Although a more complete analysis in this energy region is required, the Hedin-
Lundquist potential is preferred.

The Pts cluster shown in Figure 2.7 was used for a majority of the FEFF 8.0 calculations
presented in this work. This cluster known as the “Janin” cluster is favored due its lower symmetry

and it also contains both fcc and hep sites as indicated. The adsorption sites for atop and bridged are

also shown. The theoretical Ap difference spectra are obtained by taking the difference:

1(Ads/Ptg) - u(Pt), 2.12

which give theoretical results exactly comparable to that obtained experimentally. It is also
important to note that throughout this work, the Janin cluster was used for other non-platinic catalysts

that were studied such as Au and Rh. Being that these single crystal elements are all fcc lattices, it
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can be assumed that they can be incorporated into the Janin cluster.

There were certain circumstances where the Janin cluster could not be incorporated. In
Chapter 3, the Cassiterite'” structure for Sn-Oy support was used in generating theoretical signatures
to interpret the experimental results. In Chapter 5, different RhS crystal structures were also

incorporated. Figure 2.8 shows the non-Janin type clusters used for theoretical calculations.

2.5.2 ATOMS code

The ATOMS code developed by Bruce Ravel* was used to generate Pt clusters of
approximately 200 atoms with the Fm3m space group, fcc, a=3.92A of 8 shells for Chapters
4 and 6. These clusters were used to model the Pt-Pt coordination numbers for comparison
with results obtained from the EXAFS analysis. Chapter 3 consisted of generating Au
clusters with an Fm3m space group, fcc, a= 4.08 A and for the SnOy support a Cassiterite
structure for SnO, was incorporated with a tetragonal P 4,/m3m space group, a=4.74 A and
¢=3.19 A. For the catalysts studied in Chapter 5, there were no ATOMS input files in the
database for the catalysts studied so XRD parameters obtained from collaborators at
Northeastern University (NEU) were used instead. With these parameters, it was possible to
generate our own input file in Artemis and then fit the experimental EXAFS data. Table 2.2

shows these parameters for clarity.
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Figure 2.7 Mg “Janin” Cluster (M=Pt, Au, or Rh) clean (left) and with various adsorbate geometries (right).
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E)

D)

Figure 2.8 Display of non-Janin type clusters used in this thesis. SnO, Cassiterite structure (A).
Rh;3S, full lattice (B) and its fragment (C) used for FEFF 8.0 calculations. Rh,S; full lattice (D) and

its fragment (E) also used for FEFF 8.0 calculations
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Table 2.2: Summary of Cell Parameters for Catalysts studied in Chapter 5

Catalyst Symmetry Space Cell Parameters
Group
a/A b/A c/A
Rh cubic Fm3m 3.803 - -
Rh,S; orthorhombic Pbcn 8.462 5.985 6.138
Rh;S4 monoclinic C2/m 10.292 10.671 6.213
Rh17S15 cubic Pm3m 9911 - -

2.6 Rotating Disk Electrode Cyclic Voltammetry

Before XAS experiments can be conducted, it is imperative to fully characterize the
sample and see if it is active for the ORR. The tool needed to study this is Rotating Disk Cyclic
Voltammetry also know as RDE. All catalysts studied were supported on Vulcan carbon XC-72
(E-TEK). Thin catalyst films on glassy carbon electrodes were prepared for the voltammetric
analysis using a method adapted from the literature'. These films are made by making inks of the
catalyst by ultrasonically dispersing a certain amount of catalyst that is in the form of a powder
into a solution composed of isopropanol (Sigma-Aldrich or ACS grade), deionized water
(Nanopure), and a small aliquots of 5 wt. % Nafion® ionomer binder (Sigma-Aldrich or
Ionpower Liquion). This mixture is sonicated for around 30 minutes to 1 hour and allowed to mix
overnight to maximize overall catalyst dispersion. The inks are then applied onto rotating disk
glassy carbon electrodes (Pine Instruments GCE, 5 mm diameter) which are attached to a Pine
AFCPRB rotator couple with an Eco Chemie Autolab PG Stat 30 potentiostat. Before testing can
begin, it is important to polish the GCE to a mirror finish in 0.05 pm alumina-particle suspension
(Buehler) on a moistened polishing cloth. The GCE is coated with a catalyst film and then
submerged in a 25°C Ar-saturated cell which is flooded with 0.1M HCIO, (electrolyte used in

Chapters 3, 4 and 6) or IM TFMSA (electrolyte used in Chapter 5). The glass cell is a three-
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electrode potentiostatic circuit where a gold mesh is used as a counter electrode. All potentials are

measured with respect to a sealed reversible hydrogen electrode (RHE)''®

The catalyst is
activated under Argon and cycles by applying potential cycles 20 or 50 mV/s at 1600 rpm. Once

activation is achieved, then the cell is saturated with O,. The electode is rotated at 1600 rpm and

voltammetric cycles are performed at 5 mV/s or 20 mV/s.

2.7 XAS Data Collection

XAS requires synchrotron radiation which provides a continuum of photon energies that
are 10° to 10° higher in intensity than conventional x-ray tubes. The synchrotron provides a wide
tunable energy range enabling almost all elements to be studied. All of the data obtained and
presented in this thesis were obtained on beamline X-11A and B or X-18A at the National

Synchrotron Light Source (NSLS) at Brookhaven National Laboratory located in Upton, NY.

2.7.1 Synchrotron Radiation

Synchrotron radiation is produced when charged particles (electrons or positrons) are
orbiting at relativistic speeds (v=c). Synchrotron radiation is created in storage rings where the
charged particles circulate for many hours under high vacuum. The electrons are produced in an
electron gun, accelerated in a booster, and injected then into the storage ring where they are post
accelerated to their nominal kinetic energy. The path of the electrons in the ring is controlled by
quadrapole and other bending magnets surrounding the ring. Synchrotron radiation is produced
when the bending magnets change the momentum of the electrons giving them a curved
trajectory.

Continuous energy x-rays are produced by the synchrotron, but the beam can be made
nearly monochromatic using a silicon double-crystal diffraction monochromator. Two parallel

crystals diffract the beam according to Bragg's law:
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na hkl = 2dhk15il’leB 2.13

where A i, n, and dpy are the wavelength of the diffracted x-rays, the harmonic order, and the
lattice spacing at that plane at a Bragg angle 6 from the beam direction. The x-ray wavelength is
controlled by a computer system, which rotates the monochromator so that 6z changes at a
constant rate per unit time. Thus measurements over the entire energy region of interest can be
investigated.

The XAS spectra obtained in this thesis were obtained in transmission mode. Three gas
flow ionization detectors were used to measure the incident and transmitted x-rays as described
below.

2.7.2 Experimental Setup

The XAFS data were collected at room temperature in transmission mode on beamline X-
11A and X18B of the National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory. The NSLS storage ring is operated at 2.52 GeV beam energy with ring currents between
40 and 200 mA. Three gas flow ionization detectors were used to monitor the intensities of the
incident (/) and transmitted x-rays (/) through the sample and the reference detector (/). A Si(111)
double crystal monochromator was detuned by 30% at 200 eV above the Pt and Au L; edges (11564
and 11919 eV respectively) and the Rh K edge (23220 eV) to minimize the presence of higher
harmonics in the beam. Data was also collected at the Sn K edge (29200 eV) in Chapter 3 which
incorporated a Si(311) double crystal monochromator. The energy calibration was achieved by
recording the XAFS of a 7 um thick metal foil simultaneously with the sample. The material of the
foil corresponded to which element would be studied.

Figure 2.9 illustrates the cell used in these measurements taken for Chapters 3, 4 and 6, an

electrochemical half-cell, which was designed by the Adzic research group at Brookhaven National
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Lab'”. The catalyst powders are mixed with enough 1M HCIO, until the material is a paste. The
sample is then applied onto a carbon cloth and assembled into the cell. The cell is a three-electrode
cell where the counter electrode is a Pt foil with a wire connected to it for contact, and another Pt foil
was used for contact with the working electrode (the catalyst). The data was taken in reference to an
Ag/AgCl reference electrode. The cell was then placed in front of the beam between two detectors
that collected incident (/) and transmitted x-ray (/) beam intensity. An Eco Chemie Autolab
PGSTAT-30 potentiostat was used to hold the cell at a desired potential. The cell setup for the
material in Chapter 5 had a slightly different design and the sample had been previously hot-pressed

onto a carbon cloth then soaked in 1M TFMSA before being assembled into the cell.
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Figure 2.9: Schematic of the experimental setup used in XAS experiments
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Chapter 3
Support Effects on Water Activation and Oxygen Reduction over Au-SnO,

Electrocatalysts

3.1 Introduction

This work examines gold as a non-platinum electrocatalyst for the oxygen reduction
reaction (ORR). Gold nanoparticles supported on hydrous tin-oxide (Au-SnOy) and mixed with
Vulcan carbon (VC) are active below 0.55 V (vs. the reversible hydrogen electrode, RHE) for the
4-electron ORR (Eq. 1) in acid electrolyte.'”” Comparable 1.7-nm Au nanoparticles supported
solely on carbon are inactive for the ORR in acid, generating peroxides rather than water (Eq.
3.2) at current thresholds below 0.3 V. These results suggest that the Au reactivity is enhanced by
the SnOy support through a synergistic mechanism or metal/support interaction.

0, +4H +4e— 2H,0 123V 3.1)

0,+2H +2¢e— H,0, 0.7V (3.2)
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Pt and its alloys are the most active electrocatalyst for the ORR, and thus are the favored
cathode electrocatalysts for polymer electrolyte membrane (PEM) fuel cells. Platinum, as well as
most d-electron transition metals, has a “d-band” just below the Fermi level that results from
hybridization between the d and s,p electrons’. This band can readily accept or donate electrons to
and from adsorbed or absorbed species. The most reactive metal surface has an optimal O,
binding energy making it efficient at adsorbing O, and breaking the O, bond (Eq. 3) while
keeping the Pt-OH bond sufficiently weak to avoid significant OH poisoning’. This poisoning
arises from the OH intermediate formed in the ORR, which must be removed in a later step (Eq.
4), as well as from water activation (Eq. 5). Norskov et al* have indicated that alloying with other
transition metals, such as Co or Ni, lowers (increasing the binding energy) the Pt d-band and
decreases the Pt-O bond strength, and thereby decreases the coverage of OH poison and increases

its reactivity for ORR.

0, >(0,),y ——(0,) w (33)
H,0

PLoH —€H% prom, 2 » p° (3.4)

Pt+H,0 >OH/Pt+H" +e " (3.5)

In bulk Au, the d-band binding energy is almost fully occupied,’ hence it is inefficient at
breaking the O, bond and is inactive’, but some more structurally open Au surfaces can facilitate
the ORR. Studies of Au in acid have proven that Au is a poor ORR catalyst because it does not
adsorb oxygen nor ORR reaction intermediates, but in base, the Au (100) surface is active for the
ORR at low overpotentials due to adsorption of O(H) groups at 4-fold symmetry sites. **

Nanoscale Au supported on transition metal oxides can also be active heterogeneous
catalysts. Gold supported on various oxides is active for catalytic processes such as NO removal,
the combustion of volatile organic compounds, hydrotreatment, chemical processing, and in the
purification of hydrogen (removal of CO) for fuel cell applications'®. The latter application is of

interest because of the surprisingly high activity for CO oxidation (2CO + O, — 2CO,) at low
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temperatures reported for small (3-5 nm) gold particles supported on various oxides''. A
multitude of active sites for the O, dissociation which carries out the CO oxidation have been
proposed including metallic Au, monodisperse, cationic Au, an Au-OH site, and an oxide-Au
interface site'.

Work on CO oxidation over Au has been recently reviewed'*'’; its relevance to the ORR is
clear as both reactions involve either O, or H,O dissociative adsorption. Water activation and/or
the presence of OH groups were recently reported to also be involved, or at least enhance, the CO

oxidation reaction!’",

The nature of the support is clearly very important, with a distinction
between “inert” (Si0,, MgO, Al,O;) and active or reducible (TiO,, Fe,0; CeOy) oxide supports
generally made on the basis of their capability to adsorb little or high amounts of oxygen,

2021 For Au nanoparticles on inert oxide supports, the reaction is believed to advance

respectively
via O, dissociative adsorption on the Au particles at either edge or kink sites, which has been
enhanced electronically from the bulk. With the active class of oxides, oxygen is assumed to
adsorb on the support where it may or may not dissociate before reacting with CO adsorbed on
Au'®  The active oxide materials are believed to act as co-catalysts by providing oxygen via a
Mars van Krevelen mechanism, when lattice oxygen is used to oxidize the CO, leaving a defect
which is replenished by a separate reaction with oxygen from the gas phase'*.

The utilization of a tin-oxide support to promote the activity of various noble metals such as
Au or Pt for the ORR has been studied previously. Pt-SnO; is very effective for electrocatalysis

with methanol oxidation®® **

and oxygen reduction®. CO oxidation over Au-SnO, has been
studied,” where it was found that minimizing the Au metal’s particle size and/or maximizing the
Au metal oxide interface increased the reactivity. In the context of CO oxidation, it is not known
whether SnOy is active or inert, but previous work on O, sensors using Au-SnO, suggest that
indeed SnOx is active in adsorbing O, 26,27,

Tin oxide was chosen as a support for Au in ORR due to several factors including its redox

couple, and the requirement that it be resistant to dissolution under the corrosive conditions of the
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PEMFC cathode. Baker et al' found that SnO, was sufficiently stable to carry out accurate
characterization in the 0 to 1 pH range'. Hydrous metal oxide supports generally have a low
vulnerability to poisons, are inexpensive to work with, and provide an ionically conductive
hydrous surface that provides a ready supply of protons for the ORR, as well as a pathway for
shuttling water away from the catalyst. Thus they can make reasonably good supports for the
ORR at the cathode. Hydrous metal phosphates and hydrous metal oxide composites have been
utilized in earlier work™?.

To understand whether metal support interactions play a role in the Au-SnO, ORR activity,
we use X-ray absorption spectroscopy (XAS). XAS is an in situ spectroscopic technique that can
provide detailed adsorbate information at the atomic level, and has been used successfully to
study adsorbate-metal surface interactions and adsorbate binding site geometries on both Pt and
Pt alloys®®>®. X-ray absorption near edge spectroscopy (XANES) analysis can be used to follow
the coverage of H, O, OH and CO adsorbates on Pt, and determine the different binding sites i.e.
atop, bridged, fcc, or hep sites in some cases. It is important to note that the XAS experiments are
conducted in an inert atmosphere, i.e., the oxygen gas used in the RDE experiments to carry out
the ORR (egs. 1-4) is not applied in the XAS experiments. However, one can still observe O(H)
adsorption from water activation (eq. 5), and previous experiments on Pt have shown a direct
correlation between O(H)/Pt coverage vs. potential in current-potential curves and ORR rates as
determined from O, RDE experiments®*>®. Comparison of XAS results actually conducted under
oxygen and those under an inert gas such as Ar or N, show that slightly higher O(H) coverages
exist to lower potentials under oxygen®’.

Oxygen and/or OH (here indicated as O(H)) coverage can be determined in situ from XAS.

This is done by analyzing the XANES region using the Ap technique®®>*

along with theoretical
calculations to determine the adsorbate binding sites. In this technique the difference between two

spectra, i, are taken. The difference Ap = W(V) - W(Vye) is generally obtained by subtracting the p

at a suitable reference potential, V ., to highlight an adsorbate signature as shown in Figure 3.1.
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Figure 3.1 Separation of a) EXAFS and b) XANES features. 1) Pre-edge background removal. 2)

Normalization range. 3a) Post-edge background removal and conversion to k-space and 4a) Fourier
Transform and fitting with FEFF 8.0 references. 3b) Illustration of Au L; line shapes before subtraction

and 4b) Segregation of Ap adsorption signatures.
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V.t 1s usually a potential that is relatively free of adsorbates. This technique has also been used
on XAS data taken for Pt-M (M=Cr, Fe, Co, and Ni) cathodes®®, and CO and OH adsorption on
PtRu electrocatalysts in an electrochemical cell**.

Extended X-ray Absorption Fine Structure (EXAFS) analysis (also shown in Figure 3.1) is a
more established XAS technique that provides further information. At the Au L; edge, EXAFS
analysis allows an indication of the Au particle sizes as well as particle morphology changes
(spherical vs hemispherical) and O adsorption with potential. At the Sn K edge, EXAFS analysis
allows an indication of the Sn oxidation state in the SnO,. Thus the EXAFS and Ap analyses
complement each other to provide some common information, but also each provides its own
unique information. These XAS data analysis procedures are used here to explain how the noble
metal (Au) interacts with the metal oxide support (SnOy). Two Au-SnO,/VC samples with Au
weight percentages of 10 and 20% and particles sizes (2.0 and 2.7 nm, respectively) are analyzed
to compare particle size differences. The XAS results for Au-SnO,/VC are also compared to

those obtained for Au/VC as a standard.

3.2 Experimental

3.2.1 Synthesis of Au-SnO,/VC

Full details of the synthetic procedures are described elsewhere'”*. Anhydrous SnCl,
(Aldrich, 98%) was dissolved in high-purity H,O (18 MQ-cm, NANOpure, Barnstead
International) proceeded by drop-wise addition of 1 M NH4OH (Aldrich, ACS grade) until a
white precipitate formed under moderately acidic conditions (pH 2.5), the latter characterized via
X-ray diffraction as Sny;Cl;4(OH);4O¢. This tin-oxy-chloride precipitate was then washed in high-
purity water, centrifuged, and the resulting powder was isolated and air-dried. A portion of this
powder (1.5 g in 10 mL H,0) was added to water, suspended by stirring, and impregnated with

Au by a drop wise addition of 20 mL. HAuCl,xH,0 (49% Au, Alfa Aesar) solution (0.021 M) to
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achieve 9.4 wt.% Au and 40 mL to achieve 20 wt.% Au. The previously white tin compound
turned brown with the Au ** addition. The resulting catalyst was repeatedly washed, isolated, and
then air-dried before being heated to 150 °C in air for 12 hours. The heat-treated catalyst was later
stirred in hot, high-purity H,O for 1 hour. The final material was isolated by vacuum filtration.
The desired product, Au-SnOy, was mixed with Vulcan carbon (VC) in a 3:1 catalyst:carbon ratio
to make Au-SnO,/VC. Final compositions of the two catalysts were nominally 10 wt. % and 20
wt. % Au. Electrochemical testing using RDE was then conducted on the sample, as described in
reference 1, to confirm the materials activity for the ORR. A standard Au/VC of 10 wt% Au was
used as received from E-TEK.

3.2.2 Rotating Disk Electrode Cyclic Voltammetry

Electrochemical measurements were conducted with the use of a rotating disk glassy
carbon electrode (GCE) (Pine Instruments GCE, 5mm diam). The GCEs were attached to a Pine
AFCPRD rotator that was connected to a Brinkmann Instruments Eco Chemie Autolab PG Stat
30 potentiostat utilizing a Ag/AgCl reference electrode or a RHE (all potentials reported relative
to RHE).

Catalyst inks were applied to the GCE using a technique adapted from the literature™.
The ink catalysts were made by grinding a 20mg, ~3:1 mass ratio of Au-SnOy: Vulcan carbon
(VC) (Cabot, XC-72) using a mortar and pestle to improve electronic conductivity of the metal
oxides. The ground Au-SnO,/VC ink was mixed with a 2.0g solution containing 20 mL
isopropanol, 80mL deionized H,O, and 0.4mL of 5 wt.% nafion ionomer. The resulting Au-
SnO,/VC ink was sonicated for 1 hour, stirred overnight and sonicated for an additional 30
minutes to 1 hour. A 12-20 pL aliquot of the ink was administered onto the GCE and dried
rapidly under air. This “fast-drying” technique of the GCE was used to improve the quality and
uniformity of the film as opposed to letting the GCE dry for several hours. The final coated GCE

was submerged in a 25°C cell containing 0.1M HCIO,, a Au wire counter electrode, and RHE.
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3.2.3 X-Ray Absorption Spectroscopy

In situ X-ray Absorption Spectroscopy (XAS) experiments were conducted at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory, Upton, NY. The
measurements were taken in an X-ray transparent electrochemical half-cell, which was designed
by the Adzic research group at Brookhaven National Lab*. Au-SnO,/VC and Au/VC powders
were mixed with enough 1M HCIO,4 to make a paste. The catalyst paste was then applied to a
carbon cloth and assembled in the cell. The cell was placed in front of the beam between two
detectors that collected incident (I,) and sample (I) data. After the cell was cycled, full EXAFS
scans were collected at potentials ranging from 0.3 - 1.0V at 0.1V increments for the Sn K edge
data, and at these same potentials plus two higher potentials, 1.2 and 1.4V, for the Au L; edge
data. The cell was cycled to a desired potential and held potentiostatically throughout the duration
of the absorption measurement

XAS data were taken at the Au L; and Sn K edges for 10 wt. % and 20 wt. % Au, Au-
SnO,/VC catalysts and only at the Au L; edge for 10 wt. % Au/VC standard. The Au L; edge
data were collected on NSLS beamline X-11B with a Si (111) double crystal monochromator and
the Sn K edge data collected on X-11A with a Si (311) double crystal monochromator. The NSLS
storage ring operated at a beam energy of 2.80 GeV and ring currents between 40 and 200 mA.

3.2.4 XANES Analysis
The absorption coefficient, p, was obtained from the raw XAS data using the ATHENA code of
Ravel and Newville®. The contributions of p arising from any adsorbed O is isolated (as
illustrated in Figure 3.1) by taking the difference between a referential p (stated as Au or SnOy)
and the pin the presence of adsorbed or desorbed O, given as O/Au or O/SnOy, hence the Ap can
be presented by Eqgs. 6 and 7:
Ap=p (O/Au) - p (Au). (3.6)
Ap= p (SnOx) - p (O-SnOy) (3.7)
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Figure 3.2  Cyclic voltammetry in O,-saturated 0.1 M HCIO, for 10 and 20 wt.% Au in Au-
Sn0O,/VC compared to previous results' for Aw/VC, SnO/VC and 10 wt.% Au, Au-SnO,/VC.

Measurements taken at 20 mV/s, 1600 rpm, and 25 °C. Inset shows cyclic voltammogram of 10

wt.% Au, Au-SnO,/VC under Ar-saturated 0.1M HCIO, at 20mV/s, 1600 rpm, and 25 °C
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Note that eq. 6 represents O adsorption onto Au, while eq. 7 represents O desorption from the
SnO,, thus the “reference” states represent a state at a potential where there is a “clean” Au metal
particle and a “native” SnOy surface so that the magnitudes of the Ap will reflect changes from
these reference states. The optimal choice for the “clean” pu(Au) reference is that of the electrode
at 0.3V; where there are little or no adsorbed hydrogen ions or Cl1O, anions on the Au. The Sn K
edge data were treated similarly to the Au L; data where the p obtained at 0.3V RHE in HCIO, is
also used as the p(SnO,) reference. This choice for the pu(SnOy) reference is arbitrary, since we
have no other evidence to indicate that the SnOy surface was more ordered at this potential than at
the others (see CV under Argon in Figure 3.2 insert); it was done for consistency with the Au L;
analysis.

All XANES spectra were energy aligned before calculating the Ap. This alignment procedure
is critical to achieve full cancellation of the large atomic contribution in p, since the Ap arising
from adsorbates is only in the range of 1-3% of the normalized p step height. Slight shifts in the
data may arise from photon beam drift and other possible energy uncertainties arising from the
monochromator and/or analyzer. Normally these energy uncertainties are removed by aligning
the p data for reference foils that were taken simultaneously with the sample at each potential.

These reference foils are placed between the second and third detector so that ps = In I/7,,. The
energy shifts required to align the reference foils are then applied to the sample spectra.’® **.
However, in this work, the Au loading in the Au-SnOy catalysts are low (10 mg Au /g catalysts)
so that in order to achieve a sufficient step height in the Au XANES, rather thick layers of
catalyst were required (roughly 7-8 mg/cm?). This causes significant scattering of the beam,
making the analyzer current, ‘I’, so small that the obtained L. is not ideal for alignment.
Therefore an alternate procedure is employed in this work that we have used previously when

41, 43

Ler Was not available . This procedure involves aligning the sample Au-Au EXAFS
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R(A)

Figure 3.3 (a) Fourier transform of the Au L; edge EXAFS data (2.5<k<9.5 A™', k%) and two

shell (Au-Au and Au-O) fit in R space (1.5<R<3.5A) at 1.4V in HCIO,. The individual Au-Au
and Au-O components are also shown. (b) Fourier Transform of the Sn K edge EXAFS data
(2<k<10A™") and two shell (Sn-Sn and Sn-O) fit in R space (0.5 <R < 4A) at 0.3V in HCIO,. The

individual Sn-Sn and Sn-O components are also shown.
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oscillations in the range of 70-200 eV. Since the Au-O EXAFS scattering contribution is not
present at this energy (Au is near zero at above 70 eV), it does not interfere with this alignment
procedure. Using this procedure the spectra taken at potentials >0.3V were aligned to that at
0.3V.

3.2.5 EXAFS Analysis

The EXAFS analysis was carried out using the ATHENA and ARTEMIS codes*’ from
the IFEFFIT software package®. The absorption coefficient, p, was obtained from the Athena
program in the same process as described above for the XANES region. The post-edge
background was removed using normal spline techniques, and a smoothing criterion that leaves
the atomic XAFS in the y function rather than in the background is used here as described

46-49

previously in the literature The data were then imported into the ARTEMIS program for

EXAFS analysis. The theoretical analysis was based on calculations with the FEFF 8.0 code’’ on

3! for the Au L; edge data and a cluster with the Cassiterite (SnO,)** crystal

a Aug “Janin cluster
structure to be used for the Sn K edge data. The model was used in FEFF8.0 to calculate Au-Au,
Au-0O, Sn-Sn, and Sn-O scattering paths which were fit to the experimental data taken at the Au
L; and Sn K edges, allowing determination of coordination numbers and ultimately particle size.
The pre-edge background was removed using a linear polynomial, and the many-body S, factor
was set at 0.933 for the Au edge and 0.921 for the Sn edge. The S;° values were also calculated in
the FEFF 8.0 code. ARTEMIS calculates a factor labeled as “amp” (for amplitude) for each path
used for a fit to the data. This “amp” should technically correspond to the experimental S;°,
assuming FEFF’s model cluster and the experimental cluster are identical. This is not actually
true in this case, because the model cluster is in fact much smaller than the experimental cluster.

However, the relation

S5’ (FEFF)/Nicory=amp/Nexp, (3.8)
where Nieory 1S the coordination number of the model (theoretical) cluster, allows the

coordination number of the actual experimental cluster to be calculated:
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Neyy=amp*Nipeor/ Sy’ (FEFF). (3.9)

3.2.6 FEFF 8.0 Calculations

FEFF 8.0 calculations were conducted to interpret not only the EXAFS region but also the Ap
spectra obtained from the XANES region, i.e. eqs. 6 and 7. This was done for Au, eq. 6, using the
Aug “Janin cluster °' The model cluster has been used extensively in previous research conducted
on Pt electrocatalysts’>*. The geometry for Pt (and now for Au) is preferred because it contains
fcc and hcp sites just in case there are different binding sites for O. However, as it will be shown
later, atop O(H) is the only geometric binding site prevalent in Au. The Janin cluster also has low
symmetry. This is advantageous because a higher symmetry model such as an octahedral cluster
produces a state near the Fermi level in the unoccupied density of states (DOS) that complicates
the accurate prediction of Ay signatures by FEFF 8.0°' Throughout this work, the Aug cluster is
used, with the Au-Au distance set at 2.88 A.

For the Sn K edge data, the crystal structure SnO, in Cassiterite form was used to interpret
the XANES data. The crystallographic parameters were generated by using the ATOMS
database™ The structure contains threefold-coordinated oxygen atoms which form distorted
octahedra around the tin atoms. In the FEFF 8.0 program, the Sn was then modeled to be further

reduced by removing more oxygen atoms as indicated in Eq. 7.

3.3 Results
3.3.1 Rotating Disk Electrode (RDE) Cyclic Voltammetry

Figure 3.2 shows the RDE voltammetry for the 10 wt. % Au-SnO,/VC and 20 wt. % Au-
SnO,/VC sample that was studied in this work. The RDE results are also shown from a previous
study1 for SnO,/VC, the 10 wt% Au/VC standard, and 10 wt. % Au, Au-SnO,/VC. Though the
previous 10 wt. % Au-SnO,/VC sample has higher ORR activity than the sample used in this

study, the potential at the onset for ORR for both Au-SnO,/VC samples occur at a higher
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potential than in Au/VC or SnO,/VC. The RDE data for the Au/VC and SnO,/VC also do not
reach the limiting current for the ORR which is around -6 mA/cm® at 1600 rpm. These
observations indicate that Au-SnO,/VC has some ORR activity, although with much higher
overpotentials than typically found for Pt/VC.

3.3.2 EXAFS Analysis

The results from the EXAFS analyses of the data at each potential taken in situ are shown in
Tables 3.1 (for Au-SnOy, Au L; edge) and 3.2 (for the Sn K edge data). Table 3.3 lists the results
for Au/VC. The EXAFS results in Tables 3.1-3.3 were obtained by fixing the Debye-Waller ¢°
parameter at an optimum value for all potentials in order to decrease the number of parameters,
and make the resultant relative values of Naya, and Ng,s, more significant. The large linear
dependence between N and o” gives a sizeable disparity in N if ¢* is allowed to change. Figure
3.3 shows the Fourier Transform of experimental data and representative theoretical fits in R
space for Au-SnO,/VC at the Au L; and Sn K edges revealing the overall quality of the fits, using
the 3 fit parameters per path (namely N, R, and E,) as indicated in the Tables. Comparably good
fits were obtained in nearly all cases.

Table3.1 shows a gradual decrease in Au-Au coordination, and then a sharp decrease at 1.2V
as the cluster is oxidized above this potential. In the case of Sn, Ng,.g, increases to a maximum at
0.5V then decreases a bit and plateaus. Then, at 0.9V, it increases again. This shows oxidation
and reduction of the SnO, support which affects the reactivity of gold. A correlation between the
changes in Au-Au and Sn-Sn coordination numbers with potential will be shown and discussed
below, suggesting that the Au and Sn exhibit a metal-support interaction.

3.3.3 XANES Analysis

Figure 3.4 shows the L; absorption spectrum, p, for a Au-SnO,/VC electrode at several
potentials. Similar data were obtained for Au/VC and Sn K edge samples as well. Clear

differences in p

59



LOV — oav

0.8 ---- o6v

06| I

0.4|

0.2|

W
.
A
.

o
[}
L

|
1 2 3 45 6 7 8 910
| L | L ]

-10 0

Energy (eV rel. Au L; edge)

Figure 3.4

indicated potentials in HC1Oy.

10

60

20

-~

Experimental Au L; absorption spectra, u, for the Au-SnO,/VC electrode at




Table 3.1: Summary of EXAFS Results for 10 wt.% Au/SnOx/VC at Au L; edge”

Potential | Nayau” | Ravau | 6°(A%) | Eg (eV) [ Nawo' |Rawo |6°(AY) | Eg(eV)
(V,RHE) +0.01A +1 eV +0.01A +1 eV
0.3 8.93 2.83 0.009 5.07 N/A N/A N/A N/A
0.4 3.88 2.84 0.009 5.76 N/A N/A N/A N/A
0.5 8.66 2.83 0.009 5.05 N/A N/A N/A N/A
0.6 8.52 2.82 0.009 3.43 N/A N/A N/A N/A
0.8 8.48 2.83 0.009 3.50 N/A N/A N/A N/A
0.9 8.22 2.83 0.009 3.66 N/A N/A N/A N/A
1.0 7.97 2.84 0.009 4.06 N/A N/A N/A N/A
1.2 7.65 2.84 0.009 427 0.59 2.12 0.003 7.09
1.4 7.20 2.83 0.009 5.71 0.81 1.96 0.003 -0.43
: Sy’ fixed at 0.933 as calculated by FEFF8

Table 3.2: Summary of EXAFS Results for 10 wt.% Au/SnOx/VC at Sn K edge”

2

2

Potential | Nsps0” | Rsnsn | © Ey (€V) | Nsuo’ |Rsno |O Eo (eV)
(V,RHE) +0.028 | (AY) | tleV +0.024 | (A" | +1eV
0.30 3.31 3.72 0.0015 | 6.58 5.97 2.04 0.0032 | 3.47
0.40 3.48 3.71 0.0015 | 5.57 5.99 2.03 0.0032 | 2.75
0.50 3.66 3.73 0.0015 | 7.62 5.99 2.05 0.0032 | 4.70
0.60 343 3.74 0.0015 | 7.82 5.90 2.05 0.0032 | 4.11
0.70 3.37 3.73 0.0015 | 7.11 5.75 2.05 0.0032 | 4.44
0.80 3.40 3.72 0.0015 | 7.82 5.82 2.04 0.0032 | 4.78
0.90 341 3.74 0.0015 | 8.81 5.61 2.05 0.0032 | 4.28
1.00 3.60 3.71 0.0015 | 5.70 5.70 2.04 0.0032 | 4.02
Sy fixed at 0.921 as calculated by FEFF8

Table 3.3: Summary of EXAFS Results for Au/VC at Au L3 edge”
Potential NavAu Rau-au o’ (A% Eo (eV)
(V,RHE) +0.01 +1 eV
0.3 8.83 2.84 0.007 3.66
0.4 9.05 2.84 0.007 3.82
0.6 9.02 2.84 0.007 3.66
0.8 9.09 2.84 0.007 3.84
1.0 9.22 2.84 0.007 3.90
1.2 9.03 2.85 0.007 4.34
1.4 8.77 2.85 0.007 4.43

: Sy’ fixed at 0.933 as calculated by FEFF8

®Although the absolute errors are of the order of 20%, the changes with potential are expected
to be meaningful to 0.1 because of the fixed 6°
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Figure 3.5 Experimental Ap difference spectra for (a)Au-SnO,/VC and (b) Au/VC. The
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well above the noise level, as indicated by the inset, are seen as a function of potential. Figure
3.5 shows the Ap difference spectra using the 0.3V spectrum as the reference spectrum for both
Au/VC and Au-SnO,/VC at the Au L; edge respectively. The FEFF8 calculated theoretical
signature for O/Au in an atop binding sight indicative of OH/Au is also shown for comparison.
Although a systematic trend is not observed in these spectra at all potentials, the Ap at 1.2 and
1.4V show a sharp increase in magnitude around 3 eV, revealing a strong similarity in lineshape
with the theory for O/Au, while a similar sharp increase is not seen for Au/VC. We will show
below that the small negative contributions in Ap below 1 V are due to EXAFS and possibly
AXAFS> contributions. Only significant atop O(H) adsorption is seen for Au-SnO,/VC above
1.0V potential and no two-fold or subsurface oxygen (n-fold) is present (they give significantly
different signatures’'); though at higher potentials this n-fold O adsorption may occur

Figure 3.6 shows the Sn K edge Ap difference spectra for Au-SnO,/VC using the 0.3V
spectrum as the reference and the FEFF8 calculated Ap signature for O removal from the
cassiterite SiO; structure shown. The magnitudes of Ap at -2 eV will be plotted below showing a

correlation in the reduction and reoxidation of the SnO, surface with increasing potential.

3.4 Discussion
3.4.1 Correlation of EXAFS and Ap data

Combining EXAFS and Ap analysis procedures reveals significant new details regarding the
effect of the Au-SnO, metal support interaction. Comparison between the EXAFS and Ap data
can best be made by comparing the magnitude of the Ap signal and the EXAFS coordination

numbers with potential. Figure 3.7 shows such a comparison of the Au L; edge data, and Figure

3.8 of the Sn K edge data.
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Figure 3.7 compares the N, 4, and Ap(O/Au) for both the Au/SnO,/VC and Au/VC catalysts.
A sharp decrease in Nay.a, beginning above 0.8 V correlates with an increase in the Ap for the
Au-SnO,/VC catalysts. The Ny,.a, drops because the presence of O decreases the Au-Au
scattering making the effective Na,a, appear smaller. Thus both the EXAFS and Ap data
indicate that OH adsorption is occurring on the Au above 0.8 V. The Ap data reveals that it is
due to OH adsorption, indicated by the good agreement with the theoretical A signature for atop
O/Au in Figure 3.4, and the different signature which arises for n-fold bonded O’'. Note that a
similar correlation between N,y and Ap occurs for Au/VC, but the indicated adsorption of OH
now begins nearly 300 mV to higher potential. This reveals a very strong ligand effect by the
SnO, support on these small Au particles, making the Au much more oxophilic.

Au particles are known to be relatively unreactive with water and with O, compared to Pt*’
which is apparently why the ORR rate for Au/VC is very low as shown in Figure 3.2. OH
adsorption via water activation does not occur on Au/VC until above 1.3 V, which is moved
down by 300 mV due to the SnO, support. However, Figure 3.7 reveals a slight drop in Nay.au
already above 0.4 V for Au-SnO,/VC when the Ap shows no OH adsorption. The reason for this
earlier drop in Nay.a, becomes evident in Figure 3.8, which reveals a change in the SnO, support
is occurring around this potential.

Figure 3.8 compares the Sn K-edge data (both N, s, and Ay magnitudes) with the Nay.a, plot
from Figure 3.7. An Ng,.s, of 2 is expected for SnO, and 4 for SnO. Figure 3.8 shows that in Au-
SnO,/VC the Ng,s, increases from 3.3 to 3.7 between 0.3 and 0.5V, suggesting that the SnO,/VC
is always a mixture of Sn*" and Sn*" (i.e. SnO, and SnO), and is most reduced at 0.5V. The
dominant peak in the Fourier transform of Figure 3b due to Ng, o coordination stays essentially
constant (as also revealed by Table 3) because Sn is surround by 6 O atoms in both oxidation
states. Thus the oxidation state of the Sn is best determined from the Sn-Sn coordination as

shown in Figure 3.8. An exact estimate of the amounts of SnO, and SnO cannot be made from
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the Ng,.s, values obtained, because the values of 2 and 4 indicated above are only expected for
infinite bulk crystals, and the finite size of the hydrous SnOy agglomerates used in this work will
reduce the actual Ng,s, from the bulk values. The values of 3.3-3.7 found suggest that the
oxidation state of the SnO, is quite close to that of SnO. While Sn-Sn bonds are not found in
either SnO, or SnO, the compounds both have comparable Sn-Sn lattice distances which are
revealed by the EXAFS™.

The increase in Ng,.s, and Ap results between 0.3 and 0.5 V both suggest that O atoms from
the SnO, are being depleted (recall that in the case of SnO,, Eq. 3.7, the A magnitude indicates
O reduction). The small change in Na, 2, mentioned above falls at exactly the same potential as
this sharp O depletion of the SnO, support, revealing that the change in Au particles is brought on
by the change in the SnOy support. We attribute the small decrease in Nay 4, at this potential to a
small change in the morphology of the Au particle from more spherical to more hemispherical or
oblate. Such a reduction in Np.p; data has been seen previously in EXAFS when Pt particles have
changed their shape due to changes in the support from more acidic to basic®. The illustrations
of the Au clusters near the top of Figure 3.8 reflect these changes in Au clusters from spherical
below 0.4 V, to oblate above 0.4 V to finally covered with OH above 1.2 V.

The increasing reduction of the SnO; support between 0.3 an 0.5 V in this O, free solution
correlates very well with the ORR active region seen in Figure 3.2. However, as the potential
increases past 0.5V and apparently ORR ceases (either from O, in the electrolyte or from the
SnOy), the Ng,.s, decreases again, indicating that the SnO4 becomes more oxidized again. Above
1.0V the Ns,s, increases yet again, suggesting that the SnOy is becoming reduced again. The
words Red, Ox and Red in Figure 3.8 help to follow what process is occurring in each potential
region. This latter reduction is probably due to the O(H) adsorption on the Au, which has become
more oxophilic than the SnO, above 1.0 V, as indicated by the direct O(H) adsorption seen in the

Ap data at these potentials.
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The trends in Ng,.s, in Figure 3.8 also include the Ap magnitude They both show a general O
depletion with increasing potential as indicated above, but the trends are different. Both show a
maxima around 0.8 V, but this maximum is must stronger in Ng,_g,.

Why is the increase of Ng,.s, between 0.2 and 0.5 V much sharper than that in Ap? Ng,.s, is
reflecting the change in Sn-Sn coordination of the SnOy, while Ap is reflecting the change in Sn-
O on the surface. As mentioned above, both SnO, and SnO have a Ng,.o coordination number of
6, s0 Nsp.sn should change faster than the Ap magnitude. The change in Ap is probably reflecting
the decrease in SnOg octahedra at the surface of the SnO, agglomerates, where the octahedral are
more apt to be disrupted. Thus Ng,.s, probably more faithfully reflects O depletion than does Ap.

3.4.2 Effect of Au particle size

All of the data reported in the figures thus far were obtained using the 10 wt % Au-
SnO,/VC. This was done to avoid confusion between the two Au samples. Figure 3.9 now
presents comparable Nay, 4y, and Ap(Au) for 10 wt. % and 20 wt % Au-SnO,/VC. The Ng,.sn
(which is not shown) was remarkably similar in both compounds, which it should be because the
Au loading should not significantly affect the SnOy support. This remarkable similarity increases
our confidence that the results reported above reflect the sample and are not artifacts.

The Nay.a, for the 20 wt. %sample in Figure 3.9 shows larger fluctuations through the entire
potential region, and does not show the large drop above 1 V as shown in Figure 3.7 for the 10
wt. % sample. The absence of the large drop in Ny, 5, magnitude strongly suggests that now OH
adsorption is NOT occurring on the Au even up to 1.4 V, reflecting the much lower reactivity of
the Au particles in this case. We attribute this to the much larger Au particles in the 20 wt.% Au
case, as indicated by the much larger Ny 4, coordination number, 9.6 in the 20 wt.% Au vs. 9.1
in the 10 wt. % Au. Assuming spherical particles this corresponds to particles of about 2.7 nm vs.
2 nm (or about 400 atoms/particle vs 200 atoms/particle) °’. Larger Au particles are expected to

be less reactive™, and of course the ligand effect facilitated by the SnO, support will be much
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less effective for larger particles. Therefore, we are not surprised by the lack of significant
OH/Au adsorption seen above 1.0 V for the 20% case. Figure 3.9 shows a reasonable correlation
between the changes in Apu(Au) and Nay.a, for the 20wt% sample. This suggests strongly that the
changes seen in Ap(Au) are simply reflecting changes in the EXAFS oscillations that are also
reflected in Ny au. As the SnOy support is reduced, the bigger Au particles should reveal an even
bigger change in Na, 4, as they change from spherical to more oblate in shape. Bigger particles
are expected to undergo larger morphological shape changes with support compared to smaller
ones, and in any event such shape change will be magnified in the Na,.a, for larger particles.

The Ap(Au) amplitudes are all negative for the 20 wt. %, like those seen at lower potential in
Figure 3.5, and at no point do the Ap magnitudes at 0 eV go positive reflecting OH/Au. Thus
these data for the bigger Au particles suggest that the negative Ap contributions at low potentials
in Figure 3.5 are also due to small EXAFS changes (as suggested in the Results section above).
However in Figure 3.5 they are much smaller because of the smaller Au particles in the 10 wt. %
sample. In any event, the Ap(Au) are again consistent with the EXAFS Nay_ay, indicating that no
OH/Au is evident for these bigger particles below 1.4 V.

We conclude that all of the morphological shape changes seen in the smaller 10wt % Au-
SnO,/VC sample are magnified in the 20%, but that the larger particles are much less reactive
toward water activation.

3.4.3 Electronic Effects vs. a Bifunctional Mechanism

The enhanced ORR rate seen for the Au-SnO, catalysts compared to the Au/VC arises
from a concerted Au-SnO; mechanism, and two possible mechanisms have been previously
given'”. These include an electronic effect or a bifunctional mechanism as illustrated in Figures
3.10a and b. These mechanisms are in many aspects similar to the two summarized above for CO
oxidation, one involving an “inert” oxide (which exerts only a ligand effect), and the other the

active oxide providing O in a classic Mars van Krevelen like mechanism. The results above
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suggest both mechanisms are active (at least for the smaller particles in water activation), but only
the latter is apparently playing a role in the ORR.

The more commonly proposed electronic (or ligand) mechanism postulates that the support
polarizes the Pt cluster in effect changing the position of the Pt 5d band. This effect can strongly
change the Pt-O bond strength as shown previously by DFT calculations®. This phenomenon can
be seen in our work with Au. This mechanism is indeed enhancing the absorption of OH on the
Au via water activation in the Au-SnO,/VC catalysts above 1.0 V, as clearly indicated by
comparison of the Ap intensities for Au-SnO,/VC and Au/VC. Consistent with the DFT
calculations of Norskov et al., this would suggest that the SnO, support is moving the Au 5d band
up or reducing the binding energy of the 5d electrons. In this mechanism, the upward movement
of the 5d band pushes more electrons out of the Au-O antibonding orbital thus increasing the
strength of the Au-OH bond. Although this mechanism appears to operate here for the 10 wt %
Au-SnO,/VC catalysts, it is important only above 1.0 V where the ORR is not occurring.

Perhaps the most convincing argument against the importance of the ligand mechanism in
ORR reduction is the comparison between the 10 wt % and 20 wt % samples. ORR tests (Figure
3.2) show that they have nearly identical ORR reactivity curves, even though above we showed
that the ligand effect from the SnOyx on the bigger Au particles for water activation was nearly
negligible compared to that for the smaller particles in the 10 wt. % sample.

The strong O depletion seen in the SnO, around 0.5 V as exhibited in Figure 3.8, suggests
strongly that a bifunctional ORR mechanism is active for the Au-SnO,/VC catalysts. In this the
SnOy is being reduced by the Au causing the depletion of O. In the presence of O,, one would
imagine that either a) the depleted SnOy can dissociate the O, molecules, with then the O atoms
moving toward the Au particle for reduction, or perhaps b) more likely only the interface between
the Au particle and the nearby support are active sites for the ORR. When utilizing the Au-
SnO,/VC data shown in Figure3.2, one finds that the Tafel slope is essentially around 120

mV/decade,
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just as found in Pt. This indeed suggests that the rate-determining step is the electron transfer to
molecular O,, suggesting step b above rather than step a.

In any event the SnOy support appears to be directly involved in dissociating the O, molecule,
with the Au particle doing the reduction; hence the terminology “bifunctional mechanism”. Since
we find this O depletion the strongest right at 0.5 V where the onset of the ORR begins, this
mechanism most definitely appears to be the source of the enhance ORR rate for the Au-SnOy
catalysts.

3.4.4 Correlation to Gas Sensors and CO oxidation

Numerous studies have been previously reported on oxygen adsorption on Au in contact
with SnO,, and its electrical response in tin oxide gas sensors’™ *. Electrical conductance and
calorimetric tests have shown that the presence of Au in contact with SnO, increases the heat of
oxygen chemisorption to values larger than on either Au or SnO, separately. This strongly
suggests that the Au-SnOy interface is involved as suggested above. These gas sensor papers
suggest the following mechanism for the O reduction

Oy -Sox + St +ey— 0,7-S; + Sox (Eq. 3.10)
where O, is either O or O,, —S is an adsorption site on SnO,, -S; is at the Au-SnO, interface,
and ey is an electron from the Au metal. Pulkkinen et al” have recently shown that below 700 K
the ionic adsorbate is primarily O,. Electrical conductance studies on the gas sensors also
suggest the presence of space charge depleted SnO, areas near the interface, consistent with that
suggested by the results in Figure 3.8 in the electrochemical cell.

The results above indicate strongly that SnOy is indeed an “active” oxide for O,
adsorption, and probably serves in this capacity also for CO oxidation. Previous studies® of CO
oxidation over Au-SnQO, did find that minimizing the Au metal’s particle size and/or maximizing
the Au metal oxide interface increased the reactivity. Unfortunately the CO oxidation reactivity
should increase with decreasing particle size for either mechanism, so this does not rule out the

ligand mechanism in this case.

74



3.4.5 Prospects for improving the performance of Au-SnOx/VC catalysts

Improvements in the electrocatalytic efficiency of Au-SnO,/VC must be made if they are
to become useful catalysts in fuel cells. From the electrochemical results in Figure 3.2, Au-
SnO,/VC becomes active only at 0.55V as compared to Pt/VC which is active at around 0.95V.

Possible improvements to the Au-SnO, catalysts include:

1) Optimizing the Au and SnOy interface through control of particle size (i.e. making them
smaller). Assuming the bifunctional mechanism, and the active sites at the Au-SnOy interface,
suggest that the extent of this interface region must be increased. Recent results have shown that
the reactivity toward O, and CO increases significantly with decreasing Au particle size®. This
would suggest that smaller Au islands on the SnO, surface would be better; however, the O,
sensor data also suggest that the O adsorption energy is larger at the interface, and this may
require a certain threshold amount of Au to trigger the increased oxygen adsorption energy. The
results reported above showed no significant effect on the ORR reactivity for the 10 and 20 wt. %
Au-SnO,/VC catalysts loading so the effects of Au particle size may be small.

2) Improving sample purity: unfortunately chloride, which was present in our precursor,
could be poisoning some Au sites. Our Ap results, which is able to detect Cl on a Au surface did
not detect it in this case, but the Ap signature for Cl and O is similar, so we cannot rule out the
presence of all Cl. Thus our catalysts might be improved by eliminating Cl as precursor.

3) Modifying support composition. Many metal oxides have been used as a support for CO
oxidation of Au, with some serving as active and others as inactive supports. Evidence has been
given to show that different preparation procedures for even the same support, such as calcination
temperature and other variables can significantly alter the effectiveness of “active” supports ¢,
A different oxide support such as tin phosphates instead of SnO, might possibly be more efficient

at adsorbing and dissociating O, atoms. Little work has been published in this regard for the
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ORR, and of course the oxide must be stable in the highly acidic electrolytes utilized in a fuel
cell.
3.5 Conclusion

Analyses of experimental Au L; and Sn K XANES and EXAFS data taken in situ on
Au/VC and Au-SnO,/VC electrodes, and evaluation with theoretical FEFF 8.0 calculations
provides major new insights into the metal support (Au-SnOy) interaction. These XAS results are
consistent with the previous gas sensor and CO oxidation results for active oxide supports, and
show that a bifunctional mechanism plays the dominant role in the ORR reaction on Au-SnOy. In
this mechanism, O, adsorbs and dissociates on the SnOy surface probably in the interface region
with the Au, and then the O- is further reduced by the nearby Au either directly or after
conversion to O(H) groups. Enhanced O(H) adsorption via water activation occurs above 1. V on
the 10 wt. % Au-SnO,/VC when smaller 2 nm Au particles are present, probably through a
metal/support ligand mechanism, but this has no apparent effect on the ORR occurring at much

lower potentials. On larger 3 nm Au particles such a metal/support ligand effect was not seen.
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Chapter 4
Characterization of Ligand Effects on Water Activation in Triarylphospine-

Stabilized Pt Nanoparticle Catalysts by X-ray Absorption Spectroscopy

4.1 Introduction

One of the major obstacles to increasing the efficiency of proton exchange membrane
fuel cells (PEMFCs) is the slow kinetics of the oxygen reduction reaction (ORR, Eq. 4.1) at the

cathode.

O, +4H" +4¢- > 2H,0 4.1)

For platinum catalysts in aqueous acid electrolytes, it is generally accepted'” that the rate-

limiting step of the ORR involves electron transfer to chemisorbed O, (Eq. 4.2).

02 - (Oz)ad e—7>(Oz)_ﬁd 4.2)
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However, above 0.6 V, OH is adsorbed on the surface. This results in an incomplete byproduct

of ORR (Eq. 4.1) directly from water activation

Pt+H,0 > OH/Pt+H" +¢™* (4.3)

This adsorbed OH is believed to inhibit the ORR due to site-blocking and a possible
detrimental electronic effect. Thus, another important step in the ORR is OH removal from the

surface (eq. 4). H,O
ShiE
ptoH —Hs proH, </ » pe

N7

(4.4)

The conclusions drawn from eqns. 4.1-4.4 is that electron transfer to chemisorbed oxygen
is facilitated by strong bonding between the surface platinum atoms and dioxygen, but removal of
surface OH is easier when the Pt-O bond is weaker. This suggests that there is an optimal Pt-O
bond energy for faster ORR kinetics. Indeed, Nerskov, et al. calculated that the best
electrocatalyst should bind oxygen about 0.2 eV more weakly than does pure platinum.® The
challenge, then, is how to selectively change the strength of the Pt-O bond.

One of the first and most common approaches to altering catalyst activity is the use of
mixed-metal nanoparticles.” Bimetallic nanoparticles are known to increase the ORR rate.
However, for a given elemental composition, mixed-metal nanoparticles may differ widely in
atom distribution and size, depending on the manner of synthesis and activation treatment, and
the enhancement is found to depend significantly on this atom distribution.” ¢ More recently,
intricately designed core-shell nanoparticles consisting of Pt atom monolayers on mixed-metal
cores have shown remarkable ORR activity.” The effect has been interpreted to be the result of a
shift of the d-band orbital energy of the surface platinum atoms.”

It has previously been shown that organic ligands on the surface of metal nanoparticles
can significantly change the catalytic activity of certain reactions, such as the selective

hydrogenation of alkynes by palladium clusters modified with 2-butyl-1,10-phenanthroline
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ligands.” Removal of the butyl group from the phenanthroline, a seemingly small change, had a
profound effect on the kinetics and product distribution of the reaction. However, it is not known
if the origin of this effect is electronic in nature or due to some other physicochemical effect such
as steric hindrance or hydrophobicity.

There are many examples of ligand-stabilized nanoparticles used as electrocatalysts, but
in nearly all cases the ligand, typically a carboxylic acid or amine, is exploited only to control
nanoparticle formation.'™"' These ligands are o-donors which would interact only weakly with
platinum primarily through s-band orbitals, if at all. However, dioxygen is known to interact with
platinum through d-band orbitals, and it is of interest to know if this bonding can be perturbed by
surface ligands which have significant d-orbital interaction.

Organophosphorus compounds have rich transition metal coordination chemistry.'> They
are o-donors as well as w-acceptors, which can form pr-dn phosphorus-metal bonds. There are a
handful of examples of metal nanoparticles stabilized by phosphines, " although to our
knowledge none of these materials have been used as electrocatalysts.

We have previously reported'*"’

the synthesis, characterization, and electrochemistry of
Pt nanoparticles (Pt NPs) stabilized with water-soluble phosphine TPPTP (triphenylphosphine
triphosphonate, P(4-C¢H4PO3H,);, see Figure 4.1). Aqueous solutions of these nanoparticles
were used for construction of polyelectrolyte multilayers with poly(allylamine-HCI) that were
grafted to glassy carbon electrodes for ORR kinetic studies using rotating disk electrode
voltammetry. The Pt-TPPTP catalysts unfortunately had a lower mass activity for Pt vs the
standards, making them impractical fuel cell catalysts; however it is still useful to understand
what effects change the activity of the available surface area °. We observed that the TPPTP
ligands increased the Pt surface-specific activity of the ORR vs Pt/C standards.

Herein, we report the in-situ x-ray absorption spectroscopy (XAS) of Pt/TPPTP, Pt

functionalized with oxidized TPPTP (Pt/ox-TPPTP), and compare the results with the “naked”
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HoO3P PO3H->

PO3H-

Figure 4.1 Water-soluble phosphine TPPTP (triphenylphosphine triphosphonate) ligand used in
this work. An oxidized TPPTP (ox-TPPTP) ligand has an additional =O group bonded to the

central P atom.
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Pt/C, i.e., without phosphine ligands. The Pt/ox-TPPTP contains a P=O bond and was predicted
to have little or no direct P-Pt electronic interactions but nearly identical physical characteristics
compared to the unoxidized TPPTP. Analysis of the XANES (near edge) region of the XAS data
was carried out using the Au technique'” ' previously applied to adsorption of H, O, and OH on
Pt'"® and Pt-M (M=Cer, Fe, Co, and Ni) cathodes® to CO and OH adsorption on Pt-Ru anodes' in
an electrochemical cell®, and even to Pt and PtRu anodes in an operating fuel cell with simulated
reformate (H, and ppm CO)" or methanol®’. The Au technique can provide not only adsorbate
coverages but even binding site information (e.g., atop, bridged, 3-fold) of adsorbates such as H
and O(H) on the Pt nanoparticles and will be utilized in this work to also provide information on
the Pt-P linkage with the ligands as a function of potential in an electrochemical cell. The
XANES is measure for an in situ half cell containing the various catalysts at potentials from 0 to
1.1 V with utlizilation of the AXANES and extended x-ray absorption fine structure (EXAFS)
analysis techniques to determine the voltage-dependent behavior of the catalysts for water
activation. Potentials of 0.2 V and less are in the hydrogen adsorption region, 0.54 V is the
double-layer region where the catalysts should be free of adsorbates, and potentials from 0.7 to

1.1 V are used to study oxygen or hydroxide, O(H), adsorption.

4.2 Experimental and Data Analysis

4.2.1 Catalyst and electrode preparation

Details of the catalysts synthesis and electrode preparation have been given previously *'
Briefly, glycol-stabilized Pt nanoparticles (Pt NPs) were dispersed in deaerated acetone and
added to a solution of TPPTP, resulting in a homogenous brown dispersion. This dispersion was
mechanically stirred under N, for 1 h to allow for partial exchange of the TPPTP ligand at the
platinum surface. The solvent mixture was then removed in vacuo and deaerated water was

added resulting in a transparent brown Pt colloidal dispersion. Complete exchange of the TPPTP
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ligand at the Pt NP surface required several days. The crude material was redispersed in a
minimal amount of water and purified by gel filtration chromatography. Elemental analysis by
ICP showed a Pt metal content of 48.6% and P content of 6.9%, corresponding to a Pt:TPPTP
mole ratio of ~4.5:1 for the sample used here. Pt/ox-TPPTP nanoparticles are produced in
tandem as a minority fraction when synthesizing Pt-TPPTP, but are produced in higher relative
fraction when adding the ligands to the “bare” Pt nanoparticles at lower pH values. Elemental
analysis yielded a Pt metal content of 12.78% and P content of 9.90%, corresponding to a Pt/ox-
TPPTP mole ratio of ~0.8:1 (i.e., 60% Pt;s(TPPTP),5s and a larger component of water and Cl
consistent with the greater amount of TPPTP). The Pt/C nanoparticles, prepared as described
previously?', were supported on Vulcan carbon XC-72 (VC). Elemental analysis by ICP revealed
that the composite was 7.1 = 0.2% Pt by weight.

Inks of VC, PDAC, and Pt-TPPTP were made as follows for electrochemical evaluation.
Briefly, VC was added to an aqueous solution of PDAC and sonicated for 1 h, resulting in a black
suspension with no visibly aggregated carbon. Approximately 2 mg of Pt-TPPTP was added to
~2 mL of the PDAC/VC ink and sonicated for 30 s and then stirred for 1 h. Approximately 8-9
uL aliquots of the ink were added to glassy carbon disk electrodes polished to a mirror finish.
The films were dried in air to yield smooth, evenly deposited composite films featuring ~0.020
mgpt/cngeometric. Inks made with Pt-TPPTP-oxide required a different formulation, as the Pt/ox-
TPPTP particles were only 12.8% Pt by weight (compared to 48.6% for Pt-TPPTP); the higher
weight fraction of anionic ligand required a greater amount of the polycationic PDAC in the inks
to achieve sufficient excess cationic charge to bind the anionic nanoparticles and ensure good
suspension of the VC (vide infra). Otherwise, the procedure was similar, yielding smooth, evenly
deposited composite films with ~0.010 mgpt/cngeometric. Inks of Pt/VC were made and cast as
films on glassy carbon electrodes according to methods described elsewhere®, producing evenly
deposited films featuring 0.020 mgpt/cngeometric. Two different Pt/VC samples were utilized, one

completely prepared in this work, and a commercial Etek sample used as a standard, so that in
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total four different catalysts were utilized. The one prepared in this work will be referred to as
Pt/C and the latter always as the Etek sample.

The thin-film catalysts on glass carbon electrodes were characterized by cyclic
voltammetry (CV) and rotating disk electrode (RDE) methods, as have been previously
described,'*'*** vs. a reversible hydrogen electrode (RHE) in 0.1 M HCIO, electrolyte at room
temperature. These results were used to determine the specific activity of the platinum in the
catalysts for the oxygen reduction reaction at 0.9V, both from the underpotential deposited
hydrogen region in the CVs and the kinetic activity from the RDE. '>*

4.2.2 X-ray Absorption

In situ X-ray Absorption Spectroscopy (XAS) experiments were conducted at the
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory in Upton, NY.
XAS data, simultaneously in transmission and fluorescence mode, were taken at the Pt L; edge at
beamline X-11B with a Si (111) double crystal monochromator. The monochromator was
detuned by 30% at 200 eV above the Pt L; edge (11564 ¢V) to minimize the presence of higher
harmonics in the beam. The energy calibration was achieved by recording the XAS of a 7um
thick Pt foil simultaneously with the sample. Reference foil transmission data was collected
between the second and a third detector. The fluorescence mode data were utilized in both the
EXAFS and AXANES analysis. The NSLS storage ring operated at 2.80 GeV beam energy with
ring currents between 40 and 200 mA.

The measurements are taken in an electrochemical half-cell, which was designed by the
Adzic research group at Brookhaven National Lab®. Thick film electrodes on carbon diffusion
layers (Etek) were made from the inks described earlier, but were prepared with a higher platinum
loading (7 mg Pt cm?).These were saturated with 0.1 M HCIO, and placed in the cell. The cell

was then placed in front of the beam between two detectors that collected incident (Iy) and sample
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(I) beam intensity as well as fluorescence intensity. The potential was controlled by an Eco
Chemie Autolab PGSTAT-30 potentiostat, and all data presented is with respect to the RHE.

4.2.3 XANES and EXAFS Analysis

A brief summary of the Ax method is given here for clarity and to highlight slight
differences from the previous method.

The absorption coefficient,s, was obtained from the raw data using the ATHENA code
developed by Ravel and Newville®. The pre-edge background is removed using the AUTOBK
algorithm, described more fully elsewhere®, followed by normalization over the 50 to 200 eV
(relative to the edge) range for XANES analysis. This procedure was carried out for both the
sample data (fluorescence) and the simultaneous transmission reference foil data (In I/l.f). The
foil data were then aligned, and the resultant energy differences were transferred to the sample
data; i.e., the AE determined for the foil at ‘x” potential is added to the energy of the data at the
same potential. This energy calibration corrects for shifts due to photon beam drift, and other
possible effects. This energy calibration is crucial for the success of the Au technique to ensure
full cancellation of the atomic contribution in the XANES, which dominates the spectrum; i.e. Au
is typically only about 1-5% of the total x signal.

The difference Au = (V) - 1(V.er) is generally determined by subtracting the x at an
appropriate reference potential, Vi, (usually taken to be that potential at which the electrode is
relatively free of most adsorbates) from other potentials to highlight the effect of these
adsorbates. However, the choice of reference can change based on the nature of the inquiry, the
sample, the adsorption edge, and the operating conditions.  In this work, the Au signals were

obtained using two different types of references:
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Table 4.1: Parameters from EXAFS fits

Path N R(A) AE(eV) 6’ (A7)
Pt/C 0.54V (2<k'<12

1.6<R<3.0)

Pt-Pt | 6.4£1 2.72+.02 9+2 0.008

0.94V (2<k'<12

1.6<R<3.0)

Pt-Pt 5.9+2 2.72+.03 9+1 0.008

Pt-O 0.5+0.5 2.12+1 19+4 0.005
Pt/C 0.54V (2<k’<12
(ETEK) 1.6<R<3.0)

Pt-Pt | 8.5+0.3 2.74+0.01 8+0.6 0.006
Pt/TPPTP | 0.54V (2<k'<12

1.8<R<3.0)

Pt-Pt 3.4+1 2.75+0.04 115.0 0.006

Pt-P, 0.6+0.4 2.4+0.1 19+10 0.005

0.90V (2<k'<12

1.4<R<3.7)

Pt-Pt 6.4+2.0 2.75+0.02 10+2.0 0.006

Pt-P, 0.4+0.5 2.4+0.1 2349.0 0.005

Pt-O 0.6+0.3 2.240.2 20+5.0 0.003

Pt-P, Nb.o 3.2+0.2 27427 0.004

*Parameters for ox-TPPTP are not reported because an accurate EXAFS fit was

unobtainable
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Aur(V) = u(V,PUTPP) - 4(0.54, Pt/TPP). (4.5)

Apa(V) = u(V) - u(0.54, P/C). (4.6)

Here the notation subscript ‘L’ is used when the ligand-stabilized catalysts are used as reference
and ‘cl” when the Pt/C catalyst is used as the reference. As will be shown below, the use of both
eqs. 5 and 6 are advantageous for bringing out different features of the adsorbates, Eq. 4.5
highlighting O(H) adsorption in the presence of the ligand, and Eq. 4.6 highlighting the ligand
adsorption itself. The Au were smoothed to remove random noise using a standard Savitzky —
Golay smoothing routine with a 1.5 eV range.

The EXAFS analysis was performed using the Artemis code™, and several paths were
included in the fits for each sample; either Pt-Pt, Pt-P<, and/or Pt-O-P< as indicated. Here the <
sign indicates bonding to the tp (triphenyl) groups; however, the tp groups themselves were not
included in the FEFFS calculations since they would have a relatively small effect on the Pt-P
scattering. The Debye- Waller factor was held at some fixed value as indicated in Table 4.1 for
all fits to reduce scatter in the coordination numbers (CNs), and FEFF8 was used to calculate all
of the other needed parameters including the many-body S, factor.

4.2.4 FEFF 8.0 Calculations

The FEFF 8.0 code was used to model the adsorbate Apge, signatures. The Apgpe, was

determined by subtracting the u of a clean “Janin” *

type Pt cluster” from the 4 of a cluster
containing an adsorbate molecule in the atop, bridged or n-fold position (as illustrated in Figure
4.9); e.g., Aptneo(O) = u(O/Pts) - W(Pts). The Janin cluster, used in much but not all of our

previous work'®?’, was chosen here because it is about the smallest cluster that contains atop,

bridged, fcc, and hep sites. The bond distances used in the clusters were the same as those in our
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Figure 4.2 Comparison of the experimental EXAFS signal, ky(k), for the Pt/C and Pt/TPPTP

catalysts (at the indicated potentials)
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IFT(ky)| (A?)

R (A)

Figure 4.3 Comparison of FT(ky(k)) for the Pt/C and Pt/TPPTP (at 0.54 and 0.90 V) catalysts
along with the fits. Also shown are the individual paths as indicated. The subscripts s and I refer
to short and long Pt-P distance. The Pt-O-P; contribution is actually the sum of the 2 and 3 step
multiple scattering paths involving the Pt-O and Pt-O-P, atoms with the fit parameters as in Table

4.1. Experimental uncertainty in FT estimated to be £.007.
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previous FEFF 8.0 calculations®'”. Oxygen in the atop position was treated as OH (since the
scattering from H is negligible), while oxygen in an n-fold position was treated as O. This is
consistent with chemical intuition and density functional theory calculations®’, which show that
OH prefers to be singly coordinated, and O doubly or triply.
4.3 Results

4.3.1 EXAFS Results

Figures 4.2 and 4.3 show EXAFS results for Pt/C and Pt/TPPTP at the indicated
potentials both in k-space and R-space (the Fourier transform). These figures reveal the quality of
the data and the fits. The relatively large noise level is clearly revealed in Figure 4.2 for £~6 and
with the signal for £>14 dominated by noise. This arises in part because of the low Pt loading (16
mg Pt/g catalyst (TPPTP+PDAC+VC)) in these samples and the relatively small photon flux of
the beam. This requires large amounts of sample to be placed in the beam to achieve a Pt step
height of about 0.5, and the large amount of support significantly scatters the light beam.
Smoothing of the data and comparison to the EXAFS data for Pt/C Etek with larger Pt loadings
nevertheless reveals comparability out to about k£ ~ 14. Thus, the high noise level is not expected
to significantly alter the fit parameters, but it does lead to relatively large uncertainties in these fit
parameters as shown in Table 4.1 (see much smaller uncertainties for the Etek sample). The
relatively small Pt particles also introduce relatively large Pt-C contributions due to the carbon
support around 1.4A in Figure 4.2 for the Pt/C sample. In Figures 2 and 3 and others below, a
background (an option in the Artemis code) was included in the fits as shown. These background
fits account for the relatively large atomic XAFS (AXAFS) peaks seen in these data. The

16-20 . .
and increase with

AXAFS features for the Pt/C are very similar to that found previously
potential exactly as found previously.”® That for Pt/TPPTP in Figure 4.3 has the same doublet
peak shape but is much larger apparently due to the Pt-TPPTP interaction. An increase in AXAFS

with adsorbate coverage or support interaction has been noted previously.”
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Table 4.1 shows that the Pt-Pt coordination number (CNpyp,) is around 6 for the catalysts
prepared in this work, suggesting a particle size of 0.8-1 nm consisting of around 12-15 Pt
atoms®’. Previously these same particles were indicated to be around 1.7 nm as obtained from
HRTEM. It is well known that EXAFS generally gives a lower estimate than either HRTEM or
XRD Scherrer analysis”, because EXAFS “sees’ all particles apparently weighted toward the
smaller ones, while HRTEM and XRD yields sizes weighted toward the larger particles. Thus,
the average particle size may be somewhere around 1.3 nm. The CNp.p; of around 3.4 in the
Pt/TPPTP catalysts does not necessarily suggest a smaller particle, but rather reduced scattering
due to the presence of the phosphine linkage to the Pt cluster. The CNp.p of around 0.6 suggest
that a 12-15 atom cluster should have around 4-5 TPPTP groups attached to it. Figure 4.4
illustrates such a geometry optimized (molecular mechanics, MM?") cluster revealing how the tri-
phenyl groups steer clear of each other and still allow significant numbers of free Pt atoms.
Atomic analysis also reveals a P/Pt ratio of about 1/4.5 consistent with the EXAFS results.'*"

The results in Table 4.1 are consistent with other EXAFS results on Pt catalysts.>'**" For
example, the Pt-Pt bond distance around 2.72 A is considerably shorter than in bulk Pt (2.76 A) or
than in the larger Pt particles in the C(Etek) sample as expected due to the smaller Pt coordination
in these small particles. This Pt-Pt distance increases back to 2.75 A in the Pt/TPPTP and Pt/ox-
TPPTP catalysts consistent with relaxation back to the near bulk length due to the complexation
with the ligands. The Pt-P; (short Pt-P distance in direct Pt-P bond) bond length of around 2.4 A
is consistent with that obtained in the molecular mechanics calculations of Figure 4.4. The
Debye-Waller factors (¢?) were not allowed to vary but set at fixed values typical of that seen in
small Pt particles. This was to reduce the number of parameters in the fit. Finally the AE, values
all appear to be larger (10-20 eV) than normal (e.g. 7-8 in the Etek sample), consistent with a
shift of the conduction band minimum to higher binding energy in these small Pt particles as

expected.
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Figure 4.4 TIllustration of a 13 atom Pt cluster and 4 TPPTP ligand groups linked through the P
atom. (the POs;H,(phosphonate) groups attached to the phenyl groups to make the ligands soluble
in water are not shown). Figure constructed using the Arguslab software’’ which performs a

simple molecular mechanics (MM) calculation to reduce atom-atom repulsions.
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Figure 4.5 shows how the FT(k’y) for the Pt/TPPTP catalysts changes with potential.
Note that as the potential increases up to 0.9 V, the Pt-O and Pt-Pt peak intensities increase while
the Pt-P; peak decreases. This suggests that the Pt-phosphine linkage breaks with increase in
potential as one might expect. However, Figure 4.5 shows that a peak around 3.4 A also
increases with potential suggesting that as O adds to the cluster; the TPPTP groups now link to
some of the adsorbed oxygen atoms. The fit in Figure 4.3 already included this Pt-O-P, scattering
path for 0.9 V, and Table 4.1 shows that the Pt-P, distance (the long Pt-P; distance because of the
intervening O atom) is around 3.2A. At potentials above 0.9 V, the Pt-Pt intensity decreases
again. This is obviously due to oxidation of the Pt (i.e. Pt and O atom displacement and increased
subsurface O atoms) as seen with all Pt particles at high potential (e.g the Pt/C as shown in Table
4.1).

Figure 4.6 compares the FT(ky) for Pt/C, Pt/TPPTP and Pt/ox-TPPTP at 0.0, 0.54, and
1.0 V. This figure reveals the effects under reducing condition (i.e. 0.0 V) and several important
differences between the TPPTP and ox-TPPTP ligands. For Pt/TPPTP at 0.0V, the Pt-P, peak
remains, suggesting that H does not break the Pt-P linkage. The Pt-P; peak also remains small
because of course a Pt-H-P linkage would not occur. The Pt-Pt peak intensity is larger at 0.0 V
than at 0.54 V, consistent with a change in the shape of the Pt particle from more oval like to

spherical like with H adsorption as seen previously'®'®

and perhaps some weakening (although
not breaking) of the Pt-P; bond. In contrast to the Pt/TPPTP catalysts, the Pt/ox-TPPTP catalyst
does not show any breaking of the Pt-P; bonds with potential, and no sharp increase in the Pt-O-P,
peak at 1.0V. Already at 0.54 V, a significant Pt-O peak is visible. Thus, the Pt-O-P bond
remains primarily intact at all potentials in this case. This suggests that the Pt-O-P, bonds are

different in the two cases, and indeed this will be clearly shown by examining the A spectra

below. All of these EXAFS results are summarized in Figure 4.7.
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Figure 4.5 Variation of EXAFS spectra with potential for Pt/TPPTP, with the principle peaks

identified as determined from the fits in Figure 4.2.
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Figure 4.6 Comparison of the EXAFS spectra in the region between 1.0 and 3.5 A to emphasize

the Pt-P and Pt-O-P interaction for the potentials and catalysts indicated. The dominant peaks are

identificed as determined in Figure 4.2.

96



TPPTP:
1.0,1.1

.0,.1,.2 54, .7 .84,.9 .0.1.
Inc. Pt Small Pt Inc. Pt Dec. Pt
Large P Large P Small P Small P

Inc. O Inc. O

Ox-TPPTP:
Inc. Pt Larger Pt Pt still small Dec. Pt
Large P smaller P P still present P?

O still small Large (@)

Y TPPTP, °H e atopO e3fO O Ptparticle

Figure 4.7 Summary of the changes seen in the EXAFS data with potential for the two different

ligands, and the changes in the cluster ligand structure responsible for these EXAFS changes.
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4.3.2 Ap results

Figure 4.8 compares the background-subtracted and normalized XANES spectra, u, for
the Pt/TPPTP before subtraction. Note that the spectra are very similar beginning just 15 eV
above the edge, but the differences in the region below 15 eV are well above the noise level.
Figure 4.9 shows the Az, experimental spectra (eq 6) for the Pt/TPPTP and Pt/ox-TPPTP at 0.54
and 1.0 V with FEFFS8 calculated Az, signatures obtained with various adsorbates on the Ptq
Janin cluster’® such as that illustrated in Figure 4.9. Since the experimental Az, spectra are shown
here, the experimental signatures should reflect both the P<tp and O-P<tp adsorbates as well as
O, where for brevity we use P<tp to represent bonding to the triphenyl groups. At 0.54V the
experimental Ay spectra are nicely reproduced by Ape, for —P<tp and =O-P<tp adsorbates, for
the TPPTP and ox-TPPTP catalysts respectively. Here -’ represents atop and ‘=" 3-fold fcc
coordination on the Pt. These Ay results very clearly reveal yet another difference between the
two catalysts, and why in the latter case the =O-P<tp adsorbate appears to be fixed on the Pt
surface at all potentials.

The relative magnitudes of the Az, and experimental Ay, can be used to estimate
adsorbate coverages, since the Az, were calculated with a single adsorbate molecule next to the
Pt absorber atom. In Figure 4.9 the —P<tp signature was divided by 3 and the =O-P<tp by 2 as
indicated, suggesting a coverage of about 0.3 monolayers (ML) in the TPPTP case. The 0.3 ML
coverage for TPPTP is entirely consistent with that indicated by the EXAFS data and the MM
model in Figure 4, with about 4 TPPTP ligands adsorbed on a 13 Pt atom cluster. The effective
coverage in the 3-fold case is a bit more difficult to estimate. Each adsorbate molecule in a 3-fold
site is coordinated to 3 Pt atoms (this would suggests a coverage (ox-TPPTP molecues/ Pt atom)

of only 0.5/3 =1.6 ML), but each ligand in a 3-fold may block 3 or more sites, so that half or
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Figure 4.8 Comparison of background-subtracted and normalized XANES spectra, u, for the

Pt/TPPTP catalysts at the indicated potentials (V relative to RHE). Both expanded (insert) and

full-scale spectra are shown for comparison (lines in the full scale are identical to those in the

expanded scale).
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Figure 4.9 Comparison of experimental Ay, (see Eq. 4.6) at 0.54 and 1.0 V for TPPTP and ox-
TPPTP with FEFFS8 calculated Agineo. The Agane, were calculated using the Ptg cluster and the
adsorbates as indicated in the figure and described in the text. Scaled factors applied to the Apieo

are also indicated. The du difference spectra are obtained as described in the text.
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more of the Pt sites may be blocked by the ligand. Because of the bulky nature of the ox-TPPTP
ligand, this is highly likely therefore an effective coverage of 0.5 ML or more is expected,
consistent with what will be evident below.

Next we consider the experimental Az signatures at 1.0V. That for TPPTP clearly
shows about a 50% reduction in the —P<tp coverage, and then the addition of another component
at lower energy. Obtaining the difference du = Ap(1.0V) — 0.5 Ap(0.54 V) isolates this
component, and gives a signature very similar to Az, for —O-P<tp, suggesting now an atop —O-
P<tp ligand coordination. The relative magnitudes between theory and experiment then suggest
that about half of the existing —P<tp at 0.54 V (0.15 ML) is converted to —O-P<tp at 1.0 V (this is
consistent with the EXAFS). In contrast, no reduction in the =O-P<tp component is seen for the
ox-TPPTP, and the addition of a =0 component appears. However the coverage is probably
much less than 0.5 ML suggested by the relative magnitudes between Az and Agune, in this case
(we will see below that it is much less).

Figure 4.10 illustrates a close-up of the geometry optimized O-P<tp model in the two
different catalysts. Note that the Pt-P; distance remains around 3.2 A in both cases consistent
with the EXAFS; however, the Pt-O MM optimized distance is around 2.2A for the atop and <
2.0 A for the 3-fold sites reflecting the stronger Pt-O bond in the latter case.

Figure 4.11 examines the H coverage at low potentials for the two catalysts. Since in
general the ligand existing at 0.54 V in both catalysts is not expected to leave at low potentials,
Fig. 11 utilizes Ay, to isolate the effect of the additional H adsorption. H can exist in both atop
and 3-fold sites on Pt, and indeed this is evident for the Pt/TPPTP catalysts as shown by
comparison with the Apge, shown in the figure. Generally, the 3-fold sites are favored on the
faces, and the atop H at the corners/edges of the clusters. In contrast, the Pt/ox-TPPTP catalysts
shows only increasing atop H as the potential is lowered to 0.0 V. Generally the corner/edges fill

with H first, followed by the 3-fold on the faces; indeed, the atop H existing at lower coverage
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Figure 4.10 Molecular mechanics illustrations of the —O-P<tp and =O-P<tp ligand interactions

obtained using Arguslab®'. White arrows indicate Pt-P lengths which are similar in both cases.
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Figure 4.11 Comparison of Azy (Eq. 4.5) in the H region at the indicated potentials for the two

ligands. The Az, atop and 3-fold H/Pt signatures, obtained using the clusters illustrated, are

shown.
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often converts to 3-fold H at higher coverage. Thus, the existence of only atop H on the Pt/ox-
TPPTP catalysts shows a very strong reduction in H adsorption in this case, suggesting that the 3-
fold =O-P<tp ligands either severely block sites or exert a very strong ligand effect (this will be
discussed further below).

The above results are consistent with the CV plots in Figure 4.12, where a dramatic
reduction in H adsorption is revealed for ox-TPPTP and a normal H adsorption current appears
for theTPPTP case. It appears that about one-third of the Pt sites are“blocked” even for the
TPPTP case. This is consistent with about 0.3 ML of -P<tp existing on the surface, blocking these
sites for H adsorption.

Finally, Figure 4.13 shows Ay results to isolate the effects of O adsorption with potential
for the two TPPTP catalysts and two Pt/C catalysts with different particle sizes. Those Ay spectra
in Figure 4.14 for TPPTP are just the difference between those at potential V and that at 0.54 V in
Figure 4.9. From previous work'® examining OH and O adsorption '*** on Pt, atop OH and n-fold
O sites are occupied, and the Az, for three-fold O (shown in Figure 4.9) and atop -OH are
similar except for an _5-7 eV energy shift as indicated in Figure 4.13 and 4.14. Note that the
signature for n-fold O is seen in the ox-TPPTP case because the O-P<tp ligand is not leaving, and
hence, its contribution is canceling out in the difference technique, but the OH signature for the
TPPTP case has a large negative contribution between3 and 10 eV that is inconsistent with the
OH theoretical signature. This arises because the -P<tp ligand is converting to -O-P<tp with
potential, as shown in Figure 4.7. Nevertheless, we shall utilize the magnitude of the experimental
Ayy signatures in both cases as representative of the relative amount of O(H) adsorption in Figure
4.15.

Figures 4.13 and 4.15 show the dramatic effects of particle size. Atop OH is preferred at

the corners and edges, and since these sites dominate on very small particles, mostly OH exist on
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small particles, while on the big Pt Etek particles a very small amount of OH at 0.7 V is quickly
overwhelmed by n-fold O at higher potential. Figure 4.15 shows a similar domination of atop OH
in the TPPTP case, but a surprising early transition to n-fold O above 0.9 V. Figure 4.15 shows
that at least a 300 mV shift to lower potential occurs in O(H) adsorption as the particles get
smaller. This shift has been noted previously by others, either by examining CV curves® or with
a similar Az technique.® In Figure 4.15 reduction of the Az magnitudes at higher potential
reflects the O going subsurface, since subsurface O has been shown previously'® to have a
slightly different Au spectral shape with a smaller magnitude between 0 and 5 eV.

Figures 4.13 and 15 also reveal the effects of the phosphine ligands. The Pt/ox-TPPTP
shows a dramatic reduction in O(H)adsorption consistent with the CV curve in Figure 4.12.
Clearly the O-P<tp ligand severely blocks both H and O(H) adsorption, but a very interesting
difference is seen in the binding sites for this catalysts; H appears to adsorb mostly on the
corner/edge sites and O (apparently) on the face sites. This will be discussed in light of a possible
electronic effect in the next section. Furthermore, the Pt/TPPTP catalyst shows a significant shift
of the OH adsorption to higher potential compared with the Pt/C catalysts, consistent with the CV
curve in Figure 4.12. Note that the Azy magnitude compared with Az, for the Pt/C (0.8 nm)
catalysts (not shown) reveals a 1 ML coverage at 0.8 V, while we concluded above that the
combined-O-P<tp and -P<tp coverages were only about 0.3 ML.Thus, the difference in O

coverage is even larger than the relative difference in Azg magnitudes shown in Figure 4.15.

4.4 Discussion

The results above reveal significant effects of both particle size and phosphine ligands on
O(H) and H adsorption. OH adsorption is known to dramatically alter the oxygen reduction ORR,
as OH poisons sites where the ORR might occur.*® Although the particle size effect on ORR has

been attributed to other effects such as geometric site dependencies for the ORR.,™ it is generally
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accepted now that OH adsorption is the critical factor. This can be made more evident here again
by examining the specific ORR activity with particle size, as shown in Figure 4.16. Recent results
for Pt/C are shown along with those for the catalysts examined in this work."” Factors of 5 and
even larger differences in specific reactivity have been seen between very large particles (.5 nm)

and small ones>>

even though the range shown in Figure 4.16 shows a factor of only 2.

We discuss here the role of site blocking and hydrophobic and electronic effects on O(H)
adsorption due to water activation, the reaction studied in this work, as well as the ORR. To
distinguish these effects more clearly, Figure 4.17 shows previously reported®® Au results
(reflecting relative O(H) coverage as above) on Pt/C clusters of around 1.2 nm in different
electrolytes. Adsorption of O(H) in 0.1 M HCIO4 and 1 M TFMSA is similar because anion
adsorption does not occur in either case. The upward shift in O(H) adsorption in 0.1 M H,SO, of
course arises because of bisulfate adsorption, but the mechanism here may be either simple site
blocking or an electronic effect because of the negative bisulfate anion. Wang et al.”’ separated
these two effects on the ORR and concluded that between 500 and 900 mV detrimental electronic
effects from the charged bisulfate anion dominate but that OH adsorption primarily acts through
simple site blocking between 700 and 950 mV. Figure 4.17 shows that 6 M TFMSA impedes OH
adsorption from water activation even more, but it has been shown that in 6 M TFMSA anion
adsorption also occurs. In spite of the anion adsorption in 6 M TFMSA, the ORR rate is generally
larger in 6 M TFMSA than in 1 M TEMSA.*® Apparently in 6 M TEMSA, anion adsorption
actually helps the ORR rate, and this occurs apparently because of the concentration and/or
hydrophobic effects, which keep water away from the Pt surface and reduces OH poisoning. It
follows that in 6 M TFMSA reduction of OH adsorption more than compensates for the sites
which may be poisoned by the TFMSA anion adsorption. Indeed, a significant motivation for this
work'* > was that a neutral and hydrophobic ligand such as TPPTP might be ideal. It has the

hydrophobic phenyl groups that may act similar to the hydrophobic F groups in TFMSA yet
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provides a neutral ligand, which hopefully will lower the detrimental electronic effects that are
severe with bisulfate and probably also TFMSA on the ORR.

Figure 4.16 reveals that the TPPTP ligand does indeed improve the surface-specific ORR
rate on small particles; the surface-specific ORR rate is larger in the Pt/TPPTP catalysts than for
the similarly sized Pt particles in Pt/C (0.8 nm) catalysts. This arises no doubt because, in spite of
the adsorbed phosphine ligands that block sites, the OH poisoning is reduced. This leaves the
question, is the reduced OH adsorption due to the hydrophobic effect or an electronic effect? One
would expect H adsorption to experience an electronic effect as well if it existed. However,
Figure 4.11 shows a remarkable similarity between the CV curves in the H region for both Pt/C
and Pt/TPPTP. This suggests that indeed the neutral TPPTP ligand may not be exhibiting much of
an electronic effect as expected and that indeed the hydrophobic effect is dominating.

Finally, we consider the strange difference between the H and O(H) adsorption in the
Pt/ox-TPPTP catalyst. The atop H adsorption seen at low potentials may in fact be on top H
adsorption, i.e., adsorption on top of those Pt sites already involved in bonding to the ligands. On

top H is known'®"®

to adsorb in the presence of 3-fold ‘underpotential deposited” (UPD) H, so
perhaps it can adsorb in the presence of the 3-fold phosphine ligands as well, in precisely the
same potential range as normal. This would suggest that the 3-fold sites are mostly blocked by the
O-P<tp ligands. However, the O(H) adsorption appears to behave similar to large particles, i.e.,
initially a small atop OH component followed early on by n-fold O (Figure 4.14), albeit at low
overall coverage. This n-fold O adsorption may indeed be 2-fold bridged O, which is known to
adsorb early on at step edges (the A technique cannot distinguish between 2- and 3-fold bonded
O). The transition from OH to O is dependent on the relative Pt-O bond strength. At normal
corners and edges the Pt-O bond strength is very large, ** so the OH tends to stay as it is rather
than moving to a bridged or fcc site. If indeed most of the Pt atoms are already bonded to an

adsorbed ligand, this will weaken the Pt-OH bond, enabling early transition to bridged O. Thus,

the H and O adsorption sites (although different) may indeed simply be reflecting a weakened
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adsorption bond due to prebonding with a ligand (i.e., a type of electronic effect) in the ox-

TPPTP catalysts.

4.5 Conclusion

The following conclusions can be drawn from this X-ray absorption study of TPPTP
stabilized Pt nanocatalysts: (1) The TPPTP ligands partially block Pt sites but reduce water
activation, most likely due to the hydrophobic effect which reduces water concentrations near the
surface and therefore enhances the Pt surface-specific ORR activity. Unfortunately the mass-
specific ORR activity is not enhanced,”” apparently because the ligand site blocking effect is
larger than the reduction in OH poisoning. Thus, the primary motivation for this study, to enhance
the ORR rate by utilizing the TPPTP ligands, has been only partially met. (2) The ox-TPPTP
ligands appear to exert a large electronic effect but dramatically block sites (apparently because
they lie in 3-fold fcc sites), making these catalysts inactive for ORR. (3) The combination of
EXAFS with the Au technique provides significant details on cluster size, ligand coverages,
binding sites, and change in ligands from P<tp to O-P<tp, which correlate with and significantly
complement the CV data. This is the first application of the AXANES technique to such complex
ligands, and the success here reveals again its enormous applicability to study and characterize

catalysts in situ.
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Chapter 5

In situ determination of Water Activation and Oxygen Reduction in
Rhodium Sulfide based Chalcogenides using X-ray Absorption

Spectroscopy

5.1 Introduction

Attempts at finding alternatives to Pt for catalysis of the oxygen reduction reaction
(ORR) in acidic environments have included a wide variety of geometric structures, some
fundamentally different from the conventional metal surfaces in highly dispersed Pt (i.e., with
typical particle sizes in the range of 1.5-8 nm). Extensive studies have been previously conducted
on metal alloys with and without enrichment of alloying elements on the surface.'” These more
conventional structures have been relatively easy to characterize. However, the more complex
alternative structures, such as those involving inorganic complexes and organo-metallics,”” have
proven to be more difficult to characterize, particularly in terms of our understanding of the
nature of the reaction centers and the electrocatalytic pathways as a function of overpotential.

Some of the most promising alternative systems for facilitating the ORR are based on

transition metal chalcogenides.”’ Several of these systems exhibit reasonably high performances
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(e.g. Ru,Se,/C iy = 2.22x10”° A m?, 0.5M H,S0,),*” and many have been reported to be relatively
unaffected by typical poisons of Pt electrocatalysts, such as methanol'>'? and halides".
However a full characterization of the pertinent structure/property relationships that give rise to
their performance and depolarization has proven to be difficult. This arises in part because the

14,15

synthetic methods typically involve mixing nanoparticles of unreduced metal or metal

carbonyl complexes with the elemental chalcogen in an organic solvent, and tend to produce
small, amorphous clusters.'®"”

The limited crystallinity of these alternate catalysts almost immediately rules out powder
X-ray diffraction as a characterization technique. In addition, many other techniques (e.g. XPS,
HREELS, LEEDS, etc.) can provide detailed information regarding the structure of amorphous
materials, but are limited by both their ex sifu nature and ultra-high vacuum (UHV) requirements.
FTIR techniques can be applied to study certain species on the catalyst surface (CO, CO,,
HCOOH, etc.) but cannot provide information regarding O and OH adsorption nor the specific

adsorption sites of the active metal.'®"

Additionally, specialized IR techniques, such as
subtractively normalized interference FTIR (SNIFTIRS), have been employed to study compact
adlayers of adsorbed CO on Pt and Pt-alloy catalysts.”*** Unfortunately, a surface with a mirror
finish is required, and thus it is not yet possible to probe catalysts supported on porous carbon
substrates with this technique.”

In light of these limitations, synchrotron X-ray absorption spectroscopy (XAS) is
particularly promising. In addition to being a short range order technique, XAS is element
specific, and, as a core level spectroscopy, inherently quantitative. The use of high-intensity
synchrotron radiation eliminates the need for high vacuum conditions, and allows for the
investigation of electrocatalysts in operando™ via specially designed electrochemical cells.>*®
XAS is, however, a bulk-averaging technique. Thus, while the morphologies of the examined

catalysts could be ascertained from traditional EXAFS analysis (coordination number, Debye-

Waller factor, and bond distances) the adsorbate species could not traditionally be resolved with
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the exception of clusters where the surface-to-bulk atomic ratio is favorable. This is possible only
in a narrow particle size range of up to 4 nm. This limitation was finally eliminated with the

advent of the Ap analysis technique.”’*®

By performing a careful normalization of X-ray
absorption spectroscopy near-edge structure (XANES) spectra, and then subtracting successive
signals from a reference spectrum (such as those on clean surfaces absent adsorbed moieties), the
bulk information (traditional metal-metal and metal-oxide interactions) is effectively removed
from the signal. The remaining data then reflect adsorbate (e.g. adsorbed O(H) and H) species on
the catalyst surface. Prior to the advent of the Ap technique, these interactions (O(H).4 and
H,0.45) were only observable in small cluster sizes as noted above due to their weak scattering
and non-specific adsorption on the electrocatalyst surface. This technique has been successfully
applied to Pt and Pt-M electrocatalysts to study a variety of adsorbates under in situ
conditions.>**!

The water activation pathway is of particular interest in elucidating the mechanisms for
the ORR on an electrocatalyst surface. Adsorbed OH serves as a surface poison on Pt
electrocatalysts by effectively blocking the active sites for molecular O adsorption.” Evidence of
this effect has been gathered from both spectroscopic and electrochemical investigations.***
Further, a recent body of work used density-functional theory in conjunction with experimental
data to model various oxo-species as they relate to ORR and the apparent activation energies on
Pt and Pt-alloys. These studies assisted in further elucidating the effects of alloyed transition

metals in Pt electrocatalysts.>>*

These alloyed metals were found to increase the activity of the
electrocatalysts by either: (a) taking the brunt of the OH adsorption and because of OH-OH
repulsions leaving the Pt sites more free to proceed with ORR, or (b) partially deactivating the Pt
surface (hence increasing the partial valence of Pt) which shifts the onset of OH adsorption to
higher potentials.>****

Incorporating the information gathered from these previous studies on Pt-based

electrocatalysts, we recently published the first ever communications regarding the spectroscopic
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observation of the water activation process on a chalcogenide electrocatalyst (30wt% Rh,S,/C,

336 This material is the current state-of-the-art

commercially available from De Nora).
chalcogenide-based electrocatalyst, available as an oxygen depolarized cathode (ODC).”” Recent
reports provide insight into the inherent stability of this material in HCl-saturated ORR
environments."*** The De Nora Rh,S,/C electrocatalyst exhibits the highest ORR performance
and stability of the sulfide-based chalcogenide electrocatalysts.* Further, this electrocatalyst does
not contain selenium, which owing to its toxicity, likely will cause the higher-performing Ru,Se,-

639 to be ruled untenable for consumer applications. The

class of chalcogenide electrocatalysts
performance and structural characteristics of the Rh,S,/C electrocatalyst renders it an ideal model
compound for investigation of the ORR pathway on a sulfur-based chalcogenide electrocatalysts.
Despite its high level of performance, it is unlikely that Rh,S,/C will ever be a viable
alternative to Pt-based electrocatalysts in PEMFC or DMFC applications. While Pt is expensive,
Rh is typically 5-10 times more costly.*” In addition, Rh does not exhibit the high degree of
methanol tolerance of Ru-based chalcogenide electrocatalysts.! Nevertheless, the Rh,S,/C
electrocatalyst is well-accepted for applications in chlorine generation.”” Here the traditional
hydrogen evolution cathode is replaced with a oxygen reduction analog, thereby providing a 800
to 900 mV reduction in cell voltage and saving an equivalent of 700 kWh ton™ of chlorine.***
The De Nora Rh,S,/C electrocatalyst is comprised of a balanced phase of Rh,S;, Rh3S,,
and Rh;S;5.**® XRD studies of the commercially produced material only reveal a spectrum for
the Rhy;S;5 phase. The lack of observable XRD patterns for the Rh,S; and Rh;S, phases does not
indicate their absence, but rather that they exist as extremely small particles (small grain sizes) in
comparison to the Rhy;S;5 phase. Thus the microcharacterization of this material by standard
methods (e.g. XRD) is severely limited by the uncertainty regarding the fraction of these phases

and their complex structure. In a prior communication, application of the Ap technique to in situ

XAS water activation studies in 1 M trifluoromethanesulfonic acid (TFMSA) coupled with
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laboratory rotating disk electrode experiments suggested that the active phase in the Rh,S,/C
electrocatalyst is Rh;S,.}

That initial work was conducted solely on the mixed-phase Rh,S,/C electrocatalyst, as the
constituent phases were not available in any substantial quantity with sufficient purity. Here, we
present water activation and ORR studies on thermally-grown carbon-supported Rh,S; and Rh;S,
preferential phases in 1 M TFMSA. In addition, the Rh,S,/C catalyst was further probed in 6 M

3247 These additional studies

TFMSA electrolyte (i.e., water content is significantly lower).
confirm the initial conclusions that RhsS, is the more active phase,’*® but also point out the
instability of the Rh,S, catalyst in strong acid such as TFMSA. Further, high acid concentrations
result in the formation of a Rh skin on the electrocatalyst particle surfaces, and this may in fact be
the more active constituent. These results also serve to fully validate the Ap technique as a
powerful new tool for elucidating the active sites of mixed-phase inorganic complexes for ORR
electrocatalysts. To the authors’ knowledge, this is the first time the active site has been
determined in a mixed inorganic complex to this high level of detail. Therefore, the present work
constitutes a major advance in our understanding of electrocatalysis on systems very different

from the conventional metal cluster surfaces. This work is expected to open new avenues for

materials synthesis tailored for particular applications.

5.2. Experimental

5.2.1 Synthesis

30wt% Rh,S,/C (De Nora) and 30wt% Rh/C (8.3 nm grain size, E-TEK, Inc., now
“BASF Fuel Cell, Inc.”, Somerset, NJ) were used in as-received form. The carbon support was
Vulcan XC-72 (Cabot Corporation). The properties and morphology of the 30wt% Rh/C
electrocatalyst (i.e. 8.3 nm grain size) were reported in a prior publication.” The synthetic
methodology for the Rh,S,/C electrocatalyst can be found in the patent literature.**>°  The
preferential phases, 40-45wt% Rh,S3/C (orthorhombic Pben)*® and Rh;S4/C (monoclinic, space
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group C2/m),** were prepared by heat treating the carbon-supported 30wt% Rh,S, precursor
material (De Nora) under conditions outlined by Beck et al.** Briefly, this involved heating the
samples under flowing argon (high purity, Medtech Gases, Inc.) in a quartz furnace tube for ~2
hours at 1220 and 1340 K for Rh,S; and Rh;S,, respectively. Attempts to generate a preferential
Rh;7S;5 phase from the precursor were unsuccessful, and resulted in a near complete breakdown
of the Rh-S precursor into metallic Rh.

5.2.2 Catalyst Morphology (XRD and High-Resolution Transmission Electron

Microscopy)

XRD data were obtained with high-resolution synchrotron radiation at beamline X-7B at
the National Synchrotron Light Source (NSLS, Brookhaven National Laboratory, Upton, NY).
The as-synthesized catalyst powders were packed into amorphous glass capillaries. The X-ray
radiation, adjusted to a wavelength of 0.9177 A via a Si(111) monochromator, was chosen as to
prevent XAS signals from interfering with the XRD spectra. Data was acquired through a
MAR345 image plate detector (marUSA, Evanston, IL). Owing to the high intensity of the X-ray
beam (flux = 6x10'" photons sec™) it required less than 15 minutes per sample to collect a full
XRD pattern.

All three samples were examined using a 300 kV FEI Tecnai F30 ST field-emission gun
high-resolution transmission electron microscope. This instrument is equipped with a lithium-
drifted silicon detector for X-ray energy dispersive spectrometry (XEDS). Specimens for high-
resolution transmission electron microscopy (HRTEM) were prepared by dispersing each
nanoscale electrocatalyst in methanol and ultrasonicating them (10 min) to reduce agglomeration.
Subsequently, a single drop of each dispersion was either deposited onto a thin carbon film
supported by a copper grid, or a carbon film was dipped into the dispersion.

5.2.3 Rotating Disk Electrode Studies

Rotating disk electrode (RDE) studies were conducted in Og-saturated (MedTech

Gases, Inc.) 1 M TFMSA (3M Corporation). The as-received TFMSA electrolyte was distilled
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and purified prior to use.”’”! TFMSA was chosen as the supporting electrolyte because of its low
anion adsorption.’’ The RDE setup was comprised of a glassy carbon (GC) RDE (5.6 mm
diameter, Pine Instrument Co.) interfaced with a model AFASR rotator (Pine). Potentiostatic
control (for both the RDE and in situ XAS studies) was obtained with a model PGSTAT30
potentiostat/galvanostat (Eco Chemie, Brinkmann Instruments). Prior to all RDE experiments,
the GC was polished to a mirror-finish with 1 and 0.05 micron alumina slurry (Buehler, Inc.).
The inks were comprised of a mixture of the relevant electrocatalyst and a small amount of Swt%
Nafion” as a binder (Sigma-Aldrich). The suspension was a 1:1 wt% mixture of 2-propanol
(HPLC grade, Sigma-Aldrich) and de-ionized water (MegaPure, Millipore). The target geometric
loading of the cast electrocatalyst films on the GC were 14 pg metal cm®  The final
metal:Nafion® mass ratio in the dried film was < 1:50, and thus allowed for additional diffusion
effects when analyzing the RDE data to be neglected.’*™

For all electrochemical experiments (RDE and in situ XAS), a Pt mesh (Alfa Aesar)
served as the counter electrode with a sealed RHE as the reference electrode. The RHE was
generated from the identical electrolyte to eliminate the possibility of junction potentials. All
potentials are reported relative to RHE. The catalysts were activated (under Ar,-saturated
conditions) prior to RDE studies by collecting cyclic voltammograms at 50 mV s until a steady
state signal was achieved (typically 30 cycles). RDE data was obtained in room temperature
electrolyte at 100, 400, 625, 900, 1225, and 1600 rpm (rotations per minute). Data were collected
at each rotation rate for 5 scans (20 mV s™), and the final three scans averaged for analysis. To
ensure reproducibility, each data set was collected at least three times with separately-cast RDE
films. All electrochemical analysis™ was performed on the cathodic sweeps.

5.2.4 XAS Data Collection and Analysis

Details on the experimental equipment and materials have been published recently.***
One important difference in this report involves the utilization of 6 M TFMSA. To study the

effect of water activity with the Rh,S,/C material, concentrated solid 9 M monohydrate was
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diluted to 6 M. Special care was taken with the distillation and crystallization of the TFMSA in
accordance with previously reported procedures.’***! To ensure that the total water content was
kept as low as possible, both of the electrodes as well as the Nafion®™ 112 separator were soaked
in de-aerated 6 M TFMSA for 2 hours prior to cell assembly.

Following an activation step (0.02 to 1.2 V vs. RHE at 20 mV s™), full Rh K edge
(23,220 eV) EXAFS scans (-250 eV to 16k) were collected at different potentials by cycling the
cell to the respective anodic potential and holding potentiostatically during the absorption
measurements. All XAS signals were collected with a beam spot size of 0.3 x 1.5 mm. These
measurements were collected in fluorescence mode via a 13-element fluorescence detector at
beamline X18-B (National Synchrotron Light Source, Brookhaven National Labs, Upton, NY).
During all the measurements, transmission data were collected in conjunction with a thin Rh foil
to account for shifts in measured energy due to drifts in the Si(111) monochromator position. For
alignment, background subtraction, and normalization of the XAS data, the IFEFFIT suite™* was
utilized.

The theory and normalization processes for the Ap analysis are described in detail
elsewhere.’ Briefly, the collected spectra were aligned by using the signals from the reference
foil in order to preserve any shifts in the absorption edge arising from oxidation of the Rh. The
aligned spectra were then carefully normalized in a previously described manner.”’** It should
be noted that the normalization range appropriate for Ap analysis is significantly more
constrained than for typical EXAFS analysis. In order to isolate adsorbate scattering, the
normalization was applied in the range 40-200 eV past the edge.

The Ap signals were generated according to the relationship:

Ap = p(V) — n(0.40 V) (5.1)
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where the signal at 0.40 V is considered the cleanest (e.g. double layer) region free of adsorbed
H, O(H), and anions as determined via the electrochemical analysis and EXAFS fitting. All
potentials correspond to a point on the anodic sweep. For signals at 0.50 and 0.60 V, a correction
to account for both charging effects of the electrode and the Rh lifetime core width was
performed.””” Interpretation of the acquired spectra was accomplished by generating XANES
spectra via the FEFF 8.0 code™ utilizing models of the pertinent Rh-S clusters generated with

44-46
d

CAChe® (version 6.1.12, Fujitsu Computer Systems Corporation) from publishe and

1
13, 3,38

experimenta crystallographic parameters. The theoretical spectra were then treated to the

same subtraction process as the experimental results: Ap = pu(Rh,Sy-O,q45) — (Rh,Sy).

5.3 Results and Discussion

5.3.1 Morphology

5.3.1.1 X-ray diffraction

Figure 5.1 presents the high resolution synchrotron (A = 0.9177 A) powder X-ray powder
diffraction results for the carbon-supported rhodium sulfide electrocatalysts. As discussed in
prior publications,”" the XRD spectrum for the Rh,S,/C electrocatalyst is very complex. It is
well established™ that this system is composed of a balanced phase mixture of cubic Pm3m
Rh17815,45 orthorhombic Pbcn Rh283,46 and monoclinic C2/m Rh;S,* (Table 5.1). Nonetheless,
only the Rh;7S;s phase could be accurately indexed to the Rh,S,/C spectrum. This suggests that
the grain size of the Rhy;S;s is much larger than that of the other Rh-S phases thereby limiting the
utility of XRD for determination of the phase balance.

Utilizing the derived values reported by Beck er al.,** the carbon-supported Rh,S,
precursor was heat-treated at 1220 K in an effort to skew the phase balance towards the Rh,S;

phase. The resulting XRD pattern (Figure 5.1, middle) is again dominated by the fingerprint of
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Figure 5.1. Capillary powder X-ray diffractograms for the Rh-S electrocatalysts from high-

resolution (0.9177 A) synchrotron radiation (NSLS beamline X-7B) studies. The Rh,S,
diffractogram is indexed to Pm3m Rh;;S;s. The grey vertical lines denote the expected pattern

for cubic Fm3m elemental rhodium . The asterisks denote possible reflections from the Pbcn

Rh,S; phase.
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Table 5.1: Crystallography

Symmetry Space | Cell Parameters Rh-Rhgyg, | Rh-Sgy,
Group
a/A | b/A c/A a/° | B/° v/° (A) (A)
Rh cubic Fm3m |38 |- - 90 | - - 2.69
03
Rh,S; | ortho- Pbcen | 8.462 | 5985 | 6.138 |90 | - - 3.208 2.365
rhombic
Rh3S4 | monoclinic | C2/ |10.29 | 10.671 | 6.213 |90 | 107.71 | 90 | 2.70/ 2.30
m 2 3.092
Rh;S | cubic Pm3 | 90911 | - - 90 | - - 2.59 2.33
15 m

References: Rh (JCPDF # 01-1214), Rh,S; (Ref. 46), Rh;S, (Ref. 44), Rh;S;s (JCPDF # 73-1443).
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the Rh;;S;s phase, although very small elemental Rh metal (Fm3m) could also be present.
Despite the complexity of the X-ray diffractogram, several features (marked by asterisks) suggest
that the thermal growth of Rh,S; was successful. The peak at 22.1° could be representative of
combined (311) and (212) reflections™ from nanoscale Rh,S; particles overlaid with the (410)
reflection® of Rhy;S;s. If this is the case, then the peak at 24.9° can be considered the (022) and
(400) reflections from Rh,S;. It is important to note that these reflections seen at 22.1 and 24.9°
give the second and third most intense reflections for Rh,S;. Further evidence for the presence of
nano-crystallites of Rh,S; can be seen at 29.7 and 30.5°. Indexing the peak at 29.7° to the (213)
reflection of Rh,S; provides for an elegant explanation for the larger magnitude of the Rh;;S;s
(440) peak compared to the Rh;;S;s (333) reflection in the Rh,S; spectrum vs. the Rh,S,
spectrum. At 30.5° the Rh,S; should exhibit a high intensity peak composed of combined
reflections from the (402), (231) and (420) facets. In combination with the (440) reflection from
the omnipresent Rh;;S;s phase, this peak should appear with greater intensity than in the Rh,S,
spectrum.

In contrast to the other Rh-S spectra, the XRD pattern for the Rh;S, preferential phase
(Figure 5.1, top) exhibits a strong fingerprint from elemental Rh. These features are so dominant
that the Rh;;S;s reflections are quite muted with respect to the other Rh-S XRD spectra. The
Rh;S, preferential phase spectrum could not be indexed to either Rh;S, or Rh,S;. Thus, if the
Rh;S,4 phase is present in this material, it is nominally crystalline in comparison to the Rh;;S;s
phase, and is therefore invisible to the powder XRD technique.

5.3.1.2 Transmission electron microscopy

XEDS confirmed that all three samples were composed of only carbon, rhodium, and
sulfur. A montage of several typical TEM images of the three samples is presented in Figure 5.2.
Figures 5.2a-c are low-magnification bright-field TEM images showing the size distribution of
the particles for samples Rh,S,, Rh,S;, and Rh;S,, respectively. The catalyst particles generally

had diameters of less than 20 nm, though it could vary significantly. The globular amorphous
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Figure 5.2. TEM images of Rh-S electrocatalysts. (a-c) Low magnification bright-field TEM
images obtained from samples Rh,S,, Rh,S; and Rh;S,, respectively. (d) A nanoparticle from the
Rh,S, sample in contact with several others. (e, f) Two images of nanoparticles recorded from
sample Rh,S; in intimate contact with the amorphous globular carbon support. (g) Nanoparticles
of the Rh;S, sample, wetting the surface of the amorphous globular carbon support. (h) HRTEM

image of a nanoparticle of the Rh;S, sample, viewed in either the <521> or the <311> direction.
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carbon support is omnipresent and generally interferes with TEM imaging and analysis. The
larger darker particles (with diameters 10-25 nm in the Rh,S; and up to 100 nm in the Rh;S,
samples) suggest the growth of Rh metal particles with heating to higher temperatures, which is
in good agreement with the XRD data. Figures 5.2d-h are HRTEM images of the corresponding
nanoparticles. The continuous amorphous carbon support film has the disadvantage of
generating a speckled pattern in the background of the images. The bright contour around the
edge of the particles, especially visible in image (d), suggests that a continuous “skin” is formed
on the surface of these Rh,S, particles. This will be discussed further below. The catalyst
nanoparticles of each of the three samples were found to form intimate contacts with the globular
amorphous carbon support. Interestingly, it is sometimes found (e.g. Figure 5.2g) that these
particles actually wet their amorphous carbon support.

Figure 5.2d was recorded from the Rh,S,; sample and shows several agglomerated
catalyst particles. The crystal structure of the most distinct particle seems to belong to the cubic
system. The lattice planes apparent in the HRTEM image originate from *410* planes oriented
along the directions from the top right to the bottom left, and from the top left to the bottom right,
respectively.

Figures 5.2¢ and f were recorded from the Rh,S; sample and illustrate the morphology of
two different catalyst particles with diameters ~12 and =25 nm, respectively. These particles
exhibit faceting on crystallographic planes of a much greater extent than observed in Figures 5.2d
and g. The Rh;S, sample notably contained only small Rh-S phase particles with diameters of
only a few nanometers (Figure 5.2¢g) in addition to the large Rh particles. The HRTEM image of
Figure 5.2h shows a portion of a larger nanoparticle from the Rh;S, sample. Likely, this particle
is Pm3m Rh;S;s viewed in a <521> or <311> direction (which generate very similar fringe

patterns). In this case, the dominant lattice fringes correspond to *311* or *310* planes.
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5.3.2 Electrochemical Kinetics

5.3.2.1 Cyclic voltammetry

Figure 5.3 shows 50 mV s™ cyclic voltammograms of the four electrocatalysts in Arg-
saturated 1 M TFMSA. The standard 30wt% Rh/C electrocatalyst (Figure 5.3, top left) exhibits

7% The large cathodic

features correlated to the adsorption/desorption of H and oxo-species.
peak centered at ~0.48 V can be assigned to the reduction of adsorbed oxo-species on the
rhodium surface. At potentials < 0.25 V, hydrogen adsorption/desorption features are apparent,
and evidence of hydrogen evolution is observed at the lowest anodic potential (0.02 V). On the
anodic sweep, a smooth double layer region is observed just past the hydrogen desorption region
at ~0.25 - 0.45 V. Immediately following this a gradual increase in the anodic current begins.
This is attributed to oxo-species adsorption on the electrocatalyst surface beginning with water
activation. If the scan was continued to potentials greater than 1.25 V, it is expected that the
onset of oxygen evolution would become apparent.

In contrast, the CV for Rh,S,/C is considerably muted. This material does not possess the
broad cathodic feature seen with Rh/C, although a small peak is observable at ~0.24 V. Further,
while a hydrogen evolution peak is discernable, the catalyst does not exhibit a significant Hges
peak. Finally, the broad increase in the anodic current typically assigned to the progression of
OH/(H,0) — O,4s on Rh/C is arguably nonexistent until ~0.90 V, whereas this feature becomes
noticeable on the standard Rh/C electrocatalyst a full ~450 mV earlier .

When compared to the Rh/C and Rh,S,/C electrocatalysts, the Rh,S;/C and Rh;S4/C
preferential phases exhibit a mixture of features. For Rh,S;, the depth of the cathodic feature is
still small, but has shifted to a higher potential in comparison to the Rh,S,/C electrocatalyst.
Further, the Rh,S; preferential phase exhibits a noticeable increase in anodic current at 0.75 V.
The magnitudes of the cathodic and anodic features of the Rh;S, preferential phase sit between

the Rh,S,/C and Rh,S;/C electrocatalysts. Further, the CV for the Rh;S4 phase is differentiated

by the well-defined (and considerably larger) Hqes peak as opposed to Rh,S3/C; this however is
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Figure 5.3. Room temperature 50 mV s cyclic voltammograms of the denoted catalysts in de-

aerated 1 M TFMSA.
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still considerably smaller in magnitude compared to the corresponding peak in the case of Rh/C.
Despite this similarity with Rh/C, the Rh;S, preferential phase is comparably devoid of the anodic
oxo-species adsorption features exhibited by Rh/C.

These CV curves will be more carefully correlated with the Ap results and interpreted
below.

5.3.2.2 RDE studies

The performance of the electrocatalysts in O,)-saturated 1M TFMSA was determined
via the RDE technique (Figure 5.4). The electrocatalysts reveal a single reduction wave
suggesting single reaction sites. In terms of gross current density and ORR onset potential (Table
5.2), the Rh,S; preferential phase significantly lags behind the other electrocatalysts. Unlike
Rh/C, the Rh-S electrocatalysts do not exhibit clear, well-defined limiting currents. This property
was previously reported for the Rh,S,/C electrocatalyst,”* and the limiting currents were therefore
approximated by utilizing the potential where the slope of the ORR curve became constant (~0.30
V determined by a first derivative analysis). Further, the Rh-S phases do not possess an Hges
region that would allow for proper determination of the electrochemical surface areas.”> As a
result, all current densities (also for Rh/C) are reported with respect to the mass-normalized (14
pg total Rh) geometric surface areas.

Approximation of the limiting currents allowed for extraction of the mass transfer-
corrected Tafel slopes (Figure 5.4, right) and relevant kinetic parameters (Table 5.2). Both Rh/C
and Rh,S,/C exhibit Tafel slopes of ~120 mV dec™! in the kinetic/diffusion-controlled region, and
a lower slope of ~60 mV dec™ at very low overpotential. The well-established interpretation for
these values is that the -120 mV dec slope is indicative of 4¢” electron transfer whereas the lower
slope can be attributed to oxo-species adsorption on an oxide-covered surface.”>°" These
results indicate that both Rh/C and Rh,S,/C effectively accomplish ORR via a kinetic pathway
similar to Pt/C. In particular, these results bolster the determined apparent activation energies for

Rh,S,/C in prior publications,** which were found to trend downwards with respect to increasing
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Figure 5.4. 900 rpm RDE results for the standard 30wt% Rh/C, 30wt% Rh,S,/C (De Nora), and
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Table 5.2. Electrochemical Kinetics

Catalyst Eonset's -b, i at 0.9/0.8/0.7 | i at 0.85 V",
Ve,
V vs. RHE mV dec’! 10° mA ¢cm™
10° mA cm™

Rh 1.05 140 21.4 58
94.5
591

Rh,S, 1.05 124 16.1 36
103
507

Rh,S; 0.93 190 14.4 26
45.0
150

Rh;S, 1.05 196 24.8 29
90.6
404

*Room temperature 1 M TFMSA, 900 rpm, 20 mV s’ scan rate
®Determined by 1* derivative analysis of the cathodic ORR sweep

‘Geometric area
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overpotential. An identical trend has been reported for Pt and Pt-alloy electrocatalysts.’”
Subsequent experimental and theoretical studies® have shown that the pre-exponential factor is
influenced by the surface oxide/oxo-species coverage. Considering the similarity of Rh,S,/C to
the results reported for Pt and Pt-alloy electrocatalysts, it is reasonable to expect that the water
activation and ORR processes on Rh,S,/C proceed similarly to that on the active sites of Pt.

In contrast to Rh/C and Rh,S,/C, the preferential phases show significantly higher Tafel
slopes of ~190 mV dec”. This trend could be indicative of a larger cathodic transfer coefficient
for the preferential phases, differences in diffusion at the electrocatalyst surfaces, an increase in
the number of active sites with decreasing potential, or just a larger resistance in these preferential
phases. A proper determination of these parameters would require true, single phases, but such
materials were unavailable for this study. Indeed, the aforementioned XRD and HRTEM
analyses show that the preferential phases still contain a substantial number of large Rh;;S;s
particles, and increasing amounts of elemental Rh metal with heating. Considering the
nanocrystalline nature (i.e., high surface areas) of the Rh,S; and Rh;S, particles, however, the
majority of the exhibited activity of the preferential phases can be attributed to the target phases.
While it was not unexpected that the Rh;S, preferential phase would show ORR activity, the
results for the Rh,S; preferential phase are somewhat surprising and will be explained below.

5.3.3 XAS Analysis

5.3.3.1 In situ XANES

Figure 5.5 presents normalized in situ (0.40 V) Rh K edge (23,220 e¢V) absorption spectra
for the Rh-S electrocatalysts in addition to the standard 30wt% Rh/C. The Rh/C electrocatalyst
exhibits the signature of Rh metal in the oscillatory features. The nanoscale nature of the Rh
particles is reflected in the low magnitudes of these oscillations. In contrast to the metallic Rh/C
spectrum, the Rh,S,/C signal possesses a more intense white line at 5-50 eV past the edge. The
white line in an XAS p(E) spectrum is attributed to excitation into the electron vacancies in the d-

type valence orbital.***>® Typically, this feature will grow as the extent of ligation around the
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Figure 5.5. In situ (0.40 V) Rh K edge (23220 eV) XANES signals for the electrocatalysts in

de-aerated 1 M TFMSA.
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absorbing atom increases thus increasing the electron vacancy. As expected, the Rh,S,/C
electrocatalyst (consisting of sulfided Rh species) exhibits a substantial increase in this feature
compared to the Rh/C electrocatalyst. With heating to higher temperature to prepare the Rh,S;
and Rh;S, preferential phases, the spectra increasingly revert back to the Rh/C signature
reflecting the Rh particles being formed as indicated above by the XRD and TEM data.

5.3.3.2 In situ Rh K edge EXAFS

Figure 5.6 presents the y(k) (k*-weighted) spectra derived from spectra similar to that in
Figure 5.5. With the exception of the Rh,S; preferential phase, the materials exhibit oscillations
to 14 k reflecting the quality of the collected data. These spectra again reveal the transformation
of the Rh,S, spectrum to that more resembling the Rh/C spectrum with heating to higher
temperature to form the preferential phases.

The non-phase-corrected Fourier transforms (FT) of these data are presented in Figure
5.7. These FT spectra reflect the inter-atomic distance (in units of A, £0.02 A) between the
absorbing Rh atom and its neighbors, either S or another Rh atom with the intensity reflecting the
product of the coordination number (Ng;.x) and Debye-Waller factor (csz).62 The Rh/C standard
exhibits a large peak at the expected position for Rh-Rh (average Rrp.ry = 2.69 A) interactions in
Rh. The Rh-S electrocatalysts all show features at lower R which are attributed to Rh-S
interactions. Note that the ratio of intensities Irnri/Irns increases in the order xy < 23< 34,
reflecting the formation of Rh particles with heating during the preparation of the preferential
phases as evident already in the XANES and raw EXAFS data discussed above. As outlined in
Table 1, Rh,S; is an orthorhombic (ABAB stacking) crystal with the space group Pbcn and is
essentially comprised of canted rows of RhS¢ clusters. As shown in the model of Figure 5.8, it
does not possess direct Rh-Rh bonds, yet Figure 5.7 clearly shows an Rh-Rh peak reflecting the
Rh particles formed from heating.

A representation of the monoclinic C2/m Rh;S, cluster is shown in the top right of Figure

5.8. It is in this view that the intimate interrelationship of the Rh-S phases becomes apparent.
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de-aerated 6 M TFMSA is represented by the overlaid dashed line on the 1 M spectrum.
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Figure 5.8. Three dimensional representations of the Rh-S phases and Rh metal: Rh (dark),
sulfur (yellow). Clusters: (Top left) Rh,S;, RhS4, and RhyS, (Top right) Rh;S4, RhS¢, and RheS,,

(Bottom right) Rh, Rhg Janin cluster, (Bottom left) Rh;;S;s, RhS, chains, sulfided Rhg cube.
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Indeed, the RhS¢ clusters that fully comprise the Rh,S; crystal, are present as a sulfur-rich
backbone in the Rh;S, phase. To either side of the Rh,S; backbone in the Rh;S, material are
canted metallic Rhy “octahedra”. Thus, the extent of Rh-Rh bonding is much higher in this
component than in the Rh,S; backbone. The primitive cubic Rhy;S5 (Pm3m) system is shown at
the bottom right of Figure 5.8. This phase is comprised of two unique Rh-S domains: a series of
RhS, “chains” and heavily sulfided cubes of Rhg. Nevertheless, the magnitude of the Rh-Rh peak
is much larger than expected for a pure Rh;S, sample, and it too reflects the large Rh clusters
existing in this sample. While Rh;;S;s has been reported to act like a superconductor,”** its
metallic character is considerably lacking, no doubt in part to the magnitude of Rh-S interactions.
Finally, a representation of face centered cubic Rh (Fm3m) is given at the bottom right of Figure
5.8, with an Rhg Janin-type® cluster showing fcc and hep adsorption sites.””%

The XRD (Rh metal peaks), TEM (visible black clusters), XANES (spectral signature)
and EXAFS (Rh-Rh peaks in FT) data all show that the Rh,S, sample undergoes Rh metal
particle growth with respect to increasing temperature, so that the Rh particle size increases in the
order: Rh,S, < Rh,S; < Rh3S4. This explains the Rh-Rh peak in the FT-EXAFS for the Rh,S;
(Rh-Rh distances do not exist in the pure crystalline Rh,S; phase), and the very large Rh-Rh peak
for in Rh3Ss (much larger than expected from the inherent Rh-Rh “coordination” in the pure
Rh;S4 phase). Nevertheless it is instructive to fit the Rh-Rh and Rh-S peaks and Figure 5.9
presents a graphical representation of the high quality of these fits. Tables 5.3-5 present the fitting
results over the entirety of the experimental electrochemical range for Rh,S;, Rh;S4, and Rh/C,

respectively, and Figure 5.10 plots the change in Ngpry (ON= N(x V)-N(0.3V)) for the Rh3S, and

Rh/C catalysts.
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Figure 5.9. Comparison of the non phase-corrected k*-weighted Fourier transform data for the
Rh;S4/C preferential phase at 0.40 V in de-aerated 1 M TFMSA (o) and a two-shell (Rh-S and

Rh-Rh) fit (-).
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Table 5.3. First shell EXAFS fit results for Rh,S;/C

E, Nrh-s", Rru-s’s Eo,
Vvs.RHE | A A eV
0.30 2.52 2.320 -0.397
0.40 2.51 2.323 7.231
0.50 243 2.316 4.295
0.60 2.57 2.319 1.999
0.70 2.43 2.320 5.935
0.80 2.20 2.319 3.499
0.90 2.28 2.314 6.565
1.00 2.32 2.316 3.334

S, fixed at 0.921 as calculated via FEFF8.0, k range: 2.5-15.5 Al (kz), R range: 1.8-3.3 A. Gross errors: N
+20%, R £0.02 A.

352 fixed at 0.004 A? from Ref, 46.
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Table 5.4. First shell EXAFS fit results for Rh;S,/C

E, Nrnrn' | Rrarn, | Eo, Nrs’ Rpns’, | Eo,

V vs. RHE A eV A eV
0.30 3.63 2.687 -1.642 1.82 2.331 -4.368
0.40 3.66 2.683 8.316 1.78 2.318 6.492
0.50 3.48 2.690 1.254 1.84 2.310 -1.305
0.60 3.64 2.686 2.114 1.85 2.318 0.683
0.70 3.45 2.690 1.415 1.81 2.307 -1.443
0.80 3.50 2.686 5.254 1.79 2.311 3.921
0.90 3.60 2.692 3.403 1.69 2.306 0.560
1.00 3.29 2.680 0.654 1.82 2.321 2.087

S,* fixed at 0.921 as calculated via FEFF8.0, k range: 2.5-15 Al (k), R range: 1.8-3.4 A. Gross errors: N
+20%, R £0.02 A.

352 fixed at 0.004 A? from Ref. 44.
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Table 5.5. First shell EXAFS fit results for Rh/C

E, NRrn-Rh RRn-Rhs Eo,

V vs. RHE A eV

0.30 7.75 2.683 -5.01
.040 7.77 2.682 -5.06
0.50 7.63 2.681 -2.98
0.60 8.27 2.682 -3.26
0.70 8.23 2.682 -4.77
0.80 7.92 2.683 -5.56
0.90 7.63 2.683 -4.31
1.00 7.40 2.682 -4.62
1.10 7.24 2.684 -4.04
1.20 7.00 2.684 -3.97

S,” fixed at 0.921 as calculated via FEFF8.0, k range: 2.5-15 A (k?), R range: 1.8-3.0 A. Gross errors: N
+20%, R £0.02 A. o7 fixed at 0.005 A* from reported crystallographic data (JCPDF #01-1214).
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The results for both the Rh;S; and Rh/C catalysts in Figure 5.10 show a similar trend, an
initial decrease, followed by an increase, and then a final decrease in 6N. This strongly suggests
that both results reflect the behavior of metallic particles, and hence that the EXAFS results for
the Rh;S, sample are dominated by the comparably large 100 nm Rh particles seen in the
HRTEM and not that from the RhS phases. The initial decrease is due to water desorption (which
we will confirm from the Ap data below). In the absence of adsorbates we have noted many
times previously that metallic particles (such as Pt and Ru) tend to flatten out to increase there
interaction with the support, and thereby decrease the average Nryrn.  Upon adsorption of atop
OH, the Rh particles again become more round and the Ngnrn again increases. The final
decrease is due to atop OH moving to 3-fold O (with loss of H) and even subsurface O which
decreases the Rh-Rh scattering. We have seen the exact same trend with Pt many times

- 228,31
previously.”

The shift to higher potentials for the Rh;S, sample suggests that the large 100
nm Rh particles in this case are much less reactive than the smaller particles in the Rh/C sample;
the peak maximum due O(H)/Oy,, adsorption shifted from 0.65 to 0.9 V. This 250 mV shift on
Rh is similar to a nearly 350 mV shift with Pt when going from small Pt particles to single crystal
Pt(111).57¢8

Finally the dramatic increase in the magnitude of the Ngnrn peak for the Rh,S, catalysts
in 6 M TFMSA compared to in 1 M TFMSA (see Figure 5.7) suggests a substantial change in the
Rh,S, catalyst in the presence of strong acid. Since large Rh particles are not visible in the TEM,
but rather an over layer of some type is apparent on the Rh,S, sample even in 1M TFMSA, we
suggest that S dissolution is occurring with the formation of an Rh skin. Analysis of the Ap data
below will confirm this.

The Rh,S,/C electrocatalyst was designed and optimized as an oxygen depolarized
cathode (ODC) for electrolytic generation of chlorine gas from HCI feedstocks."**® In this

application, the cathode serves as a counter electrode to the important chlorine gas generating

anode.”** Reducing oxygen at the cathode lowers the overall cost of the process (by circa 700
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Figure 5.10. Plot of Ngnrn = Nrnrn(V) — Nrura(0.30 V) for Rh/C (@) and Rh;S,/C (A) in de-
aecrated 1 M TFMSA. The processes responsible for the variations in dN are indicated and

discussed in the text.
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Wh kg chlorine gas), and presents a safe alternative to the dangerous production of hydrogen
gas. To perform ORR in O,-saturated 5 M HCI at temperatures of 80°C requires a material of
exceptional stability. In a recent publication,”” we evaluated Pt/C, Rh/C and traditional
M,Ru,S,/C (M = Co, Mo, Rh, or Re) chalcogenide electrocatalysts produced by the traditional
nonaqueous method" for ODC applications. These materials immediately suffered irreversible
dissolution under these harsh environments. For the traditional chalcogenides, the sulfur
essentially forms loose adlayers on the surfaces of nanoscopic metal particles which can be easily

stripped from the particle surfaces.*'*'"*

In contrast, the De Nora Rh,S,/C electrocatalyst
apparently forms a metallic layer in strong acid; albeit this layer is passivated with a layer of
O(H) at nearly all potentials as we will see in the Ap data. In the presence of HCI it is entirely
possible that the metallic layer is covered with Cl ions in addition to the O(H) layer at some
potentials, as is typical of Pt metal in the presence of CL.*  XAS studies of both Pt’* and thSy71
catalysts in HCI are currently underway.

5.3.4 Ap Analysis

5.3.4.1 Theoretical signatures

A proper interpretation of the experimental Ay data below requires both an understanding
of the change in magnitude and line shape with increase in electrochemical potential.>"**% To
understand the changes in lineshape, the FEFF8.0 program™ was utilized to produce theoretical
XANES spectra from crystallographic models of the electrocatalyst.  Based on the
crystallographic properties of the three Rh-S phases in the balanced phase Rh,S,/C electrocatalyst

(Table 5.1), our initial communications®~

centered on the metallic C2/m Rh;S, phase. The
clusters, and their corresponding FEFF8.0-calculated Ap spectra, are presented in Figure 5.11.
The left side of this Figure provides another elegant example of the crystallographic
interrelationship of the Rh,S; and Rh;S,; phase. As described above, Rh;S, is essentially

comprised of an Rh,S; backbone of RhS¢ pseudo-octahedra. These octahedra are connected by a

disulfide bridge with canted metallic Rhg octahedra to either side.** Both chemical intuition and
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Figure 5.11. FEFF8.0-calculated Ap = n(RhgS,-Oa4s) - w(RhgS,) theory curves for C2/m Rh;Sy
and the corresponding models. The Rhodium and sulfur atoms are colored dark and light,
respectively, with oxygen appearing as the white orb in the FEFF cluster fragments. LEFT:
Rh;S, fragment displaying the metallic Rhs octahedra to either side of the (Rh,S;) backbone.
TOP RIGHT: Rh4S, pseudo-octahedral clusters: a) atopO, b) axial bridge-bonded O (bbOax), c)
equatorial bridge-bonded O (bbOeq), d) 3-fold O (3fO), center: clean cluster. BOTTOM RIGHT:
Rh K edge Ap =p(RheS;-O,45) - 1(RhgS,) signatures calculated with the FEFF8.0 code from the

above clusters.
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the reported density of states determinations™ designate these metallic Rhg clusters as the most
likely active site for O(H),4s.

Figures 5.11a-d show the Rhg octahedra models utilized (with a “clean” cluster in the center) to
generate the theoretical A = W(Rhg-O,45) - W(Rhg) curves at the bottom right. Figure 5.11a
provides an example of 1-fold (i.e. “atop”) O,¢s on the Rhg cluster. Teliska et al., via density
functional theory calculations,” showed that it is highly unlikely that molecular oxygen
adsorption will occur via atop geometry, and this model therefore reflects the likely mode of
either OH,4; resulting from water activation on the electrocatalyst surface or even of weakly
chemisorbed H,0.3** Figures 5.11b-d show modes of n-fold O,y (bridge-bonded and 3-fold,
respectively). Comparison of the FEFF8.0-calculated Ap spectra to the experimentally-derived
spectra in the figures below will provide for an interpretation of the water activation process upon
the different catalysts discussed in this work.

5.3.4.2 Ap spectra for Rh,S,/C

Figure 5.12 shows the XANES spectra (p) before subtraction and the resultant
differences, Ap = w(V)-u(0.40V), for the Rh,S,/C electrocatalyst in de-aerated 1 M TFMSA..
The sensitivity of the Ay difference technique is clearly indicated here. It is not until a potential
of 1.00 V is reached that the Rh K edge XANES (Figure 5.12, left) exhibits a clearly visible
increase in the white line (at least to the naked eye), but the Ap show systematic differences and
lineshapes similar to the theory in Figure 5.11. Note that the noise levels in these difference
spectra (smoothed with a 3 point (1.5 eV wide ) Savitsky-Golay smoothing function) are still
remarkably low. While it is impossible to state that the surface of the Rh,S,/C electrocatalyst is
completely devoid of adsorbed species at 0.40 V, this potential represents the “cleanest” region
between HyO,4s and O(H),qs as we will show below. The surface sensitivity of the Ap technique
arises from the elimination of bulk, un-reacting species from the XANES signals through

normalized subtraction.
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Figure 5.12. In situ Rh K edge XANES (left) and Ap = (V) — n(0.40 V) (right) spectra for the

De Nora 30wt% Rh,S,/C electrocatalyst in de-aerated 1 M TFMSA.
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The Ap results in Figure 5.12 for Rh,S, in 1 M TFMSA were the basis of our initial
communications.>** Below (Figures 5.13-15) we also present Ap results for the Rh,S;, Rh;S,,
Rh/C catalysts in 1 M TFMSA (and Rh,Sy in 6 M TFMSA), to more fully understand the changes
in the Ap lineshapes. We also plot in Figure 5.16 the absolute magnitudes of the Ap spectra
around 0-3 eV to reflect the relative amount of O(H) on the surface. These magnitudes only
qualitatively reflect the coverage because, as the coverage goes from atop OH to 3-fold O, the
magnitudes of the Ap signals per O adsorbate will change since the Rh-O coordination has
changed. Further, the magnitudes of the Ap will reflect the dispersion of the Rh in the various Rh
clusters, and/or the extent of surface Rh atoms in the different RhS phases. Nevertheless; such a
plot nicely summarizes the large amount of data (5 catalysts at several potentials) making it
possible to see the trends, and the qualitative fits given in Figure 5.16 enable a qualitative
understanding of why these magnitudes vary as they do.

5.3.4.3 Interpretation of the Ap signatures

a. Rh/C: Comparison of the theoretical signatures and data in Figure 5.15 suggest
predominantly atop OH below 0.7V and n-fold O well above. The EXAFS in Figure 5.10 gives
some evidence also for subsurface O above 1.0 V as discussed above.

b. Rh;S;: Comparison of the theoretical signatures and data in Figure 5.14 (right)
suggests atop O at all potentials. We suggest that below 0.7 V the magnitudes in Figure 5.16
reflect H,O adsorption. This is strongly suggested by the lack of significant current below 0.7 V
in the CV data shown on the curves other than “Rh”, yet a significant Ap intensity appears
(current arises from oxidation, and chemisorbed water is not oxidized). Apparently a weakly
bonded water double layer forms and then this double layer is disrupted prior to the adsorption of
OH. We have seen this water double layer also on Pt in the potential range between 0.65 and
0.75 V with similar behavior (i.e. disruption before the onset of O(H)).>*® At 0.7 V all H,O has

desorbed and OH adsorbs above 0.7 V (see Figure 5.16).
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Figure 5.13. Experimental Rh K edge Ap = u(V) - p(0.40 V) spectra for Rh,S,/C in de-aerated

6 M TFMSA (bottom) and comparison with theoretical n-fold O signature (top) from Figure 5.11.
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Figure 5.14 Rh K edge Ap = (V) — 1(0.40 V) signatures for the Rh,S;/C (left) and Ap = (V) —
n(0.70V) for Rh;S4/C (right) preferential phases in de-aerated 1 M TFMSA. The theoretical

signatures for the indicated 3-fold O and atop O(H) moieties from Figure 5.11 are also indicated.
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Figure 5.15. FEFF8.0-calculated Ap = pw(Rhg-O,4) — u(Rhg) signals (grey) compared with

experimental Rh/C Ap spectra collected in sifu in de-aerated 1 M TFMSA: (left) atop O(H),
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Figure 5.16. Plot of the Ap amplitudes (between 0-3 eV) as a function of potential (denoted by
the points) for the indicated Rh,S,, catalysts (all in de-acrated 1 M TFMSA except for that
indicated in 6 M TFMSA) and the corresponding CV curves from Figure 5.3 (top). Lines through

the points are the optimal linear fits of the indicated components with coefficients as discussed in

the text. Lines for Rh/C and Rh;S, are simply drawn through the points.
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c. Rh,S;: Again comparison with the theoretical signatures shown in Figure 5.14
suggests adsorption of atop O but which appears to convert to more n-fold O above 0.7 V. The
evidence from the XRD, TEM and EXAFS analyses above, indicates that some Rh,S; exists
along with some small Rh metal particles, the Ap is reflecting O(H)/Rh metal and some water on
the Rh,S; phase below 0.7 V. We estimate the magnitude of each of these components of each in
Figure 5.16 by taking linear a combination of the Ap water component on Rh;S, (labeled 34°
because it is only that part below 0.7 V) and the full O(H)/Rh metal Ap amplitude, and determine
the optimal linear fit. This fit is given in Figure 5.16 and denoted as 23 =.3*34°+.7*Rh, where
we give only the nm indices to indicate the Ap amplitude dependence for Rh,S,, for brevity, and
the numbers in front of the nm indicate the optimal coefficients. We believe the n-fold O comes
from adsorption on Rh metal particles, as the Rh,S; sample cannot dissociate water and only
gives H,O/Rh,S; below 0.7 V.

d. RhSyin IM TFMSA: The experimental signatures in Figure 5.12 for Rh,S, indicate
atop O below 0.7 V and then an increasing component of n-fold O above 0.7 V. The amplitude
trend shown in Figure 5.16 is remarkably similar to that for Rh/C except a bit larger. The latter
suggest we are just seeing O(H)/Rh, but that is not consistent with the Ap signatures (i.e., the
Ap’s for Rh,S; and Rh/C are quite different). Therefore we suggest we are seeing H,O/Rh,S, and
O(H)/Rh metal. A fit of the components suggest xy = 0.4*34+1.8*Rh. Note we do not use 34°
here but 34 since we now used the amplitude over the entire range, below and above 0.7 V. We
believe that some Rh;S, phase is present in the Rh,S, sample so we use the entire amplitude trend
to fit the Rh,S, trend in this case.

e. RhS, in 6M TFMSA: Finally the Ap signatures for Rh,S, in 6 M TFMSA in Figure
5.13 suggests n-fold O at all potentials. We use the exact same components as for the Rh,S, in 1
M TEMSA and obtain the fit xy 6M/2 = .9*34° + 2.7*Rh. (Note we write xy 6M/2 because the
experimental amplitudes in Figure 5.16 have been divided by 2 to place it on the same curve in

the figure; it is not clear why the amplitudes are so large for the xy 6M). The very large
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component of Rh metal now explains why the signature reflects n-fold O at all potentials (i.e. the
Rh skin is more complete and thicker) and this layer is very reactive with n-fold O at all
potentials.

5.3.4.4 Correlation of the Ap spectra with the cyclic voltammetry results

Figure 5.16 also shows the magnitude of the CV curves from Figure 5.3 expanded in the
range between 0.5 and 1.0 V. Above 0.7 V, the CV curves correlate with the component of Rh
metal as found in the amplitude fits, that is the current follows the trend Rh > 23 > xy > 34,
Recall that above 0.7 V, the Ap amplitudes for the Rh,S; preferential sample is dominated by the
Rh metal component as the Rh,S; phase above 0.7 V is actually inactive. The Rh;S, phase has no
O(H) present, except that occurring from the large Rh metal particles that have a relatively
smaller surface area, so the CV curve reflects the Rh;S, phase with little oxidation. The Rh,S,
sample has the Rh partial skin, so it shows an appreciable current.

Not shown in Figure 5.16, but evident in Figure 5.3, the onset of the lowest slope at low
potentials begins at 0.4 V for all but the Rh;S4 sample, consistent with the Ap amplitudes. The
onset Rh;S, begins already at 0.25 consistent with the Ap (we set it to zero at 0.4 in order to fit
the other curves). Therefore the CV data is completely consistent with the Apn amplitudes, where
the current comes primarily from water oxidation to OH and O, not chemisorbed water; however,
the thresholds and low currents at the lowest potentials probably does come from some charge

transfer between the chemisorbed H,O and the Rh.

5.4. Summary and Conclusions

5.4.1 Water Activation and Stability in TFMSA

The water activation behavior can be summarized as follows:

a. OH adsorption occurs well below 0.75 V on Rh/C. This is not surprising because pure
Rh is very reactive and can dissociate water well below 0.75 V. However the huge 100 nm
particles are much less reactive.
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b. Water dissociation does not occur at all on the Rh,S; and only above 0.75 V on the
Rh;S4.  The small amount of n-fold O(H) seen well above 0.75 V in the Rh,S; case, we believe
occurs due to the smaller Rh particles resulting from the heating.

c. The Ap amplitude trends for the Rh,S; and Rh;S, are very different from that for Rh.
This suggests strongly that the Rh,S; and Rh;S, are stable to the 1M TFMSA. In contrast, the Ap
amplitude trend for the Rh,S, is remarkably similar to that for Rh/C, except for the larger overall
magnitude (although the signatures for Rh and Rh,S, are quite different). This suggests that a
very thin layer of Rh lies over the Rh,S, sample (i.e. S dissolution also occurred in the 1 M but
less so). Its presence is not visible in the Nry.rn EXAFS because of the very thin layer, but is
indeed visible in the data for Rh,S, in the 6M TFMSA as discussed above.

5.4.2 ORR Reactivity

The ORR reactivity can be summarized as below:

a. The ORR reactivity on all samples takes off only below 0.75 V. This is where all Ap
data and the CV’s show a second onset (Figure 5.16), and this onset arises from O(H) adsorption.
Therefore O(H) adsorption (oxidation) clearly poisons ORR on RhS and O oxide formation on
Rh.

b. OH adsorption occurs well below 0.75 V on Rh as stated above, because Rh is very
reactive. Indeed this OH is now needed to “tame” the reactivity of Rh so that ORR can occur. In
this regard, the ORR on Rh is not that different from ORR on the RhS samples, except now the
Rh is “tamed” by the O(H) rather than by the S. It would appear partial coverage of the Rh
surface by the OH is needed, but when it goes subsurface to form the oxide, the reactivity ceases
(hence its onset at 0.75 V).

c. The ORR reactivity of the Rh3S; sample apparently is occurring on the small Rhg
moieties present in the crystalline Rh;S, sample.

d. The ORR reactivity on the Rh,S, could be occurring either because of the presence of

the Rh;S, phase or Rh metal on the surface or both. The Ap data suggest a Rh layer at the surface
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as described above, but certainly the Rh;S, phase can also contribute. The component fits to the
amplitude curve reflect water activation on both, and ORR on both is clearly occurring (the Rh;S4
sample is equally ORR reactive).

e. The apparent greater Tafel slope for the Rh,S; and Rh;S, samples could arise from a
number of factors: 1) increasing coverage of water seen directly in the Ap as the potential
decreases, 2) larger resistance in the cell, or 3) a different charge transfer mechanism (i.e. a
different charge transfer coefficient). In the first mechanism chemisorbed water slows the
exchange rate of the rds in the ORR. The fact that the slope for the Rh and Rh,S, is similar gives
more evidence for the importance of the Rh surface layer on the Rh,S, clusters and that it could
be dominating the ORR. In mechanism 2, the Rh-S phases have larger resistance than the Rh
metal (Rh/C or the Rh skin on the Rh,S, sample). Finally, it is possible that the charge transfer
coefficient is simply a bit larger for the Rh,S; and Rh;S, samples, reflecting a slightly different
point where the electron transfer occurs.

5.4.3 Summary

Finally the following general conclusions can be drawn:

a. Heating causes Rh segregation and the formation of Rh metal particles. TFMSA
causes S dissolution and the formation of a Rh skin on the Rh,S, samples, but not on the Rh,S;
and Rh;S, preferential samples (the prior heating process has made them stable to TFMSA).

b. At least some Rh-Rh interaction is needed to carry out the ORR. This is present in
the Rh;S4 sample on the Rhs moieties in the sample, and Rh;S, is present in the Rh,S, sample, but
the Rh skin resulting from dissolution of S in the TFMSA may be (probably is dominating) in this
case. However, the Rh;S, preferential sample is nearly equally reactive for the ORR.

5.5 Conclusion
This report builds on the initial XANES Ap studies™® of the mixed-phase Rh,S,/C (De

Nora) chalcogenide electrocatalyst system, which yielded preliminary information regarding the
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water activation pathway via theoretical investigations of the metallic Rh;S, phase. In the present
report, a more comprehensive picture is presented using preferential phases Rh,S; and Rh;S,.
These results indicate that our previous conclusions were correct, and that Rh3S, serves as the
active phase in the Rh,S, electrocatalyst system. As indicated earlier, the metallic Rhs octahedra
in the Rh3S, serve as an active site for ORR. However, the results of the 6M TFMSA study
indicate that Rh;S, has an additional active site: a metallic self-generating Rh layer. While both
phases are active for ORR, the results indicate that the brunt of the reactivity is attributable to the
metallic Rh layer. Direct spectroscopic observation of these dual sites was accomplished through

the application of the Ap technique of XANES analysis to in operando catalyst systems.
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Chapter 6

Elucidation of the Mechanism for Sulfur Oxidation on Pt and Pt;Co

Electrocatalysts using in situ X-ray Absorption Spectroscopy

6.1 Introduction

Fuel cells utilized in practical applications are often required to maintain successful
operation for long periods of time, sometimes months and even years. One drawback of proton
exchange membrane fuel cells (PEMFCs) containing Pt is that they can be easily poisoned.
Specifically, they passivate, and a drop in power occurs in the presence of certain materials. Most
often this concern has been concentrated on the poisoning of the anode due to CO poisoning from
parts per million (ppm) CO in the hydrogen fuel such as in reformate’, or in a direct methanol
fuel cell>. However, other poisons can exist in hydrocarbon fuels, and the cathode catalyst fed
oxygen from the air can easily be poisoned from typical air-borne species. Air-borne poisons such
as sulfur dioxide (SO,), nitrogen dioxide (NO,), and various organic contaminants can poison Pt-
containing cathodes in fuel cells, and thereby dramatically decrease their efficiency.’**~

6.1.1 S poisoning

This work will concentrate on S poisoning and how to remove it. Sulfur containing species are a
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common poison of Pt electrodes both in fuel hydrocarbons and air.® When platinum is exposed to
any form of sulfur, active sites on the metal surface are blocked, which therefore hinders both the
hydrogen oxidation reaction (HOR) at the anode and oxygen reduction reaction (ORR) at the
cathode resulting in lower fuel cell current densities.”"*

In an effort to understand the complex behavior sulfur exhibits when poisoning a Pt
surface, many S poisoning studies have been conducted. A good review of these early
electrochemical studies has been given by Quijada et al. > It has been found that sulfur can be
removed from Pt via electro-oxidation at high potentials presumably to sulfate (SO,™) or bisulfate
(HSO,%) in solution.”'*!'" These studies are typically done in an electrochemical environment
without spectroscopic support, and thus speciation of the SO (x = 0 to 4) adsorption on the Pt
surface is not clear. While these electrochemical cyclic voltammetry studies can determine the
total charge density of adsorbed species resulting from S, and can therefore suggest something
about the S coverage assuming some oxidation state, they do not allow clear determination of the
coverages of different adsorbed anions (e.g., S° SO,, SO;*, and SO,”)'*" and even the S
coverage may be in error. For example, Loucka'®, when studying S oxidation on Pt with cyclic
voltammetry, indicated an oxidation product can be formed that is poorly reducible, He further
concluded that the poorly reducible oxide can become reducible in the H region, while an easily
reducible oxide leaves the electrode, and suggested that the poorly reduced oxide involved an
oxide of Pt.  Our results will confirm that the poorly reducible oxide is adsorbed and/or sub-
surface OH and O on Pt, and the easily reducible oxide is SO;y4, and these will be separately
monitored as a function of potential using the Au XANES technique in this work.

Using electrochemical studies along with spectroscopic techniques still leaves the SOy
adsorbate speciation unclear. Quijada et. al., utilizing in situ Fourier transform infrared
spectroscopy (FTIR), suggested that in the potential range from 0.55 to 1.50 V, SO,* and SO, are
the only S containing species on polycrystalline Pt*'. Others have used coloumetric coverage

15,16

analysis and competing anion adsorption'’ to specify some type of sulfate or bisulfate
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chemisorption; however, no direct molecular speciation or exact adsorption site has been
determined from these studies.

Not only the speciation of S, but even the binding of SO4 on Pt has been controversial. In
situ FTIR and infrared reflection spectroscopy have both been incorporated to study adsorption of
sulfate or bisulfate (referred to here as (bi)sulfate since it is not clear which) on Pt
surfaces'®'"?*! These studies have shown that the degree of sulfur adsorption is very much
dependent on the structural characteristics of the Pt surface. Most studies have agreed that
(bi)sulfate adsorbs onto a Pt (111) surface via three oxygen atoms, this site producing a single
band at around 1270 cm™.?* Another study concluded that (bi)sulfate prefers a two-fold bridged
coordination with its oxygen atoms on a Pt (110) surface™. Still other FTIR studies suggested
either an “upright” three oxygen atom binding to Pt or an “inverted” SO, with one O atom
binding in the double layer region, and even SO4 on top of OH (i.e. Pt-OH-O-SOs3) in the oxygen
region®*.  Finally Thomas et al®’, using FTIR, suggested upright bisulfate in the double layer
region (0.4-0.8V) and an inverted orientation with the OH down when above 0.8 V. However,
these sites are not conclusive due to controversy over the assignment of the IR bands. One study
proposed that the band at 1270 cm™ was not due to (bi)sulfate but from of an H;0"-SO;
complex”® ?7. Another study concluded that the band appears to be due to an S-O stretch arising
from a non-coordinated SO bond of adsorbed (bi)sulfate®.

Radiotracer studies by Wieckowski*’*" have shown more detailed proof of (bi)sulfate
coverage with potential, but no information on the binding site. A radioactive isotope of S was
used to label the (bi)sulfate and the resulting magnitude of radioactivity coming off the surface
was measured. It was found that (bi)sulfate adsorption coverage was higher on Pt (111)*" and Pt
(100)** surfaces than Pt (110) faces™. Polycrystalline Pt showed a decrease in the amount of
adsorbed (bi)sulfate compared to single crystals**. These studies have shown that the magnitude
of adsorption is dependent on potential for both single and polycrystalline structures, and they

show an increase in regions where H, O, and OH species are usually not found to adsorb. For
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example, a radiotracer study showed that the maximum coverage occurred at 0.60V vs. RHE*.
In contrast, a study using Auger electron spectroscopy (AES) in UHV (i.e. in the absence of O
and OH) showed that adsorption falls off only beyond 0.92V vs. RHE, independent of sulfur
concentration,”® confirming the apparent displacement of bi(sulfate) by the more strongly
bonding OH or O above 0.7 V. A study using in situ (i.e. in water) scanning tunneling
microscopy (STM)*’confirmed that the maximum adsorption occurs between 0.50-0.70V vs.
RHE, however surprisingly in situ (i.e. in water) FTIR showed it increased all the way up to
1.40V vs. RHE. New interpretations of Electrochemical Quartz Crystal Nanobalance (EQCN)
data®® confirm that (bi)sulfate leaves the surface upon monolayer adsorption of O or OH. Recent
XAS data indicate that (bi)sulfate does not bind in a specific site sufficient to be seen by the
electron scattering that provides the signal in XAS, but upon a small adsorption of OH, the
(bi)sulfate is apparently forced into a specific site making it visible®’. Thus the (bi)sulfate is still
clearly on the surface upon initial adsorption of OH, but upon monolayer OH(O) adsorption, it is
apparently forced off.

All of these latter studies involved (bi)sulfate species adsorbing on a Pt surface. This is
mainly due to the fact that the (bi)sulfate was obtained from the electrolyte being used, mainly
H,SO, or TFMSA, i.e., from S already in an oxidized SO,-like state. But there are less details on
what types of sulfur species are formed with respect to potential when the S is deposited in a
reduced state such as S° or SO,. The studies, as summarized above, have provided much
information dependent on potential, but they have not provided much explanation on the specific
SOy (x < 4) speciation and adsorption sites.

Theoretical calculations have been of some help in this regard. Lin et al.** *'+ ** have
recently performed theoretical calculations using density functional theory (DFT) on S and SOy
(x = 2 and 3) adsorption on Pt (111) surfaces. Using DFT, they were able to determine the most
thermodynamically stable orientation and geometric binding site for the S species. Their results

show that S prefers to bind to Pt(111) at relatively low coverage (1/4 ML where 1 ML equal 1 S
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per Pt atom) in an 3-fold fcc site; however, above 1/3 ML the S prefers the atop site. At Y4 ML,
SO, bonds in an nZSbOa site, SO3 in an n3 S.0,0, site, and SO, in n3 0,0,0, site where n refers to
the number of atoms bound to the Pt surface and the subscripts and ‘a’, ‘b’ and ‘f” refer to atop,
bridged and 3-fold fcc sites, respectively. The binding energies obtained by Lin et al are shown
in Fig. 1. The binding energy is greater than 100 kJ/mol for each of the oxidized S species
shown, which might leave one to wonder how SO, can ever leave the surface. However, the
binding energies are generally much less then those in Fig. 1 because of very strong lateral
interactions existing between adsorbed species even at %4 ML as calculated by Lin et al*'In the
presence of high OH and O coverage, which usually exist from water activation in an
electrochemical or fuel cell environment at the potential where SO, is oxidized, lateral
interactions, are expected to be even stronger. Finally DFT calculations for S/Pt and Pt;Ni *
have recently been reported which show that S binds covalently to Pt, with the binding energy
decreasing in the order S > H > OH, and that all species bind more tightly on Pt(111) than on
Pt;Ni(111). Although these DFT results are quite helpful in sorting out the preferred binding sites
and SOy speciation on clean Pt, the presence of adsorbed O and OH at the potentials where SO, is
oxidized makes the situation complex. Very few calculations have been given under these
conditions.

6.1.2 S Removal

Not only is the SO, speciation and adsorption sites on Pt or on OH/Pt a bit controversial,
but the best way to clean the surface of adsorbed S species is not clear. Perhaps the most basic
questions arising are; Why can’t all of the S species be removed by one voltammetric oxidization
cycle? What does the amount of S removed in each cycle depend on?

Recently, rotating disk electrode (RDE) cyclic voltammetry studies showed that the ORR
activity on a Pt electrode decreased by 95% for S coverages of just 14%**. Figure 6.2 shows that

it takes nearly 8 voltammetric cycles to fully oxidize this sulfur off the Pt surface. Large
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coverage of sulfur on Pt causes the 4-electron ORR (eq. 6.1) pathway to convert to a 2-electron
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Figure 6.1 Calculated SO, binding energies and binding sites of SO, species on Pt(111) at %
ML coverage as determined by DFT calculations reported by Lin et al*® (black solid line).
Here nm indicates m atoms directly bound to the Pt surface and the subscripts a, b, and f
indicate atop, bridged, and fcc sites, respectively. Red dashed line gives binding energy of
SOs4 as discussed in text for an oxygen covered surface with apparent removal as bisulfate
(see egs. 6.5 and 6). Shaded double arrows show regions that H, OH and O exist co-adsorbed
with SOy in the potential region where these species exist on the surface in water electrolyte.

Bottom: Schematic binding of SOy species on Pt surface with SOs,4 added as discussed in text
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(only those marked by x are evident in this work).
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Figure 6.2 Cyclic voltammogram of Pt/VC compared to poisoned Pt/VC. Catalysts were cycled as follows: 0.05?

permission).
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pathway which produces peroxide (eq. 6.2). This not only decreases fuel cell performance, but
the peroxide can attack and destroy the Nafion in the fuel cell membrane. The overall sulfur
oxidation equation is shown in equation 6.3, but of course this 6 ¢ oxidation may occur in several

steps with several intermediate species adsorbed on the Pt.

02 + 41‘14r +4e 9 ZHZO (61)
02 + 2H+ +2¢e’ > H202 (62)
S+ 4H,0 > SO,* + 8H" +6¢ (6.3)

It should be noted that decreasing the voltammetric cycling rate (e.g., cycles per sec) does not
appreciably increase the oxidation rate (i.e. S removed per cycle), so that the S removal is
apparently not kinetically driven, but rather coverage driven. Thus it is important to further
understand the mechanism for the S removal and SO, speciation on the surface in order to find
better ways to clean the catalyst surface of S containing species.

Some new perspectives on S removal have been suggested by recent studies on Pt-M
alloys (M usually being a first row transition metal such as Co). Pt alloys have been shown to
produce nearly 2-10 times more catalytic activity for the ORR as compared to pure Pt*-#6-47-4
This has been attributed to a numbers of possible changes, such as a decreased Pt-Pt bond
distance, which may result in a better O, adsorption site, lower number of surrounding Pt atoms,
escalation of Pt 5d orbital vacancies, and a decrease in coverage of surface oxide layers.*->%'-**
Recent results by Garsany et al. >, showed that only 3 cyclic scans were necessary to remove the
sulfur species from Pt;Co compared to 8 for Pt/VC, even though initially more S appears to
adsorb on the surface. This suggests that Pt;Co/VC may be more susceptible to sulfur poisoning
than Pt/VC, but it is easier to be removed. The reason for this is not clear at all, but the results
presented here will provide new insight as to why this is true.

6.1.3 This work

In this study, X-ray absorption spectroscopy (XAS) is used to further understand sulfur

oxidation on Pt/VC and Pt;Co electrocatalysts. [In situ XAS can be used to provide detailed
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information on metal-adsorbate surface interactions as indicated by previous work on Pt and Pt
alloys'??#3%:34:33:36.57 " x_ray absorption near edge spectroscopy (XANES) analysis cannot only be
used for determination of adsorbate oxidation state but also for obtaining coverage information
for H, O, OH, Cl and CO adsorbates on Pt. Adsorbate binding site geometries, i.e., atop, bridged,
face-centered cubic (fcc), or hexagonal close packed (hep) sites can also be determined for most
atomic and small molecular adsorption using the novel Ap XANES technique™>>>°,

In this work, we primarily look at the binding of various sulfur SO, species combined
with O(H) adsorption utilizing the Ap technique.  This technique incorporates taking the
difference between two spectra, u. The difference Au = u(V) - u(V,) is obtained by subtracting
out a suitable reference spectrum, (V) taken at a potential Vs when the surface is relatively
free of adsorbates. The resulting difference produces a spectral signature which is sensitive to
binding site (Figure 6.3). Theoretical calculations using the FEFF 8.0 code® are then
incorporated to interpret the Ap difference curve. Extended X-ray absorption fine structure
(EXAFS) analysis (also shown in Figure 6.3) can provide information regarding the particle
morphology and cluster size.

6.2 Experiment Details

6.2.1 Sample preparation

Commercially made 40% Pt, Pt/VC and 3:1 Pt:Co (Pt;Co) from Johnson-Mathey were
used for the in situ XAS measurements. Two separate studies were conducted for both samples,
with the first study being on non-poisoned Pt and Pt;Co and the second when both catalysts were
poisoned. For the clean study, the Pt sample was mixed with enough 1M HCIO, electrolyte to
make a paste. Poisoning the Pt began with first making a stock solution of sulfur contaminated
electrolyte by dissolving anhydrous Na,SO; (Fisher Scientific, ACS Grade) in 1M HCIO,. Once
the contaminant was dissolved in the electrolyte, the Pt sample was allowed to mix into the

solution for around an hour to ensure substantial sulfur adsorption. The catalysts was centrifuged
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Figure 6.3 Isolation of (a) EXAFS and (b) XANES features. (1) Pre-edge background removal. (2)
Normalization. (3a) Post-edge background removal and k-space conversion. (4a) Fourier transform
and fit using FEFF 8.0 calculated scattering paths. (3b) Pt L; lineshapes prior to subtraction. (4b) An

adsorption signature
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5-6 times for approximately 20 minutes and rinsed with clean HCIO,.

The measurements were taken in an electrochemical half cell, which was designed by the
Adzic research group at Brookhaven National Lab*’. Both poisoned and non-poisoned Pt samples
were made into thick film electrodes on carbon gas diffusion layers (E-Tek) with high platinum
loadings (7 mg Pt/cm?). The electrochemical cell was then flooded with 1M HCIO, and placed in
front of the beam between two detectors that collected incident (Ip) and sample (I) beam intensity
in transmission mode. The potential in the cell was controlled by an Eco Chemie Autolab
PGSTAT-30 potentiostat, and all the data presented are with respect to the reversible hydrogen
electrode (RHE). The potentials studied were sequenced in time similar to that experienced in an
electrochemical cyclic voltammogram. First, a scan of the open circuit potential (OCP) of the
catalyst was conducted and then scans were done at descending potentials in 0.1V increments
until 0.05V was reached. Then the potentials were increased again, 0.1V increments to 1.4V, then
eventually back down to around 0.6V to observe any sulfur coming off.

6.2.2 X-ray Absorption Experiments

In situ XAS experiments were conducted at room temperature in transmission mode on
beamline X-11A of the National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory. The NSLS storage ring operated at 2.80 GeV with ring currents between 40 and
200mA. Three gas flow ionization detectors were used to observe the intensities of the incident
(Iy) and transmitted x-rays (/) through the sample. A simultaneous Pt reference foil was used for
alignment (/). The Si (111) double crystal monochromator was detuned by 30% at 200 eV
above the Pt L; edge (11.564 keV) to minimize the presence of higher harmonics in the beam.
The energy calibration was made by recording the XAS of a 7um Pt foil concurrently with the
sample.

6.2.3 XANES Analysis

The absorption coefficient, x4, was obtained from the raw XAS data using the ATHENA
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code of Ravel and Newville®. The pre-edge background was removed using the AUTOBK
function which is detailed more fully elsewhere®'. A normalization procedure was conducted over
a range of 40-100 eV (relative to the Pt L; edge) for XANES analysis. This was done for both the
foil and sample in transmission.

All XANES spectra are carefully energy calibrated before taking the energy differences,
Ap. This is done by carefully aligning the reference foil data and then transferring any shifts to
the sample data.>®* This is done because slight shifts in the data arising from photon beam drift
and other possible energy uncertainties arising from the monochromator must be removed. This
energy calibration is critical for the success of the Au technique to guarantee full cancellation of
the atomic contribution in the XANES regions; the atomic contribution dominates the spectrum
so that Ap is typically only 1-5% of the total u signal.

The difference Ay = u(V) - u(V,) is generally utilized by subtracting x4 taken at an
appropriate reference potential. V,.,, was set to 0.54V (e.g. the double layer water region) in this
work as in previous work, since Pt is generally clear of any adsorbates such as adsorbed
hydrogen, OH, O or perchlorate anions in this region. In order to observe the effects of sulfur
poisoning, a similar difference technique was employed as displayed in equation 6.4.

Aty = (V) - 1(0.54V) (6.4)
In this equation, ‘p’ represents an x-ray spectrum of a “poisoned” catalyst while ‘c’ is for an
unpoisoned (“clean”) catalyst. This difference method was applied to both the Pt/VC and Pt;Co
studies.

6.2.4 EXAFS Analysis

The EXAFS analysis was carried out by using the ATHENA and ARTEMIS codes from
the IFEFFIT software package®. The linear absorption coefficient, p, was obtained from the
ATHENA program and the post-edge background was taken out using normal spline techniques.

A smoothing procedure was performed to leave the atomic XAFS in the y function instead of in
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the background, a procedure previously described in the literature®*>-*" The data were then
transported into ARTEMIS for analysis. Theoretical analysis (i.e. reference phase and amplitude
functions) was incorporated using the FEFF 8.0 code on a Pty Janin cluster® to fit Pt-Pt
scattering as discussed below.

6.2.5 FEFF 8.0 Calculations

FEFF 8.0 calculations were completed to interpret both the EXAFS region and the Ap
spectra from XANES region. The model cluster that was used was the Pt Janin cluster mentioned

54.55.36.69 " The structure of the

previously and used in previous research reported on Pt catalysts
Janin cluster is preferred mainly because it has both fcc and hcp sites and has lower symmetry,
which is preferred over an octahedral cluster that can produce a state near the Fermi level in the
unoccupied density. Such a state is problematical for obtaining an accurate Ap signature
generated by FEFF 8.0. In this work, the Pty Janin cluster was used with the Pt-Pt distance set at
2.77A. The model clusters used are shown in Figure 6.4. It is important to note that even though
Pt;Co was a catalyst studied in this work, a model cluster of it was not needed due to the finding
that Co was not present at the particle surface (i.e. a Pt skin existed) and had no real effect on
interpreting the Ap. Various sulfur species were used in the calculations in specific binding sites
as calculated by DFT calculations discussed above.*' A more detailed explanation of this will be

presented below.
6.3 Results

6.3.1 FEFF 8.0 Calculations

Figure 6.4 displays the three models used for calculating Ap signatures for S, SO,, and
SO, adsorption in FEFF 8.0. Figures 6.3a and 6.3b display the S and SO, thermodynamically
favored binding sites as indicated by previous DFT calculations** for 0.25 ML coverage of SOy
species in vacuum. However, the correct geometric model to be used in FEFF 8.0 to calculate the

Ap signature for the oxidized SO, adsorbate is not clear.

178



Figure 6.4 Illustration of Pt clusters used for modeling the various sulfur species. a) S/Pt: 'Sy
b) SO,/Pt: nzsta/Pt6. ¢) SO;,/Pt: TllOf. 7 indicates m atoms bound to Pt surface, f= fcc 3-fold, b

= bridged, and a=atop.
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Two questions arise concerning the oxidized adsorbate:

a. Is the oxidized adsorbate SO;, SO4, or HSO,? b. What is the preferred geometric
binding orientation of SO, if it is the oxidized adsorbate?

It would appear that the best answer to question ‘a’ is SO, or HSO,4. As noted above,
Quijada et al using FTIR data did not find peaks attributable SO; above 0.9 V RHE. Further,
recent DFT calculations by Pillay et al”’ show that SOs in the presence of other adsorbed O goes
directly to SO, without an activation barrier, and this has been noted previously’'. Finally DFT
calculations by Lin et al*! also show that SO, is more stable than SO; in the presence of
chemisorbed O. Thus is seems clear that the oxidized SO, species is SOy,

The answer to question ‘b’ is more difficult. The theoretical Ap signature obtained for
SOy, in the favored DFT orientation of Fig. 6.1 (Apn not shown in Fig. 6.5 below) produce a [NEG|
that is smaller than that for SO,, but experiment clearly shows that |[NEG| increases upon
oxidation of SO, (e.g., see Fig. 6.12 below). An increase in [NEG| implies some occupation of
the 3-fold fcc site upon oxidation of the SO, because all previous work shows that a negative

1,2, 3839,54 . S
d>= °*7°". Thus an orientation in an

amplitude appears only when n-fold sites are occupie
electrochemical environment other than that preferred (i.e. the SO, 1‘|3 0,0,0,) by DFT
calculations for a 1/4 ML coverage of SO4 on Pt(111) in vacuum appears to be indicated by the
experimental Ap results. The adsorption of OH and O on Pt in aqueous electrolyte at potentials
above 0.8V, the possibility for un-oxidized SO, still present on the surface, and even the
possibility for higher coverages of SO,4 than 1/4 ML, all apparently force the SO, to take an
orientation that limits its ‘footprint’ on the surface.

This orientation could be the stable alternate n' O(SOs); orientation found by Lin et al*',
but with a binding energy of only about half that of the n’ 0,0,0, orientation found in vacuum

(see Fig. 6.1). They find the S-O bond lengths to be 2.79 A and 1.46(3) A with the Pt-O bond to

be 2.08A in this 1'O«SO;); configuration. Lin et al further suggest that this might be considered
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an SO; —like entity on top of an O covered Pt(111) surface, but they considered this an SO,
species since the S is indeed bonded to 4 oxygen atoms. Such an “inverted” orientation,
particularly in the oxygen region, has also been indicated as summarized above by the FTIR
studies®**.

Indeed the ' O(SO;); orientation for SO4 shown in Fig. 6.4c does give the desired
increased [NEG| and much increased |POS|, both indicated by the experimental results to be
discussed below. For the remainder of this work we will use the notation SO, to indicate the
oxidized adsorbate, leaving it unspecified as to whether it is better to consider it SO3/O or SO,.. In
any event, the SO, notation denotes that the S-O bond involved in the bond to the Pt surface is
much longer than the others, and has a binding to Pt(111) half way between SO; and SO,. This
notation also highlights that this SO, is apparently not in the most stable n° 0,0,0, configuration
found at 1/4 ML in vacuum on Pt(111), but rather in the n' Of configuration under aqueous
electrolyte on Pt cubooctahedral particles consistent with that suggested by FTIR studies. This
difference may arise from the different faces existing on multifaceted Pt particles, or more likely
because it provides a lower footprint on the surface due to the high coverage of O(H) at these
potentials.

DFT calculations to be reported by Pillay et al will consider these binding orientations,
how protonation of SO4 (i.e. to HSO, and H,SOy) significantly weakens the binding to the Pt
surface so that it can leave as shown in Fig 1 as it reaches a full SO4 (or HSO,) -like structure,
and finally how a nearby OH/Pt can carryout this protonation.

The theoretical Ap signatures obtained from FEFF 8.0 for some of the indicated
adsorbates in Fig. 6.4 are shown in Figure 6.5. Due to the remarkable similarity between the
different S and SO, signatures above 3 eV, and the large amplitude of the signature for OH above

0 eV, the changes in S oxidation level are best watched by plotting the absolute magnitude of the
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Energy (eV rel. L; edge)

Figure 6.5 FEFF 8.0 calculated line shapes for S, SO,, and SOs/4 (moved up by 0.3) compared to

calculated line shapes for 3-fold O and atop and 3-fold H. The (INEG|) and |[POS| magnitudes of
all the signatures are highlighted with the stripped or shaded boxes. Subscripts a, b, and f indicate

atop, bridged, and fcc 3-fold sites, respectively.
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Figure 6.6 Experimental XANES data (n) taken on sulfur-poisoned Pt/VC electrode in 1M

HCIlO4 at the potentials indicated.
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Ap (which is negative) just below 0 eV. We label this magnitude [INEG|. Note that O/Pt does not
contribute in this region, but H does significantly.  Fortunately, we need only examine the
oxidation of S above 0.5 V (RHE), when H is not expected to be present; although watching the
reduction of SO, below 0.5 V using |[NEG| will be affected by the presence of H . In contrast O
has large positive amplitude around 5 eV which we label |POS|. Hence, by watching [NEG| with
potential we can watch the adsorption or change of oxidation state of SO, and by watching |[POS]|
with potential we can watch the adsorption of OH and O.

6.3.2 XANES Analysis

Figure 6.6 shows the Pt L; absorption spectrum, p, at different potentials for Pt/VC
poisoned by sulfur. Data for non-poisoned Pt/VC and Pt;Co as well as sulfur-poisoned Pt;Co
were also collected in a similar process and showed similar changes. It can be observed that there
are visible changes in p that are well above the noise level as a function of potential. Figure 6.7
shows the Ap difference spectra for non-poisoned Pt/VC using 0.54V as the reference potential.
A systematic trend is observed from 1.2 to 1.4V where maximum amplitude, [POS| increases
substantially with only a small change in [NEG|. This is indicative of OH adsorption followed by
O adsorption and even eventual subsurface oxide (hcp O or 4-fold O) formation which has been
seen in previous research. Returning back to 1.2V and eventually to OCP, the amplitudes then
decrease indicating most of the OH has left with perhaps only a small amount of subsurface oxide
behind. Figure 6.8 illustrates the Ap difference spectra for sulfur-poisoned Pt/VC once again
using 0.54V in the absence of S (“clean’) as the reference potential. In this case, the the [NEG]|
increased by a factor of 6 over the non-posioned case (in non-poisoned Pt/VC, the |[NEG] of only
0.02 is seen in Figure 6.7). A plot of these magnitudes as a function of potential, and comparison
with the theoretical magnitudes obtained from FEFF 8.0, will assist in determining the sulfur
speciation at various potentials below.

6.3.3 EXAFS Analysis
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Figure 6.7 The experimental Ap non-poisoned Pt/VC in 1M HCIlO; at the potentials indicated (ret.
indicates on the “return” and f indicates “final” as defined in text). The maximum and minimum

amplitudes (|[POS| and [NEG]J) at 5 and — 3 eV respectively, are also highlighted.
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Figure 6.8 The experimental Ap difference spectra of sulfur-poisoned Pt/VC in 1M HCIO, at

the potentials indicated. Note the much larger INEG| here compared to the clean case in Fig. 6.7.
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Figure 6.9 The Fourier transform (2<k<15.5, k2) of the ¢ function obtained for a) Pt/VC and b)

Pt;Co/VC both in sulfur-poisoned 1M HCIO,.
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Figures 6.9 shows a comparison between the Fourier transform of the experimental
EXAFS data for both poisoned Pt/VC and Pt;Co/VC in 1M HCIO, at 0.54V using a Pt-Pt fit in
both cases and a Pt-Co fit for Pt;Co. As can be seen, an excellent fit can be achieved over the R
region indicated. EXAFS parameters such as N, R, Eq, and the Debye-Waller factor, o7, are not
reported here due to the extensive number of data points. However, plots of the coordination
number (N) of Pt as a function of potential for both non-poisoned Pt and sulfur-poisoned Pt are
shown in Fig. 6.10 along with a CV of the non-poisoned Pt.

Most visible in Fig. 6.10, above 1.0V a sharp decrease of Np.p is observed for both clean
and poisoned Pt. This arises due to O adsorption in 3-fold fcc sites as well as eventually
undergoing place exchange with the Pt and hence going beneath the surface. We have noted the

sharp drop in Npp, many times before upon oxidation of pe?®

. Note the slight increase in Npyp,
between 0.6-0.8 and again between 0.8-1.0. This is attributed to the chemisorption of H,O and
OH in atop sites. We have observed the increase in Npp, previously upon adsorption in atop

383962 this is believed to occur because the Pt particles “relax” and become more spherical

sites,
upon atop adsorption, which increases the Pt-Pt coordination. The adsorption of H,O is only
slightly visible in the CV because no real oxidation and resultant current flow is occurring, as
opposed to when OH and O adsorption occurs. Note also the increase of Np.p; below 0.2 V,
when atop H comes on the clean surface. H adsorption in either a 3-fold or atop sites has been
shown to increase Np.p; previously.
Below 0.6 V, the S-poisoned Pt has a larger Np.p than the clean. This of course must be
due to the presence of the S, but we are a bit surprised by the increase. We would expect S° in a
3-fold site, like O fcc, to decrease Np.p.  However at low potentials fcc H also increases Npy p
as noted above, so S may act more similar to H in this potential region. Lin et al*' have indicated
that at high coverage of S, lateral interactions force the S to move into the atop site, so perhaps

this may also be playing a role. The very different behavior of Npp, above 1.2 V for the clean

and S-poisoned Pt must be due to the adsorbed SO34. The presence of SO
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Figure 6.10 Plot of Pt-Pt EXAFS coordination number (Np.p,) as a function of potential obtained
from analysis for non-poisoned (dashed line with measured points) and S-poisoned Pt/VC (solid
line with points at same potentials as for clean but not shown). Also shown is a current-voltage
plot for the non-poisoned sample with current in arbitrary units. The adsorbates as described in the

text are indicated.
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certainly decreases the amount of O going subsurface, so this explains the smaller “drop” of Npp;
in this region. Plots of Np.p; as a function of potential for Pt;Co are not shown due the
interference between the Pt-Pt and Pt-Co scattering and hence difficulty with obtaining reliable
results Nevertheless, Tables 6.1a and b show all EXAFS parameters for each catalyst, Pt/VC and
Pt;Co/VC, both sulfur-poisoned and non-poisoned, at 0.54V. This potential is the double-water
layer region where surface adsorbates are not usually found, except of course for SOy. The
potential is chosen only to give an idea of the actual cluster sizes of the two catalysts. These
EXAFS results in Tables 6.1a and b were determined by keeping the Debye-Waller factor, 7,
parameter at an optimum value for all potentials to make the resultant Np.p, more significant (a
large linear dependence exist between N and o” ). The EXAFS data in Tables 6.1a and b show

that both catalysts are around 3-5 nm in size.

6.4 Discussion

6.4.1Reaction mechanisms of sulfur species revealed through Ap amplitudes

6.4.1.1 Sulfur oxidation on Pt/VC

Figure 6.11 shows a plot of both the [INEG| and [POS| amplitudes for clean Pt/VC
obtained from the experimental Ap signatures, some of which are shown in Fig. 6.7. The
theoretical Ap signatures for atop and fcc H, and fcc O are shown in Fig. 6.5. The Ap signature
for OH is similar to fcc O only the peak at 3 eV is shifted down by a few electron volts. That for
sub-surface O is also similar to fcc O, except a negative component appears around -3 eV'*>*%
Thus the [POS| amplitude in Fig. 6.12 primarily reflects atop H adsorption (below 0.3 V), atop
chemisorbed H,O adsorption (0.6-0.8 V) and O (above 0.8 V) in the indicated regions. The
INEG| amplitude primarily reflects 3-fold H adsorption (below 0.5 V), H,O adsorption (0.6-0.8

V) and subsurface O (Pt-O above 0.8 V).  Fig. 6.11 indicates that as one proceeds to lower

potential, first 3-fold fcc H adsorbs, followed by atop H consistent with previous observations.
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Table 6.1: Summary of EXAFS results for:

a) Pt/VC at Pt L; edge: 2<k<15 A™' 1.6<R<3.0 A

Potential, V. | Npep( " R(A) Eo (eV) £ 1eV 0" (A%

Pt/VC clean | 0.54V 8.404 2.761 8.380 0.006
Pt/VC sulfur | 0.54V 8.715 2.758 7.405 0.006
b) Pt;Co at Pt L; edge: 2<k<15 A™ 1.34<R<3.0 A

Potential, | Npept® | Npeco® | R(A) | Eo(eV) | 6° (A7) pept | 67 (AD) pro

\% +0.01 | +1eV
Pt;Co/VC | 0.54V 7.023 0.765 |2.727 [2.707 |0.006 0.009
clean
Pt;Co/VC | 0.54V 7.289 1.084 [2.73 |2.692 |0.006 0.009
sulfur

15,” fixed at 0.933 as calculated by FEFF 8.0
®¢ Absolute errors are usually of the order of 20%, the differences with potential are expected to
be meaningful to 0.1 due to fixed o’
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In the O region, OH comes on above 0.8 V and some subsurface O appears only above 1.2 V (as
observed with the Ny« plot in Fig. 6.10), the latter occurring by place exchange with Pt atoms at
the surface. Note the relative reversibility of the H adsorption compared to the O adsorption,
consistent with that previously observed in many CV curves (e.g. see Fig. 6.10). It is important to
note the feature seen in both [POS| and [NEG| between 0.65 and 0.8V. This feature is particularly
striking since both |POS| and [NEG]| indicate a rise and then a fall in magnitude before the
adsorption of O(H) above 0.8 V. We suggest that this is due to atop O in adsorbed H,O. In this
region, it is surmised that the formation of a weakly bonded water layer develops and then it is
disrupted as the adsorption of O(H) begins. This adsorbed H,O was also visible in the Npwp, plots
of Fig. 6.10, but was less visible. CV data reported by Ross et al”* for Pt(111) in 0.1M HCLO,
report a feature at similar potentials and suggest it arises from an overlayer of H,O with CIO4
anions, which we cannot rule out.

As mentioned above, variation in sulfur speciation and coverage is best watched with
INEG]| because the [POS| is so dominated by O adsorption above 0.7 V. The theoretical signatures
for S, SO,, and SO; in Figure 6.5 each show a negative amplitude with SO; displaying the largest
and SO, the lowest magnitude (i.e. [INEGJso; < INEG[s = [NEGJsp34). Figure 6.12 gives a plot of
INEG| with potential for the sulfur-poisoned Pt/VC. The increase of [NEG| seen upon comparing
the clean (Fig. 6.11) and sulfur-poisoned Pt clearly arises due to the presence of S, and
comparison with the theoretical signature suggests that roughly about 0.2 to 0.4 ML of SO, is
adsorbed onto the Pt surface in the S-poisoned case (conversion of Ay magnitudes to absolute
coverage is difficult because of many factors). The large [NEG| amplitudes at low and high
potential with a minimum around 0.7 V reflects the relative INEG| magnitudes of the different S
species, i.e. mostly S at low potentials, SO, around 0.7 V, and SO;4 at high potentials.

Assignment of the individual features in [NEG] in Fig. 6.12 to specific processes is best
determined by comparison with previous CV data reported by Quijada et al. CV data reported by

them are included for reduction of surface SO, (i.e. after exposure to SO, and then the CV taken

192



in SO, free electrolyte) in the region from 0.6 down to 0.05 V and oxidation of bulk SO, (i.e. CV
taken in the presence of SO, containing electrolyte) in the region 0.30 or 0.6V to 1.5 V. We
include these different CV’s because they most clearly resemble and hence reveal the source of
the features in [NEG].

The reduction of SO, is indicated to occur irreversibly below 0.6 V giving two ill-defined
waves at 0.45 and 0.2 V. Indeed the [NEG] reveals the same two waves with the one at 0.2 V
clearly now dominant. The reason for the two waves is not given by Quijada et al, but we suspect
they have to do with the adsorption of 3-fold H beginning around 0.45 V, and atop H beginning
around 0.2 V as one proceeds down to 0.0 V. The oxidation of surface SO, occurs primarily at
1.2 V as revealed in a CV given by Ouijada et al not shown in here. Rather the CV data in the
presence of electrolyte containing SO, is shown because it remarkably reproduces the features in
INEG|. Ouijada et al assign the features as indicated in Fig. 6.6; namely oxidation of either S or
SO, to SO;4 in the potential regions indicated. In all cases, peaks in the CV’s do not exactly
align with peaks in [NEG]| because the CV reflects current (i.e. rate of oxidation or reduction) and
INEG]| reflects coverage of product on the surface. Thus the CV’s generally peak when the
coverage is changing the fastest. The difference between the solid and dotted CV’s in the
oxidation region is just the starting potential, i.e., 0.3 V or 0.65 volts. The former reflects more S
to SO3/4 oxidation because more S is on the surface when beginning at 0.3 V.

It is not clear why the [NEG| data more closely reflect the CV for oxidation of “bulk” SO,
than surface SO,, since the SO, contaminated electrolyte was removed before the XAS data were
obtained. Perhaps sufficient SO, was still adsorbed on the VC support which could migrate onto
the Pt so that the INEG| data mimic more closely the “bulk” CV. Organically bound S species are
known to absorb strongly on VC, and removal by migration to or contact with Pt at raised

10,11
" Whatever the reason, a

potentials is known to be quite effective in removing this sulfur.
comparison of the change in experimental amplitudes with potential, and using information from

previous CV studies on S oxidation as discussed above, suggest the following:
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a) SO, is on the surface of Pt at OCP, the start of the cycle, and gradually gets reduced
irreversibly to zero-valent S in two waves when the potential is lowered to 0.05V (recall [INEG|so,
< [NEGs).

b) The peak arising in the region between 0.8 to 1.0V in the forward scan is believed to
result from zero-valent S being oxidized to SO;4.

¢) Above 1.2V, some SO; is oxidized to SO;4.

d) The largest removal of SO;/4 appears to occur below 1.0 V in the reverse scan.

Point d) is not all evident from the CV data of Quijada et al, as electrochemical data can
give no evidence of this. How do we understand most of the SO;, removal below 1.2 V? It
would appear that adsorbed O is needed to oxidize SO,, but adsorbed OH is needed to remove the
SOs,4, because as noted above and indicated in Fig. 6.12, OH exist primarily on the surface below
1.0 V and O above. This would suggest that the potential must be raised above 1.0 V to initiate
the oxidation reaction:

SO,/Pt+ 2 O/Pt —> SO;4 (6.5)
but back below 1.0 V to carry out the protonation and desorption reaction:
SO34/Pt + nOH/Pt - H,SO4 (n=1or2) + Pt+ O/Pt (6.6)

Lin et al*! have presented DFT calculations highlighting details of the SO, to SO; reaction as well as
reactions similar to reaction 6.5 and Pillay et al of reaction 6.6, so we do not further discuss these here.
Calculations show that addition of H to the SO;, indeed significantly weakens the binding to the Pt, so
apparently protonation is required for removal from the surface. This is consistent with the discussion
in the Introduction above that bisulfate (HSO,) is apparently easily removed as OH and O adsorb and
displace the bisulfate, but SO, is not as shown by Lin et al*' It would appear that the necessity to cycle
back down below 1.0 V to protonate and remove the oxidized SO;,4 explains in part why several CV
cycles must be carried out to remove most of the SO,, and why just holding the electrode at 1.2 V will

not remove all of the sulfur. What determines the amount of S that can be
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Figure 6.11 Plot of |POS| and [NEG| from the experimental Ap as a function of potential for clean
Pt/VC. Note different scales for magnitudes below and above 0.03 to increase clarity. Arrows indicate

direction of scan beginning and ending at OCP (around 0.95 V).
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Figure 6.12 [NEG] vs. potential for S poisoned Pt/VC. Note that [NEG|SO;4 = [NEG|S >

INEG|SO; as shown in Fig. 6.5. Potential regions where various oxidation/reduction reactions

occur and regions where OH and O are co-adsorbed on the Pt surface are indicated. CV data

from Quijada et al’ are discussed in the text.
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removed with each cycle? Perhaps the SO;,4 species has a larger footprint on the surface, so that
only a fraction of the SO, species can be oxidized to SO;y, and this must be removed before
further SO3/4 can be produced.One might question the reproducibility of the [INEG| curve in Fig.
6.12, even though the features are remarkably parallel to previously reported CV features. Fig.
6.13 presents a second set of data using a similar sample but at a different beam time at NSLS.
The data for set 1 have been moved down by 0.007 to provide better comparison with the second
set of data (i.e. less S is present on the surface in the second set compared to the first). The
agreement between the two sets is remarkable, with all features reproduced and appearing at
nearly the exact same potential to within reasonable determination of the features (the XAS data
were taken at fewer points in data set 2). The difference between sets 1 and 2 below 0.5 V
suggests that the SO, reduction and re-oxidation in set 2, with the initially lower S coverage, is
more reversible and the so-called 3-fold and atop H waves mentioned above less well defined.
Both 3-fold H and S’ are contributing to the total [NEG| plotted in this region, and the H
adsorption/desorption process is much more reversible than the S redox process. Therefore Run 2
with less S and therefore more H shows the more reversible INEG| curve as expected.

Finally, Fig. 6.12 includes a plot of |POS| for S-poisoned Pt (run 2). Note that the
features in |POS| between 0.7-0.8 and between 0.9-1.0 correspond to features in [NEG|. This
confirms that the |POS| of SOs4 is indeed larger than that for SO, consistent with the theoretical
signatures in Fig. 6.5. The plots of |POS| for the S-poisoned Pt can be compared to the clean in
Fig. 6.11. Note that the maximum magnitude of 0.14 between 1.1 and 1.4 V for the S-poisoned
Pt corresponds to 0.13 in the same region for the clean Pt in Fig. 6.11. This further confirms that
the [POS| of both 3-fold O and SO;/4 are comparable as shown by the theoretical signatures in Fig.
6.5, so that regardless of the amount of O vs. SO3, the maximum |POS| will be about the same at

full coverage.
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Figure 6.13 Comparison of [NEG| data from two different S-poisoned Pt/VC Runs. Data of Run
1 have been shifted downward by 0.007 to provide clearer comparison, and indicates slightly
more S was present on the Pt surface in Run 1. Points where XAS data were taken are not
indicated for Run 1 (they are indicated in Fig. 6.12), but fewer points were taken in the region
between 0.6 and 1.2 V in Run 2. Note change of scale at 0.06 to provide more clarity for the

INEG] below 0.06.
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Figure 6.14 Comparison of [NEG| and CV plots for S-poisoned Pt and Pt;Co with small arrows

indicating direction of scans. The |[NEG]| data for Pt;Co have been shifted downward by 0.04 for
clarity. Corresponding peaks in [NEG| for Pt and Pt;Co are indicated, and arrows to the CV data

point to corresponding features coming from the dominant SO, to SO3,4 oxidation reaction.
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6.4.1.2 Sulfur oxidation on Pt3Co/VC and the benefits of the ligand effect

Figure 6.14 compares |[NEG| Ap results obtained for Pt;Co (solid line) and Pt (dashed
line). Although the data appear to be quite different, the same features are seen in both, only
they are shifted down by about 0.2 V in the Pt;Co case as highlighted by the lines correlating
features coming from the same three different S redox processes. Thus it appears the ligand
effect of the Co enables the SO, to be oxidized to SO;4 (eq. 6.5) at significantly reduced
potentials. To confirm that this is indeed occurring, we also show the CV plots for S-poisoned Pt
and Pt;Co in Fig. 6.14. Note the drop in the onset for S oxidation in the Pt;Co case. Comparing
the CV and [NEG]| plots clearly reveals that the dominant current in the CV comes from the SO,
to SO, oxidation step between 1.0 and 1.2 V, which is the case when only previously adsorbed S
species are present (i.e. no S from the electrolyte or carbon surface). Figure 6.15 shows in detail
the sulfur speciation on Pt;Co occurring during the cycle, similar to Fig. 6.12 for Pt. Another
striking feature of Figs. 6.12 and 6.15 (also shown in Fig. 6.14) occurs between 0.6 and 1.4V,
where it appears the two catalysts “turn” in opposite directions. The [NEG| plot for Pt goes up and
around counterclockwise, while that for Pt;Co turns down clockwise. Clearly the SO3/,4 removal
process is very different in these two cases. What can be the cause of this dramatic difference?
An examination of the different onsets for HO and OH adsorption induced by the Co ligand
effect can shed some light. Fig. 6.16 compares the |POS| curve for the two clean catalysts. Note
that both the onset for H adsorption and H,O and OH adsorption are pushed out (i.e. H to lower
and H,O and OH to higher potentials) as indicated by the arrows. This reveals that the Co ligand
effect weakens the Pt-H and Pt-O bonds, a point noted and observed previously. However while
the onset for Pt-OH adsorption is pushed upward in Pt;Co compared to Pt, as noted above the
onset for S oxidation is pushed downward by the same ligand effect. This means that for Pt;Co,
the OH adsorption region and S oxidation region overlap considerably enabling the SO;y4
desorption process (eq. 6.6) to occur nearly simultaneously with the oxidation (eq. 6.5). We

attribute the much greater removal of SO;4 per
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cycle for the Pt;Co catalysts to the concurrent presence of OH, O and SOs4 on the Pt;Co surface.

Figure 6.16 further reveals that the maxima in [POS| for both Pt and Pt;Co are remarkably
similar in the region 1.2-1.4 V. This suggests that the sum of the Ap’s for SO;,4 and O is the
same in the two catalysts, and suggest that the Co does not block many active Pt sites. This
suggests that the Co is mostly below the surface, so that a Pt skin exists. This is consistent with
the Ap lineshape in the O adsorption region, which does not show a second feature to lower
photon energy. We have shown previously that when M islands (M = Ru, Fe, Co, Cr, Co) exists
on a Pt surface and OH adsorption occurs near this M island, a chemical shift in the Pt core level
caused by the strong ligand effect from the M island, shifts the OH adsorption feature to lower
energy'?’. This causes two separate features to appear, an OH feature from OH adsorption near
and far from the M islands. But this does not occur for Pt,Co consistent with the Co existing
below the surface.

6.5 Conclusions

This study incorporated the use of X-ray absorption spectroscopy to study the mechanism
for sulfur oxidation and removal from Pt/VC and Pt;Co/VC. The adsorption of sulfur can deplete
the ORR by blocking active sites on Pt where the ORR can occur. From this work we can
conclude the following:

a) Both the INEG]| and [POS| amplitude variations with potential support the correctness
of the theoretical Ap signatures and that the SO3,4 oxidation product is bonded in a 3-fold fcc site
through one of the O atoms consistent with FTIR data, but in contrast to that indicated by DFT
calculations for SO, in vacuum at %4 ML coverages.

b) The requirement to cycle the potential to remove S from Pt catalysts apparently arises
from the requirement for adsorbed O to oxidize the SO,, but for adsorbed OH to protonate the
SO;,4 which occurs at lower potential. Since these two species don’t appear concurrently on the

surface, cycling is required.
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¢) Pt;Co/VC may be more susceptible to sulfur adsorption but it is easier to oxidize it off
than on Pt. This apparently arises because, on this surface, OH and O exist concurrently with
SO34 on the surface, so that much more S can be removed per cycle.

d) The concurrent existence of SO;,4, and OH on Pt;Co arises because the Co ligand effect
weakens the Pt-OH bond thus pushing the presence of OH to higher potentials, but the oxidation
of SO, to SO;34 occurs at lower potentials. The reason for the latter is not entirely understood, but
most likely the ligand effect weakens not only the Pt-O bond, but also the Pt-S bond between Pt
and SO,making its lift off the Pt surface to go ontop of the O adlayer in the SO;, configuration
easier.

These results show that in situ XANES can provide detailed information on sulfur
speciation and coverage on Pt and Pt alloy electrocatalysts. Sulfur poisoning (among many
poisons) dramatically affects the performance of a fuel cell. Although additional experiments
should be performed in situ on an operating fuel cell along with additional theoretical calculations
to provide more detailed information on the S poisoning and cleaning mechanisms, a much

clearer understanding of the S removal mechanism was obtained in this work.
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Chapter 7

Summary and Future Work

7.1 Summary of Current Work

This work utilized the Ap technique, which was combined with the traditional EXAFS
analysis technique and theoretical modeling, to obtain a more detailed understanding of the
oxygen reduction reaction mechanisms on platinic and non-platinic electrocatalysts. These XAS
data were taken in situ in an electrochemical cell. The Ap technique has been developed by the
Ramaker group and has since been incorporated by several other scientists and collaborators in
their work. As originally developed, the technique was primarily limited to H, O, OH, and
anionic adsorption on Pt and Pt alloy electrocatalysts in an electrochemical cell (i.e., in situ but
not operando). However, this early work provided a pathway to gradually more complicated
systems. The Ap technique was then advanced to study CO adsorption for the first time in real
working fuel cells running on reformate or methanol (i.e., operando systems). In the work
reported in this dissertation, Ap was applied to more complex systems on Pt nanoparticles as well
as other catalysts.  Here, for the first time, the technique was advanced to reveal more

phenomena such as complicated organic TPPTP ligand orientations on Pt, as well as different
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sulfur oxidation states on Pt and Pt;Co electrocatalysts. Also, non-platinic electrodes were
studied, such Au nanoparticles on a metal oxide support, as well as the novel Rh-based
chalcogenides. In these studies, significant new understanding about the dioxygen reduction
mechanisms occurring at the Au-metal oxide interface and on the novel Rh sulfide catalysts, as
well as in the sulfur-oxidation process was gained, even though these complicated reactions have

been studied for many years.

7.1.1 Oxygen Reduction on Tin-Oxide Supported Au Electrocatalysts

As shown previously via electrochemical analysis, Au supported on Vulcan carbon (VC)
is not active for the 4-electron reduction of oxygen to water but and mainly generates peroxides in
a 2-electron reduction. Hence, Au/VC shows no promise of being a good fuel cell catalyst for the
ORR reaction. However, Au nanoparticles incorporated on a tin-oxide support showed enhanced
ORR activity. Using Au L; and Sn K edge in situ XANES data, along with detailed analysis and
FEFF 8.0 calculations, the coverage of OH and O on Au/VC and Au-SnO,/VC could be observed.
It was found that O(H) does not adsorb on Au/VC until >1.4V. This indicates that the Au-O bond
is very weak compared to the Pt-O bond when O(H) adsorbs onto the surface already above 0.8V.
In contrast to Au/VC however, Au-SnO,/VC showed nearly an order of magnitude greater O(H)
coverage at 1.4V, indicating that the Au-O bond strength was increased by a metal-support
interaction between the Au and the SnO,. EXAFS analysis of the Sn K edge showed an increase
in the Sn-Sn coordination betweeen 0.3-0.5V indicating the support was getting reduced at these
potentials. However, above 0.5V, oxidation of the SnOy support occurred again. The correlation
of this SnO, oxidation state change with the onset for the ORR revealed in RDE results, clearly
suggests that the SnO, is directly involved in the dioxygen reduction. In this “bifunctional”
mechanism, SnOy apparently dissociates the O, that is normally the slow rate-determining step on
Au. Charge transfer from the Au then finishes the process by reducing the adsorbed O(H) at the

Au-SnO; interface to water.
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7.1.2 Oxygen Reduction on Ligand-Stabilized Pt nanoparticles.

Similar Ap analysis of experimental Pt L; XANES data of triphenyl phosphine
triphosphonate (TPPTP) stabilized Pt nanoparticles has revealed interesting information on
oxygen adsorption: it has been shown that on Pt-TPPTP, a dramatic reduction in the coverage of
OH that poisons the Pt surface occurs. A analysis of Pt L; edge XAS data showed that about
0.3ML (1 ML =1 TPPTP per Pt atom) of TPPTP lies on the Pt surface via a Pt-P<tp linkage at
0.54V, converting to Pt-O-P<tp linkage at 1.0V (tp indicates triphenyl groups). The reduction in
OH coverage enhances the surface specific oxygen reduction reaction (ORR) rate relative to the
same sized Pt particles on carbon, but not sufficiently to increase the mass specific ORR rate. On
the other hand, the Pt-ox-TPPTP linkage occurs via a 3-fold coordinated Pt=O-P<tp, which
severely blocks sites and makes the electrocatalysts almost inactive to water activation and the
ORR. The different linkage to the Pt, i.e. atop TPPTP ligands vs. 3-fold bonded O-TPPTP
ligands, and the dramatically different effect this has on the ORR rate, emphasizes the importance
of knowing the Pt-ligand linkage when studying these materials. The Ap technique was able to

provide this information.

7.1.3 Oxygen Reduction on Rh based Chalcogenides

A broader range of experimental tools was used to study the Rh sulfide catalysts: namely
Rh,S,/C, the thermally grown Rh,S;/C and Rh;S,/C preferential phases, and a standard 30 wt%
Rh/C electrocatalyst. The tools included X-ray diffraction (XRD), high-resolution transmission
electron microscopy (TEM), micro-analysis and electrochemical investigations, along with XAS.
The specific adsorption of water, OH, and O as a function of overpotential is reported. Heating of
the Rh,S, catalysts to prepare the two preferential phases causes Rh segregation and the
formation of Rh metal particles; while immersion in TFMSA causes S dissolution and the

formation of a Rh skin on the Rh,S, samples. It is shown that some Rh-Rh interactions are
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needed to carry out the ORR; these are present in both the Rh;S, and Rh,S, catalysts, but a partial
Rh over layer (formed by dissolution and redeposition of Rh in acid solution) is also contributing
to the ORR observed on Rh,S,. In this work, the Ap technique was used to investigate the
geometric binding sites of oxygen on each catalyst studied. This information was then helpful in
interpreting the ORR activity these samples exhibited, with the XRD and TEM data providing the

structural information on these more complex but novel chalcogenide catalysts.

7.1.4 Sulfur Oxidation on Pt and Pt;Co

Pt L; edge XAS data from S-poisoned Pt and Pt;Co catalysts were compared to similar
non-poisoned catalysts. Direct contact adsorption of sulfur hinders the kinetics of the ORR by
blocking active adsorption sites and altering the electronic properties of the Pt clusters. In this
study, data were taken at many potentials beginning at OCP, after cycling down to 0.05V, up to
1.4V and finally back down to 0.6V. This was done in order to observe the effect of one full
oxidation/reduction cycle. Ap signatures were isolated at each potential to determine sulfur
speciation, but because adsorbed O and OH have Ap signatures that are similar to that for SO,
this required a modification to the normal plotting of Ap amplitudes with potential. This
modification involved a plot of the negative Au amplitude at -3 eV to map SOy speciation, and
the positive Ap amplitude at +5 eV to map the O adsorption. In this way both the coverage of
O(H) and SOy could be separately followed with potential. FEFFS8 theoretical calculations
confirmed previous DFT and FTIR results suggesting that in the presence of O, SO, prefers a
peculiar inverted binding; i.e. with one oxygen down in a 3-fold site and the SO; pointing away
from the surface. The Ap derived results indicate that oxidation of SO, requires adsorbed O on
the Pt surface, and removal of this SO;,4 species then requires adsorbed O(H) that exists at lower
potential. This accounts for the required potential cycling to remove S from a Pt surface. CV

results show that complete sulfur removal on Pt requires 8 cycles while on Pt;Co only 4 are
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needed. The ligand effect deriving from the Co in Pt;Co is found to shift the SO, to SO;y4
oxidization about 0.2 V to lower potential compared with Pt The same ligand effect pushes the
water activation process about 0.2 V to higher potential. The net result is that SO, to SO;x4
oxidation occurs concurrently with OH and O adsorption on Pt;Co, while on Pt the potential
apparently has to be cycled to higher potential to oxidize the SO, in the presence of O/Pt, and
then back down to lower potential to remove the SO;, in the presence of OH/Pt. Again, the Ap
XANES derived in situ coverage and S speciation information obtained in this work allows this

complex S removal process to be understood.

7.2 Future Directions

The objective of the work reported in this thesis was to apply the Au technique to more
complex electrocatalytic systems and different samples other than Pt/VC. These studies were all
conducted in an electrochemical cell, so the next logical step would be to take these findings and
apply the in situ technique to gain more information in an operating fuel cell.

Further studies on non-platinic fuel cell catalysts need to be conducted. Though Au/SnOy
showed enhanced ORR activity, it still does not show ORR activity comparable to Pt. However, it
should also be noted that O(H) did not poison the catalyst surface until very high potentials that
are outside the fuel cell operating range. Further work on using different supports for Au should
be conducted, such as incorporating tin polyanions to increase the potential of the redox couple
seen in the case of Sn. This may be helpful in increasing the ORR.

Currently the Ramaker group is examining more biological applications to fuel cell
catalysis. Cu-based Laccase is currently under study as a catalyst to replace the need for Pt
althogether'. Preliminary findings using the Ap technique have shown Cu being oxidized with

increasing potential, showing for the first time changes in the Laccase enzyme during catalytic

212



operation. Further studies are on the way to observe the reduction of oxygen to water via enzyme
activity.

The ultimate goal in fuel cell catalysis is to “fine tune” the catalysts: the anode for optimal
performance in reformates, and methanol fed fuel cells and the cathode for better oxygen
reduction kinetics. The oxygen reduction reaction causes most of the potential loss in a working
hydrogen PEMFC. In a reformate fed fuel cell, even when transport losses have been minimized,
the electrode potential is still 400 mV below theory." In direct methanol fuel cells, the potential
drop can be even larger, due to methanol crossover to the cathode. A variety of steps and
intermediates, are involved in the 4 electron ORR mechanism, and a better understanding of these
mechanisms through the use of the techniques utilized in this thesis could lead to similar detailed
understanding required for better tuning of cathode materials. The research described in this
thesis we explored novel ways of counteracting some of these problems, such as resorting to non-
platinic catalysts (Au and Rh,S,), as well as attempting to modify the Pt by either attaching the
TPPTP ligands, or alloying with Co to reduce the problem of S and OH poisoning.

The power of our novel Au XANES technique has been clearly demonstrated in this work.
However, the biggest limitation of some of this work is probably in the determination of the
particle size and morphology. The EXAFS modeling performed in this work provides only an
average cluster morphology. Unfortunately very few techniques enable such a characterization in
situ, where it must be done, since these small particles are heavily oxidized in air. Furthermore,
better catalyst preparation procedures, ones that give a more monodisperse particle size and
uniform particle morphology are required. The EXAFS analysis gives only an average particle
size and morphology, and one never knows what component of the particle distribution is doing
“the work”. Major improvements in catalysts preparation techniques and catalysts morphology
characterization would dramatically increase the power of the Ay XANES technique, which

already provide critical adsorbate coverages and binding site information.
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