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The search for alternative fuels has increased theepast decade due to a growth in
energy demand and the need to reduce carbon oulbydrogen has been seen as a potential
replacement for fossil fuels, such as oil and coAl.clean source of hydrogen and can be
processed via the water gas (WGS) shift reactig®(H CO— CO, + H,). However, current
industrial catalysts are comprised of a mixturenaftal-oxides and supported nanoparticles that
are often too complex to accurately elucidate reaanechanisms. Using well defined “model
systems” in a controlled reaction environment piegi a route to gain fundamental
understanding of how these catalysts function. RAMmesented here focuses on the study of
model metal oxides and supported nanoparticleth®production of hydrogen.

Primarily the WGS reaction has been investigated\o/TiO, (110), Cu/TiQ (110) and
Cu/CeQ/YSZ (111) catalysts. These particular systemseHhaeen shown to be active fop H

generation under simulated industrial conditions,little is known about their thermal reactivity



and stability. It was found that the function adde surfaces was to adsorb and dissociate water,
while the nanopatrticles are the main source of @8oiption above 300 K. The role of the
metal oxide support was studied using Cu/g€eQt is apparent a stronger metal-support
interaction exists for ceria supported copper caegbdo titania supported copper and gold,
evidenced by partial encapsulation of copper byiacett elevated temperatures. These
characteristics may be crucial to improve functlamaderstanding of the industrial catalysts.
Another method to produce clean hydrogen is taquatalytically split water (20 —
2H, + O,). A study of the electronic structure, using y-pdnotoelectron spectroscopy (XPS), of
several potential water splitting photocatalysts wadertaken. A family of lanthanum titanate
(LaTiOs5) crystal surfaces was studied. Understandingl&etronic states of each system may
lend insight into the nature of their activity. &Imteraction of water on the surface of these
materials was also studied. Results show that wddes not dissociatively adsorb on the
surface, suggesting that,®, not —OH is the active reactant for, igdeneration. Another
promising water splitting photocatalyst, SrgiRh, was also studied using XPS and showed that
the incorporation of R¥ ions into the lattice, and not Rparticle formation on the surface, was
the driving force for increased visible light aldsmnce and photocatalytic activity. This

emphasizes the role catalyst preparation playstin the performance and stability of a catalyst.
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Chapter 1

1. Introduction

The search for alternative fuels has increased tnepast decade due to the increase in
energy demand and the need to reduce carbon oufple world’s population has recently
eclipsed 7 billion and continues to rise. Withstimcrease in population comes an increase in
energy demand, especially from countries like Chama India, which are currently going
through an industrial revolution. There has beemarease in the use and development of solar,
wind, hydroelectric, and nuclear energy over thetpdecade to help offset this demand.
Unfortunately, these energy sources account foy edB% of the world’s power production,
while more than 80% still comes from fossil fulshich are both in finite supply and harmful
to the environment. There is theoretical potehfial these energy sources to supply the world
with more than the ~19000 TWhit needs; however, these forms of energy prodncsiaffer
from fundamental issues that cannot be controlli®dlar, wind, and hydroelectric are all at the
mercy of Mother Nature, thus making them at timeseliable. If there is no sun, solar panels,
both thermal and photovoltaic, will not work andtlvaut wind there is nothing to propel the
turbines. Additionally, there does not yet exist efficient way to convert incident solar
radiation into usable enerdyHydroelectric power output will vary greatly withboonsistent
water flow, thus vast manmade reservoirs must beena keep the supply consistent. In the
aftermath of the Fukushima reactor meltdown thstilted from the tsunami that struck Japan in
2011, public perception of the dangers of nucleactors is heightened, causing resistance to the
construction of new nuclear power plants. Secanithe issue of the spent nuclear waste which

must be stored somewhere safe while it remainoaative> However, the major barrier to



expanding the implementation of these energy ssusc¢hat fossil fuels are still economically
favorable.

Hydrogen has been eyed as a viable replacemeiivgsil fuels due to its ability to be
used in various ways, including in fuel cells aricect combustiort® It also has an energy
density approximately three times greater than lgesobased on their available chemical
energy. Unfortunately the current supply of hydnogs derived mainly from steam reforming of
hydrocarbons, which is a non-renewable source. s@Hgdrocarbons come from the world’s
finite reserve of fossil fuels. One source of thagdrocarbons is oil, which is not only used in
the production of fuel (gasoline, diesel, etc.)t mithe major source of plastics and other
industrial materials. These plastics have beconvéah part of every day life, from housing
water in convenient portable bottles to body pawelsautomobiles. One model predicts that if
we maintain our current oil usage we only have ghoteserves to last ~200 yearsRecent
trends show that we are increasing our energy ubgage2.4% per year and this increase has
been steady for approximately the past de¢ad¢owever, due to China and India’s ongoing
industrial revolutions the depletion of oil resesvmay accelerate and could be exhausted within
the next 50 years.

In addition to rapidly depleting the finite suppbuyr dependence on fossil fuels has led to
an increase in atmospheric €O0This increase has led to a change in our plamdithate; most
notably, the Earth’s average temperature has fis€fAF over the past century and may increase
by as much as 11.5 °F over the next centirfhough 1.4 °F is a small change in temperature,
it has already had a large effect on our clima&ecently the Midwest of the United States has
experienced one of its worst droughts in recordedioty, causing damage to crops which

resulted in lower crop yields and in turn highercges for the food that was producedhis



increase in temperature not only results in sewkoaights, but also can result in massive
flooding, caused by an increase in the melting oluntain snow and/or dramatic changes in
weather pattern®. Higher temperatures are not the only result of ghan climate, as the
number of extreme weather incidents has also isede@ramatically’ This is evidenced by
Hurricanes Katrina, Irene, and most recently Samdyich made landfall and devastated large
sections of shoreline throughout the Tri-State an€Z012. This increase in temperature has also
melted more of the polar ice caps, raising sealdeard altering the delicate balance of our
oceans? These weather related issues have caused bithodsllars in damage and have taken
the lives of thousands.

Though hydrogen has been viewed as a potentiali®olto our need for a new energy
source, the system of production needs to be @edrefficient. One promising system is the
proton exchange membrane fuel cell (PEMFC); esp)¢@a a portable energy source to replace
the internal combustion engine in cars: The ideal energy source for these fuel cellsuise p
hydrogen. Unfortunately the current source of bgen (steam reforming of hydrocarbons)
contains a high percentage of CO as a byprodugen Bow levels (ppm) of CO are known to
poison noble metal catalysts commonly used in de#s™* A new clean and sustainable source
of hydrogen has to be found if we are to switctatbydrogen based economy. The water-gas
shift (WGS) reaction (CO + #0 < H; + CO,) can be used as a standalone source of hydrogen
or in conjunction with steam reforming to increaserall H production while removing CO,
resulting in a clean, useable source of hydrdgéh. Besides producing usable,Hhe WGS
reaction also produces GOwhich is a known greenhouse gas and contributoglobal

warming. However, there are current efforts toteegpand store or use manmade,CO



Many industrial processes rely on the presenceetdrogeneous catalysts, which lower
the activation barrier for a reaction while remagmunchanged. These systems are usually highly
complex, consisting of multiple components intaragtin multiple ways and can be extremely
difficult to characterize. The lack of mechanistitormation hinders our ability to improve the
catalysts’ efficiency, which would lead to higheuripy products, produced at a lower cost.
Fundamental studies of model systems allow fogimsinto how these complex systems work
and can lead to strategies to improve the induistatzalyst.

The main focus of this dissertation is understagdiow catalysts used to produce clean
hydrogen via the Water Gas Shift (WGS) reactionkwétere, model systems consisting of a
TiO, (110) single crystal with and without Au and Cuwaparticles and Cetthin films with
and without Cu nanoparticles are studied undeahilgh vacuum (UHV) conditions to elucidate
the reactivity and stability of these systems. eBmd potential source for clean hydrogen is the
photocatalytic splitting of water. Novel materigleveral lanthanum titanates and Sr3fRDh)
were investigated due to their unique propertiespely, band gap transitions that are accessible
via visible light.

The current industrial WGS catalyst is comprisedCaf particles supported on a mixed
Zn and Al oxide support, which operates in a terapuee range of 450 — 575 K. Though this
system is effective, it must undergo a long acidraprocess and is pyrophofit™® If the WGS
reaction is to be used as the source of hydrogefué cells, a more efficient and safe catalyst
needs to be found. Titania (Ti0and ceria (Ceg) based catalysts have shown to be promising
candidates for efficient low temperature WGS syst¥m’? Both supports are stable in the
temperature range at which the reaction is knowtake place and both oxides contain cations

that have the ability to switch between 4+ and Ridlation state$?®' This change in oxidation



state allows for the surface to have a role inréaiction and oxidation of water. Though these
systems have been studied under high preddtfe?®23 2>27. 313% order to simulate industrial
conditions, minimal focus has been given to fundatal surface science experiments. These
fundamental studies are necessary to elucidatedles of these oxides and their supported
particles, i.e. where and how the reactants bind.

Titania and titania supported nanoparticles hawenhesed for numerous therrtfaf’” %
30.36-383nd photochemicdl reactions as well as applications like sunscr®earsd self-cleaning
clothes* However, bare Ti@is not active for the oxidation of CO to G@n important part of
the WGS reactiof” ** The addition of Au nanoparticles has been shawindrease the rate of
CO oxidation** The authors found that the activity was not dlyecorrelated to the change in
CO binding, but rather gold’s increased abilitybiad oxygen compared to that of the support.
Furthermore, the total evolved @@an be accounted for based on oxygen bound ortheté\u
nanoparticles. Ti® supported Au nanoparticles were also found to diesea for the WGS
reaction. Haruta and co-workers showed that Auoparticles supported on P-25 titania (a
mixture of rutile and anatase phases) had a tuen fsgquency for CO oxidation, as a result of
the WGS reaction, that was more than four timesatgre than that of commercial
Cu/ZnO/ALOs.?® It was also shown that reactivity increases wittreased loading of Au up to
investigated maximum loading of 10 %. In Chaptef 3his dissertation the reactivity of TiO
supported Au and Cu nanopatrticles is investigaseitl @ertains to the WGS reaction

Chen et. al. have found that Cu deposited on Pi@5 Was active for CO oxidatiof{. It
was found that the activity was nearly consistentttie different Cu loadings investigate (3.7 —
10.3 wt%) and was attributed to the similar paetisize for each loading. However, the

calcination temperature played a considerable irokae rate of CQ production with ~2 times



greater generation as calcination temperature asek from 413 to 473 K. The authors also
conducted FTIR studies and found thaf Guas reduced at 437 K and is likely the drivingctor
for the increased activity. Titania supported cappike Au/TiG, has shown high activity for
the WGS reaction. Rodriguez and co-workers shothiat Cu/TiQ produced more hydrogen
than pure Cu and Cu supported on various other Inmtales They also used DFT
calculations to show that the WGS reaction hasxeil@ctivation energy on a ggnanoparticle
when compared to a Cu (100) surface, providingharevidence for the increased reactivity of
Cu nanopatrticles.

The support that a nanopatrticle is dispersedannhave a dramatic effect on its stability
and reactivity’* 2 3 454" The experiments in Chapter 4 will focus on howrajing from TiQ
to CeQ affects the reactivity and stability of Cu nandjudes as a model catalyst for the WGS
reaction. Ceria’s (Cef ability to easily undergo changes in oxidatioatstbetween Cé and
Ce**, which allows it to readily accept and donate ®rygtoms' makes it a promising oxide
support replacement for the industrial WGS catal@st/ZnO/AbO3).** > Chen and co-workers
have shown that Cu deposited on SHas high activity for the WGS reaction with theien
reaction taking place on the Cu nanoparticles ahatmetal-oxide interface, with no activity
occurring on the bare SjGupport:®> Previous work has shown Cu/Ce® have superior WGS
performance when compared to Cu/ZnO, Au/ZnO, simglestal Au, and single crystal Cu
systemg! Its hydrogen production was also on par with tbatAu/CeQ, and Cu/MnQ
systems #! It was found that the dissociation of water tqi&ce predominately on the CeO
surface while CO oxidation occurred on the nanagaror particle/substrate interface. This
demonstrates that an oxide can be more than a guppbisperse the nanoparticles and may play

a vital role in the reaction.



Along with the WGS reaction, the photochemicalttiply of water can produce a clean
source of hydrogen from an abundant and renewahlecs. Ever since Fujishima and Honda
found that TiQ was an effective photocataly&tthe past 40 years has been filled with many
efforts to design an optimal photocatalytic maiefia’® > There have been a wide range of
materials studied for the photochemical productbhydrogen; with various oxid&s>? (doped
and undoped), oxynitrides, >* and oxysulfide¥ found to be most promising. In chapter 5, the
role of preparation in SrTi&Rh particle synthesis is investigated as it pegtéd photochemical
hydrogen evolution. SrTi©by itself is an active photocatalyst but only untd®/ irradiation,
due to it wide band gap of ~3.2 8¥.Konata and co-workers found that doping SghGth Rh
produced a visible light active photocatalyst thatl a measurable,Hroduction rate, under
their reaction conditions, that was at least twdsehigh as the next best dopahtThe authors
attributed this increase to the presence of Rhd RA* or RPP* species. However, experiments
to determine the presence of these species wengenformed. The introduction of Rh into the
lattice produces states within the Sr{ikand gap thaallow for multiphoton excitation across
the band gap, allowing visible light energy to Is®dito generate electron-hole pairs. XPS has
the ability to identify the oxidation states of tRé and to confirm their incorporation into the
lattice or on the surface as particleghich will be discussed in the final chapter ofsthi
dissertation.

Finally, in Chapter 6, a series of La containingrtates will be investigated for their
composition and interaction with water. He andwamkers have found that a lanthanum and
iodine co-doped Ti@show high catalytic activity under visible lighorfthe degradation of
oxalic acid (model pollutan®) The authors determined that the incorporatioiwdihe into the

lattice shifted the catalyst’s adsorption edge fritv@ ultraviolet into the visible region of the



solar spectrum, while the k@3 that formed on the surface slowed the recombinaifeelectron-
hole pairs. Lgli,O; loaded with Ni has been found to have a dramdyi¢agher H evolution

rate when compared to Pt/Ti@nd other perovskite sampf€s>® This increase in activity was
attributed to the longer electron hole pair lifetirand the charge transfer that existed between

the oxide and metal co-catalyst.



Chapter 2

2. Experimental Section

This chapter will discuss the vacuum instrumeatatised for the experiments carried out
in this dissertation. Section 2.1 will describe thverall design and layout of the UHV chamber
and substrates used. Section 2.2 will discussntiidual techniques that were used for the

preparation and analysis of the various systentiestu
2.1 Layout and Substrates

2.1.1 UHV Chamber

Experiments were conducted in an UHV chamber (&it) with a base pressure less than
8 x 10™ Torr. The chamber is pumped by a 600 L/s turbemdar pump (Oerlikon Leybold).
A residual gas analyzer (SRS 200) is used to motii® composition of the background gases.
The lower level of the chamber was outfitted witlquadrupole mass spectrometer (Extrel), a
direct doser, a quartz microbalance (Inficon XTM&)d a homemade thermal evaporator. The
upper level of the chamber is equipped with varigpsctroscopic instruments including an
Auger electron spectroscopy system (PHI Electrorii€s155A), an Al/Mg dual anode x-ray
source (PSP Vacuum Technology, TX400/2), an ion gsed for ion scattering spectroscopy
(Thermo Scientific), and a 100 mm hemisphericalrgynanalyzer (Oxford Applied Research,
VSW 100). The chamber also contains a sputter(ginTechnologies), which produces Ar
ion beams to clean the surface by sputtering awgycantaminants. An XYZ manipulator
(MDC Vacuum) and differentially pumped rotation gga(McAllister Technical) allows for

access to all levels of the chamber.



2.1.2 Substrates

Experiments were conducted on TiQL10), Ce@QYSZ (111), LaTi,O;, LasTisO17,
nitrided LaTi»O; surfaces, and SrTg&Rh powders pressed on Al plates. All substratesew
mounted on a Ta backing plate (0.060” thick) withiece of 0.010” thick gold foil between and
held in place with Mo clips (0.010” thick) screwedo the plate. The plate was mounted to a
thermocouple/power feedthrough (Ceram Tec North eag via two Ta wires (1 mm). This
arrangement allowed for the sample to be resistivedated and LN cooled. Crystal
temperature, which ranged from 110 K — 900 K, wassnred using a type K thermocouple held
in place on the face of the crystal by one of th@ylmdenum clips, except for the Ti@rystal,
for which the thermocouple was inserted into a 0"@R2ameter hole drilled in one edge and held
in place with high temperature cement (Omegabortl] 60nega). A schematic of this set-up is
shown in Figure 2.2.

The TiG crystal (Crystek) was initially subjected to salerycles of high energy, (3
keV) high temperature (800 K) Asputtering followed by annealing at 850 K in vaguuThis
process removes the bulk impurities, typically pstam and calcium, which can be tracked by
AES. The crystal was not deemed clean until im@sriwere below detectable limits and a
clean (1x1) LEED pattern was obtained, which sigdifong range order. This procedure also
induced a change in the crystal color from colarteslight blue. This color change was due to
the creation of bulk defects (oxygen vacancieshest defects make the sample conductive
enough for electron/ion spectroscopy with minimaarging. The surface underwent a daily
regimen of low energy sputtering (0.5 KeV for 1nhs)iand high temperature annealing (850 K
for 30 mins) to ensure surface cleanliness. Arngah a background of £(2.0 x10° Torr)

resulted in an oxidized surface while annealingaouum resulting in a reduced surface (L
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In cases where metal nanoparticles were depostaairal cycles of sputtering and annealing
were needed to provide a clean surface. Daily Afp8ctra were taken to insure surface
cleanliness.

Ceria films (200 nm) were commercia$pectrum Thin Films) grown on YSZ (111)
single crystals (MTI Corporation) in a manner sanito previously established meth88§?
Briefly, Ce was vapor deposited in an atmospher®,df-3.0 x 10° Torr), while the crystal was
maintained at a temperature of 750 — 800 K. Th&r® no sign of yttrium or zirconium from the
underlying support during initial testing by AESXIPS, indicating the substrate was completely
covered by the Ce{film. To minimize film loss the surface was clednvia high temperature
(850 K) O (2.0 x 1C° Torr) annealing treatments unless nanoparticlese vamposited, the
removal of which necessitated the use of severelesyof A sputtering. Once Zr became
visible, via AES after numerous sputtering cyckb® crystal was removed and recoated. The
film thickness (200 nm) allowed for several expemts where nanoparticles were deposited
before the crystal had to be removed.

The various La titanates were created in collaimravith Dr. Limin Wang, Dr. Polina
Burmistrova, and Prof. Peter Khalifah (Stony Brddkiversity). Their preparation will be
discussed in detail in Chapter 5. Briefly theTiaO; and LaTisO17; samples were prepared via
the floating zone technique. The resultant crgstaeére then cleaved for use. The nitrided
sample was prepared by flowing blBlver a cleaved La&i,0; crystal at high temperature. The
crystals were mounted in the same manner as the/€8D(111) samples.

Rhodium doped SrTiQpowders were produced by three different methadpaat of
collaboration with Peichuan Shen and Dr. Alexan@dov (Stony Brook University). Novel

applications of the polymerized complex (PC) metlaodl the hydrothermal method and the
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more standard solid state reaction (SSR) methoce wesed to produce samples. These
procedures will be discussed in further detail rater 6. Approximately 40 mg of the powder
samples were placed between two Al plates (10 x 16m) and compressed under ~2000 psi,
one half of the loaded Al plate is shown in Figdr8. The plates were then separated and one

plate is mounted in the sample holder shown in f@idu2.
2.2 Techniques

2.2.1 Nanoparticle Deposition

Nanoparticles of Au and Cu were deposited on g T1Q0) single crystal and Ce@hin
films grown on YSZ (111) using a homemade thermraperator. The evaporator consisted of a
two pin medium voltage electrical feedthrough (lasor Seal) and a DC power supply (Lambda
Physics). The filament was composed of 0.015ktktumgsten wire (ESPI) wrapped with 0.005”
thick gold or copper wire (ESPI). Evaporation vahieved by passing current through the
metal wrapped tungsten filament, which producesughcheat to melt the Au or Cu wire and
ultimately evaporate it. The evaporator was hous#fiin a metal shroud with a 10 mm
aperture, which could be blocked with a flag toumately control exposure. The evaporating
metal was contained within the shroud, which limiexposure of the chamber and instruments
to unnecessary contamination, and aided in maingimelting temperature by confining radiant
heat The deposition rate was monitored daily using arigumicrobalance which was accurate
to a tenth of an Angstrom. The average depositaaa was ~0.5 A/min, resulting in total
deposition times ranging from 1 to 20 minutes. Phe coverage in monolayers (ML) was
estimated based on the thickness of one atomic lfydu equaling ~2.4 &® Similarly, Cu
coverage in ML was estimated by assuming that ifweme to wet the surface a monolayer

would occur at a film thickness of ~2°A. Copper coverages were later verified by XPS. sRun
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of identical coverage were verified using metal&ttdie ratios from either the AES or XPS
spectra.
2.2.2 Temperature Programmed Desorption

Temperature programmed desorption (TPD) is anortapt surface science
technique used to ascertain information about ts®ition/desorption processes of molecules
bound to a surface. A species’ molecular coverdgsorption energy (which is essentially equal
to binding energy), and reaction order can all beewined from the resulting spectrum. In
these experiments, TPD was conducted under UHVitons with molecules being adsorbed at
cryogenic temperatures (~110 K). By linearly heatm surface and monitoring the resulting
desorbed molecules, a plot of signal intensity wetemperature can be produced. A molecule’s

desorption energy is related to its peak tempegatund can be calculated using the Redhead

analysis:
T AE
AE,. = RT,,|In| 2max | _jn| “—des
IB RTmax @D

Where R is the ideal gas constant (1.98587753%k&@l / mol-K), T is the temperature at the
maximum of the peak in the TPD spectryimns the heating rate (1.5 K/s in these experiments)
andv; is the pre-exponential factor (assumed to b¥ &f). The second natural log term in
equation 2.1 can be estimated as 3.64. Thougtetjuation is only for first order reactions, the
logarithmic nature of the pre-exponential facter),(allows this equation be used for non-first
order desorption processes and still provide uskggbrption energiés.
TPD spectra were obtained by manipulating the tatyto the lower level where

molecules of interest were introduced via a digier with a 5 micron aperture separating the
gas reservoir from the dosing tube. Pressurescateti are those of the backing pressure
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recorded before the aperture and measured usiagacitance manometer (MKS Instruments).
In some cases, gases were backfilled into the chartibough a leak valve (Varian) and
pressures were monitored on the chamber’s ion gé@gmville-Phillips). Prior to dosing, the
crystal was cooled with LNto ~110K to facilitate adsorption of the molecubésnterest. Once
the desired coverage was achieved, the crystal noteded to face the quadrupole mass
spectrometer (QMS) and a bias voltage of -75 V wapplied to the crystal to prevent any
electron mediated reactions that may occur dubdo/0 V that can escape from the ionizer of
the mass spectrometer. The QMS was set to mathibospecies of interest as the temperature
was linearly ramped via a computer controlled iiais®, schematically represented in Figure 2.4.

To simulate “high pressure,” a pulsed valve setag used to deliver a mixture 5O
and DO by bubbling carbon monoxide through a sample £.DA backing pressure of 40 Torr
(~1:1 mixture) was used with a pulse rate of 10 &x pulse width of 700 us. This set up
allowed for the surface to experience a pressurelof 10° Torr while maintaining a chamber
pressure below 1 x T0Torr.
2.2.3 Auger Electron Spectroscopy

Auger electron spectroscopy (AES) is a surfacesigea core level spectroscopic
technique used to identify and monitor elementatcggs. An incident high energy electron (1.5
— 3 keV) is used to eject a core level electrohe flesulting core hole is filled by an electrorain
higher lying state and the energy created by #iesxation is either emitted as x-ray florescence
or the ejection of an additional high lying electrohe Auger electron (Figure 2.5). The kinetic
energy of the Auger electron is element specifieg @ this experiment is collected by a

cylindrical mirror analyzer that is housed as drthe electron gun.
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Though it is not possible to accurately determime éxact species concentration on the
surface, it is possible to calculate relative cortiions (G) of all present species. This is
accomplished by comparing the AES signal inten8ifyand instrument sensitivity factor §S
for each element present by following the equafitadh Sensitivity factors for each element
investigated were taken from the Phi Handbook ofgekuElectron Spectroscopy. A

comprehensive list of sensitivity factors pertagnto this dissertation can be found in Table 2.1.
c - /S,
q —
2(1,1S) e2

2.2.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a caeell technique that is based on
Einstein’s photoelectric effect, which states taatolid will emit electrons when hit with light
(photon). If an incident photon’s energwjhs greater than or equal to the binding enerdy)(B
of an electron, that electron can be ejected frbendurface and detected by a hemispherical
analyzer (Figure 2.6). The measurable Kinetic Bn€KE) is equal to the difference of fand
BE. The relative concentration of a species iateel to the photoemission peak area and its
atomic sensitivity factor. Equation 2.2 can bedusecalculate the relative concentration)(af
a species by substituting peak area for signahsity and using the appropriate XPS atomic
sensitivity factor.

XPS also has the capability of determining thedation state of a material as the BE of
core electrons is affected by changes in charge tduehemical or structural chand®s.
Unfortunately, due to the resolution of the anaty{l.4 mV, VSW 100) combined with the

natural line width of the x-ray source (~1 eV, TX0®), peaks with small differences in binding
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energy may not be fully resolved. In order to &late the different species that may be
contained within the peak or exist as shoulderthefmain peak, the spectrum can be fit using a
non-linear least squares method. Fitting of th&a daesented herein was performed using
Presents software (Oxford Applied Research). Al&hbackground was applied to remove the
signal caused by inelastically scattered electemsrging from the bulk of the sampfe.The
resulting data was then fit with Gaussian-Loremtzshapes to represent the peak shape, area,
and intensity of the individual components withne toverall spectrum. There are several factors
that can be manipulated (i.e. peak position, heigiWHM, and splitting) during fitting and if
care is not taken can produce features that areeabt Therefore, is important to have a general
understanding of the surface composition prioittmg.

Experiments described in this dissertation usenonochromatized x-ray source (PSP
Vacuum Technology, TX400/2) producing Al,K1486.6 eV) radiation. The source is mounted
on a linear drive to avoid interference with othlestruments in the chamber. The sample is
positioned normal to the analyzer at a distancedo€m with the analyzer at an angle of 43° to
the surface. The emitted electrons were detecsmgua 100 mm hemispherical analyzer
(Oxford Applied Research, VSW 100). All data asiion was computer controlled by the
Spectra software (Oxford Applied Research). Spe@arameters will be discussed in the
appropriate sections later in this dissertation.

2.2.5 lon Scattering Spectroscopy

lon scattering spectroscopy (ISS) is a surfacsittea technique used to characterize the
species present in the top one or two atomic layérs is the main advantage that ISS has over
the previously discussed spectroscopic techniquimesimboth probe several layers deep. ISS is a

relatively simple technique that relies on the giptes of a two body elastic collision and the
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conservation of energy and momentum. An incidentstrikes the surface with a known energy
and then scatters back with a loss of energy depgrh the mass of the surface atom at which
the collision took place. The resulting scattered is then collected with a hemispherical

analyzer and a spectrum of intensity versus kiretiergy is obtained. The energy of a surface

atom (&) can be calculated by the following equation:

E, [ 1
E, | 0+ A)?

(cose ++/ A —sin’ 9)2
(2.3)

where kg is the energy of the incident ion, A is the mafsthe surface atom divided by the mass

of the incident ion, and is the scattered angle measured from the direcfaie ion beam.

Due to the high energy ions that are used, sontlieeoincident ions will not only be scattered to

the detector but will cause some atoms on the seittabe sputtered away and removed from the

surface. Experiment specific details will be dissed in Chapter 4.
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and Mo plate to improve thermal contact.
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Figure 2.3: Photograph of SrTi© Rh (1 mol%) powder pressed onto Al plate
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Element AES Transition AES Sensitivity XPS Sensitivity

(KE) Factor®® Factor®’

Cu LMM (920 eV) 0.9688 4.3 (2p)

Au NVV (71 eV) 2.3433 N/A

Ce NOO (87 eV) 1.6425 12.5 (3d)

Ti LMM (390 eV) 1.2155 1.1 (2p)

0 KLL (510 eV) 1.2571 0.63 (1)

La NOO (83 eV) 1.4501 6.7 (36)

N N/A N/A 0.38 (1s)

Rh N/A N/A 1.75 (3d))

Sr N/A N/A 1.05 (3d)

N/A = Not Applicable for this dissertation

Table 2.1: Summary of AES transitions, AES sensitivity fastand XPS sensitivity factors for

all elements investigated throughout this dissemat
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Chapter 3

3. A Surface Science Study of Ti® Supported Au and Cu

Nanoparticles

3.1 Introduction

Since Honda and Fujishima discovered the abilftyitania to photocatalytically split
watef®, it has been used in everything from heterogeneatelysid® and solar celf§ to self-
cleaning fabric¥ and sunscreelf. TiO, has been extensively studied both under controlled
environments (UHV) and under high pressure to wtdad its physical and chemical properties.
Despite all of these efforts, questions still existto what allows this material to perform under
various conditions. A recent review highlights tihenerous studies that have been carried out
on TiO, systems and their efforts to understand even #séchinteractions of oxygen on the
surface®®

TiO, has been found to be catalytically active withthg addition of a dopant or metal
particles. Kim and Barteau have shown that ethangdropanol, and isopropanol adsorb
associatively and dissociatively on the’ Aputtered Ti@(001) surface. The dissociated species
desorbed from the surface either recombined to therparent alcohol or partially decomposed
to olefins and aldehyd&8. The TiQ (110) surface has also been shown to partiallytgpho
oxidize CHCI to H,CO, CO, HCI, and kD in the presence of a limited amount ¢f GDn the
other hand, P-25 powder can fully oxidize £LHto CG,, HCI, and HO in an excess of oxygen.
Neither sample was able to photo-oxidize methybgtié without the initial creation of oxygen
vacancies, created by annealing at high tempes(8 — 900 K§° Diebold and co-workers

have shown that the different phases of titanidil¢riand anatase) react with simple probe
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molecules, such as water, differently.The authors found that an anatase surface cdomnot
the oxygen vacancies that are known to dissociaterwwhich gives rise to a high temperature
recombination peak, observed via TPD, on the rstildace’® " This is just a small sample of
the thousands of papers involving the use of,Té& a catalyst. However, they represent
differences in adsorbate interactions, which hgjitlithe complex nature of T¥Gand the need
for further studies of its interaction even witle fimplest molecules.

The addition of metal particles has been showentmance titania’s catalytic activity and
selectivity’” 2 7 Of particular interest in this work is the adaiitiof Au and Cu nanoparticles,
which have shown enhanced performance for the Weé&sStion. Shekhar and co-workers
showed that gold particles supported on rutile ;Tg@wder had a 20 fold increase in the
production of H under a flow of a standard WGS mixture (CO,0H CQ, H,, and Ar)
compared to Au/Al0:. % It was found that there was a direct correlatietween Au particle
size and rate of Hproduction for both oxide surfaces. The highast was associated with the
smallest particles and a decrease ypkbduction rate of more than an order of magnitwds
seen as particle sizes increased from ~1 to 7 nhis tfend was attributed to a decrease in the
number of coordinatively unsaturated edge and pgemsites, which FTIR showed were
predominately metallic A% These metallic gold corner sites were also sgewlliams and
co-workers, using TEM and a similar reaction ratelg as described aboVe.

Rodriguez and co-workers have also shown thatAilnenanoparticles supported on a
rutile TiO, (110) single crystal are highly active for the W@&ction?” This system has a
lower activation energy for the WGS reaction thamZnO, Cu/ZnO, Cu (100), and Cu (111).
This lower activation energy was directly corretate better H production. The only system

studied that had a lower activation energy was tiaCu nanoparticles supported on a FiO
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(110) single crystal. The authors found a decredse2 kcal/mol for this Cu/Ti@ system
compared to the Au/TiDsystem and ascribed this change to a stronger ftania interaction
that results in smaller average particle 3fzé’ As with Au nanoparticles, this smaller Cu
particle size has been found both experimentalty theoretically to have an increased number
of under coordinated, mainly metallic, sif8s’>

In this chapter, Ti®@(110), Au/TiQ (110) and Cu/Ti@(110) systems were investigated
for their interaction with water and carbon monaxiand stability as a model catalyst for the
WGS reaction. Studying these systems under UHWitions helps to determine how the
nanoparticles and oxides interact with each otherteow the probe molecules D and**CO)
react with the systems as a whole, in a clean anttalable environment. J® was found to
bind predominately to the oxide and only dissociate a surface that contained oxygen
vacancies. On the other haldCO binds mainly to the metal nanoparticles depdsite the
surface to temperatures up to ~300 K. Heating #moparticle containing systems resulted in a

reduction of**CO adsorption.
3.2 Experimental

The experiments in this section were conductethehUHV chamber on a TiOsingle
crystal detailed in section 2.1 using TPD and AESletailed in section 2.2 of this dissertation.
Briefly, Au and Cu nanoparticles were depositedaantile TiQ, (110) single crystal, which was
cleaned daily via sputtering and annealing in ayger atmosphere, using a homemade thermal
evaporator. These systems were then dosed withabd/or*CO, at ~110 K, and studied using
temperature programmed desorption to investigade thermal stability and interaction with
D,O and*®CO. Isotopically labeled®CO (m/e = 29; Cambridge Isotopes) angdDO(m/e = 20;

Sigma Aldrich) were used to avoid interference friomekground CO (m/e = 28) and® (m/e =
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18) in the vacuum chamber. THEO was used as purchased, while th® Wvas subjected to
three freeze-thaw cycles to remove any dissolveggaBoth the oxidized and reduced surfaces
of TiO, were investigated. The reduced surface was crdat@nnealing the crystal at 850 K in
vacuum for 10 minute®.

Auger electron spectroscopy was also employed ¢mitor crystal cleanliness and
determine metal to oxide ratios after depositiohhe experiments were carried out with an
incident energy of 3.0 keV which excited the Au V71 eV), Ti (LMM, 390 eV), O (KLL,
510 eV), and Cu (LMM, 920 eV) Auger transitioffis’® The surface concentrations of Au, Ti,
O, and Cu atoms were determined using the Augeakigtensities corrected for their relative

sensitivity factors(Table 2.1) as per equation®2.2.
3.3 Results and Discussion

3.3.1 BO TPD from TiO 5, TiO5.x Au/TiO 2« and Cu/TiO,.

Figure 3.1 shows the desorption o mass 20, from a fully oxidized T3®110) single
crystal as a function of exposure time. This stgfproduces three distinct features centered at
155 K, 175 K, and 270 K. The initial low coveragese (0.1 Torr, 2 mins) produced a peak
centered at 285 K. This peak grew in intensity ahidted to 270 K as the dose was increased
and saturated at a dose of ~0.4 Torr for 2 minugh this peak seems to gain in intensity with
a further increase in exposure, this is due tdoy@l from the two lower temperature peaks.
This peak is thus assigned to molecularly chemebrater. A new feature appears at a dose of
0.2 Torr at 175 K and follows the same behaviathaspeak centered at 270 K and is assigned to
the presence of a second layer of water. Finallyew feature appears at a dose of 0.3 Torr, is

centered at 155 K, which increases with exposuik raever saturates. This peak has been

28



assigned to desorption of multilayer water. Thissgures and assignments are in agreement
with those previously publishéd.”® 7 &

The reduced Ti®(110) surface, produced by annealing in vacuuspldyed a spectrum
that was similar to that described above for thly faxidized surface. The two main differences
were the overall reduction in adsorbed water andremrmotably, was the presence of a new
feature at 480 K (Figure 3.2). This peak has lzssigned to the recombination of dissociatively
adsorbed water at oxygen vacandéied’ Using the area of this peak and comparing ih&t of
the saturated chemisorbed peak (270 K) one camndete the percentage of oxygen vacancies
present on the surface. The surface used in #érgseriments showed a concentration of ~3%
oxygen vacancies. The highest reported conceotr&ti~7-10%, which was achieved by further
bulk reduction of the crystal using high temperatsputtering and annealing cycl&s.No
attempt was made to increase the number of oxygamancies because the crystal was
sufficiently conductive to allow for electron spexstcopy experiments.

Figure 3.3 shows a comparison of thgODTPD spectra between bare reduced,%jO
~0.5 ML AU/TiO,.4, and ~0.5 ML Cu/TiQy The addition of Au and Cu nanopatrticles greatly
reduces the overall adsorption of water, especraltyecular chemisorbed water (peak at ~270
K). This change in total water adsorption is doghte metals’ inability to adsorb wattf® as
well as the overall blocking of water adsorptiotesion the oxide surface. The recombination
peak seen on the reduced surface (Figure 3.2mpletely absent with the addition of the metal
nanoparticles (not shown). This is attributed éddgand copper’s preference to bind at oxygen

vacancies, thus blocking its ability to dissociatter®*®’
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3.3.2 CO TPD from TiO,, TiO2.4, Au/TiO 2y, and Cu/TiO,.

The adsorption of CO was also investigated onetlsgstems. Figure 3.4 shows the TPD
spectra of*CO, mass 29, on fully oxidized and reduced JTi@nlike water, oxidized Ti@only
binds CO at a single site at a very low temperaf(i#® K). Annealing the surface to induce
oxygen vacancies produces a shoulder that extend800 K. These features have been seen
previously?? In that work, the presence of the new featur¢herreduced surface was attributed
to the increased interaction of the oxygen ator®Of with the oxygen vacancy on the surface.
The interaction however, is not strong enough thuge dissociation of the CO molecule or O
atom exchange with the surfate.

Unlike water, the addition of Au and Cu nanop#etcgreatly enhances the system’s
ability to adsorb CO. Figure 3.5 shoW&O desorption spectra for (a) ~0.5 ML Au/BiQand
(b) ~0.5 ML Cu/TiQ.. The addition of Au produces a feature centetelP& K and extends to
just below 300 K. This peak grows and shifts t® kK8with increasing exposure. This shift is
due to an increase in the repulsive forces thatroas more molecules of CO are adsorbed on the
surface. This new feature is attributed to thes@mnee of gold on the surface, which is consistent
with previous work that found CO desorbs from th¢ AO,/Pt (111) system at ~ 200%. This
is in stark contrast to the weak interaction CO basbulk gold surface¥®* This increased
binding energy of nano-gold has made it a highlidistd CO oxidation cataly&t®** which is
one of the key features that make Au/Te&Dpromising WGS catalyst.

Carbon monoxide desorption from ~0.5 ML Cu/TiQFigure 3.5b) displayed similar
characteristics t6°CO desorption from Au/Tig. At a dose of 0.025 Torr for 30 seconds there
are two distinct peaks in the TPD spectrum. Tlheeepeak at 185 K that grows with increasing

exposure and saturates at a dose of 0.2 Torr f@e806nds. There is a second smaller feature

30



centered at 260 K and saturates at a dose of @AO5dr 30 seconds. Though this peak seems to
gain intensity with a further increase in dosestisi due to intensity spillover from the peak
centered at 185 K and this increase is not sigmfic These peaks have been assigned to CO
desorbing from Cu nanoparticles and/or the parsdlestrate interface. This is consistent with
CO desorption (~200 K) for Cu (111) and (110) swtde *° A new low temperature peak
begins to grow in (first as a shoulder to the 18pdak) at a dose of 0.1 Torr for 30 seconds.
This peak is similar to that seen in the Au/T&)stem and the bare Ti®urface and is assigned
to the weak interaction of CO on TiO

The thermal stability of the deposited metal nambples was studied by monitoring
changes in their CO desorption profiles. Figu shows the effect that annealing temperature
has on (a) Au/Ti@and (b) Cu/TiQ systems. Spectra were obtained sequentially ¢rgasing
the final temperature of each preceding TPD scBoth systems show a decrease in signal from
the high temperature feature (assigned to CO omi#ial nanoparticles) and a corresponding
appearance and growth of a feature centered atKl4d@ssigned to Tig) as the annealing
temperature increases. Though it appears thaAuhand Cu nanoparticles are undergoing the
same change, AES (figures 3.7 and 3.8 respectivilidies show that each system behaves
differently with increasing temperature. Figure/ 3hows minor changes in the overall
differentiated AES spectra of the as deposited @@ K flash annealed Au/TiQ sample. In
fact the Au/Ti ratios that were calculated wererhyeidentical. This result is consistent with Au
particles undergoing agglomeration to form largerarticles. This leaves the relative amount
of exposed Ti the same before and after annealimgnicreases the particle size, thus reducing
the number of exposed under coordinated Au atdfrtie particles were undergoing 3D particle

formation then the number of exposed Ti atoms wanddease thus reducing the Au/Ti ratio,
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which is not seen. This process has been seempsiyvia XPS, STM, and ISS, which have all
shown that Au particles on TQndergo Oswald ripening (small particles get semahd large
particles get biggef °°* On the other hand, Cu nanoparticles exhibit aghan AES ratios
as they are flash annealed to higher temperatAseseen in Figure 3.8 the Cu/Ti ratio increases
from 400 — 550 K, at which point the ratio begiaglecrease, ultimately reaching a value below
that of the as deposited sample. This means betd@@ and 500 K the 3D Cu nanoparticles
may begin to break apart and cover more of theasarbefore new larger particles are formed.
This formation of more, smaller particles would @aat for the change in Cu/Ti ratio as they
would cover previously exposed surface Ti atomsstimcreasing the Cu/Ti ratio. Similar
behavior has been seen for Cu and Fe particlesigipon TiQ with the addition of @'% It
is possible that there is enough reactive oxygethersurface of our reduced titania, that once
thermally activated, may begin to induce particissdciation. However, as the temperature
increases beyond 550K, the Cu follows standardskihd formation as previously se€nwith
the formation of the new, larger 3D particles expganore of the surface Ti, decreasing the
Cu/Ti ratio.
3.3.3 Water Gas Shift Reaction

Attempts to study the WGS reaction on the bare rmetal nanoparticle covered TiO
surfaces resulted in no detectable products. Kperaments were carried out using a pulsed
valve set up that delivered a mixture’d€0 and DO by bubbling carbon monoxide through a
sample of DO, detailed in Section 2.2.2. The crystal wagtamed at 600 K which is within
the operating temperature of the low temperatureS¥éaction (~525 — 625 K). There were no
signs of B, HD, **C0,, or CQ. During the experiments, direct scattering e®and*CO were

detected, indicating that the pulsed gases wetmdnithe surface and being directed into the
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QMS for detection. These results do not indicag this system is not active for the WGS
reaction just that these experimental conditions ot sufficient for a reaction to occur.
Previous work has shown this system to be reacineker relatively low pressures of ~30 Torr ,

but still several orders of magnitude away from experimental reaction presstfe.
3.4 Summary

In this chapter the reactivity and thermal stépilof oxidized and reduced T
AU/TiO,., and Cu/TiQ, systems have been investigated as they pertéinetd/GS reaction. It
has been found that water reacts mainly with thelipead and reduced TiOsurface. The
reduced surface, containing ~3% oxygen vacancied, tha ability to dissociate water as
evidenced by a recombination peak centered at 480TKis peak was suppressed with the
addition of Au and Cu nanoparticles, which preféedly aggregate at defect sites on T &

87. 9 The addition of metal nanoparticles also redutted system’s ability to adsorb water,
especially molecularly chemisorbed water (270 KBare TiQ surfaces, either oxidized or
reduced, only show a weak affinity for CO, resutin almost all of the molecules desorbing
below 200 K. However, the addition of Au and Cu oyarticles greatly increased the system’s
ability to adsorb CO, resulting in the molecule e#mng on the surface to ~ 300 K.

The thermal stability of the metal nanoparticleasvalso investigated by tracking the
changes td°CO TPD and AES as a result of increased flash dimge@mperature. The Au and
Cu particle systems exhibited similar changes D ™pectra with increasing flash annealing
temperature, that is, a decrease in the peak &tdbto the nanoparticle (~200 K) and an
increase in the low temperature peak (140 K) assign™*CO desorbing from the TiQsurface.
Though the nanopatrticles display similar thermabsgity for the adsorption of CO, they undergo

very distinct sintering models when studied usiri§SA By monitoring the changes in the AES
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spectra it is clear that Au particles are agglommegainto larger 2D islands, evidenced by the

nearly identical spectra for the as deposited éashfannealed samples. However, Cu particles
sinter into larger 3D islands, which is seen bydkerease in the Cu/Ti ratio. These trends have
also been observed previously via XPS and $TH %8 104 103

These systems were also tested for their abdigatalyze the WGS reaction. The use of

a pulsed valve set up was employed to deliver tagimum exposure possible to the surface.

All attempts resulted in no detectable hydrogenarbon dioxide. This however does not mean
that these systems are catalytically inactive,fbaher highlight the role that elevated pressures
play in a reaction. Though a lot can be learnechfstudying these model systems under UHV
conditions, they must be subjected to similar comwlé to those that are used in an industrial

setting so that we can have as much informatiguoasible to improve the industrial catalysts.
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Chapter 4

4. A Surface Science Study of Cu on Ce('hin Films: Evidence for

Encapsulation

This work has been submitted for publication

4.1 Introduction

The current industrial WGS catalyst consists ofp@tticles supported on a mixed Zn and
Al oxide support, which operates in a temperatargge of 450 — 525 K. Though this system is
catalytically active it must undergo a long activat process and is pyrophofit. >
Replacement of the current catalyst with materiaég are more stable and similarly active is
very desirable. Recent studies have identifiethcarpported metal nanoparticles (Cu, Au, and
Pt) as air stable and highly active WGS catalysts relatively low temperature (625 K. The
reducibility of the ceria support is thought to yplan important role in the WGS reaction by
allowing it to readily accept and donate oxygenma®' The presence of vacancies on the
reduced surface allows the catalyst to dissociateff* and the oxidized surface can donate O
atoms for the oxidation of C&°> Ceria supported nanoparticles have been studidter
extensively in high pressure systems and have dleanwn to produce more hydrogen than both
the individual components and the industrial caiafy® 2 3% 34 10°

Of patrticular interest in this work are ceria soggpd Cu catalysts, which have shown
superior WGS performance when compared to Cu/Zn@ZrAO, single crystal Au, and single
crystal Cu systents. Its hydrogen production was also on par with thfatu/CeQ, Cu/TiO,
and Cu/MnQ systems?* ?* Previous work by Wang and co-workers was thée fosshow that
metallic copper and the oxygen vacancies in theiaed ceria played key roles in catalytic

activity of Cu/CeQ.*® Using a combination ofn situ DRIFTS, time-resolved XRD, and
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EXAFS, they found that metallic Cu bound to oxyg@tancies was the main source of bound
CO, which than reacts with the oxide to form LQAlso, water was found to dissociate at the
oxygen vacancies or at the Cu-oxygen vacancy aaterf

Rodriguez and co-workers also showed that an ssveatalyst (metal-oxide particles
deposited on a metal single crystal) of Ge@wn on oxygen covered Cu(111) is highly active
for the WGS reaction, even more so than the moneentional Cu/Ceg111) systeni® In this
inverse catalyst, ceria is now the supported naticfearather than the support, resulting in more
reduced ceria and a greater number of stabilizgderxxvacancy sites. These vacancies allow for
greater dissociation of water, which is consideredrate limiting step of the WGS reaction, thus
enhancing the catalyst activit§.'% This outcome further proves that ceria plays apoirtant
role in the WGS reactiofl. The role Cu plays in the reaction is not fullyderstood and
depends on the oxide support. For highly reductipports (i.e. Cef) Cu has a higher
adsorption energy for CO than the support and usdoto aid in the overall reduction of the
surface, thus increasing the available sites fotewaissociation” ** However, if Cu is
supported on non-reducible oxides (i.e. Mgy then the Cu particles are responsible for the
dissociation of water.

The bare ceria surface has been studied extepsindler UHV conditions. Mullins and
co-workers have exposed thin Ge@11) films grown on Ru (0001) to various alcoh@fs*®
ethylene glycol®® formic acid’® and acetaldehydé! Each of these molecule/surface
interactions showed that fully oxidized and palgiaéduced ceria behave differently. Product
yields could be manipulated based on the amou@&8fin the system, which can be controlled
by the extent of reduction of the surface. In casttto the bare surface, there have only been a

limited number of UHV studies conducted on ceripmrted nanoparticles. These studies have
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focused mainly on the noble metals Rh and Pt uXin§ and TPD to study the interaction of
CO, GHg, and/or NO*?*® To date there has only been one TPD study ofcaipported
copper. Kolb and co-workers combined ex-situ gatgireparation and UHV TPD techniques to
explore the desorption characteristics of theirG@@/y-Al,O; powder sampleS-’ They found
that higher copper loadings lead to an increadé,( desorption coupled with a decrease in H
production at temperatures above 500 K. This @dseran H production combined with an
increase in KO desorption signifies the deactivation of thistegs at industrially relevant
temperatures. This deactivation may be due tptssible phase changes of the@lsupport
that may be occurring during the experiménts.

In this chapter, we present a surface scienceystfdin-situ deposited copper
nanoparticles supported on ceria films grown onayttabilized zirconia, YSZ (111), as a model
catalyst system for the WGS reaction. Studying thystem under UHV conditions helps
elucidate the interaction of copper with ceriayedl as their interactions with probe molecules,
D,O and**CO, which are involved in the WGS reaction. Thesent study indicates thas®
interacts mainly with the ceria substrate and dustoth associatively and dissociatively with
-OH remaining on the surface at temperatures aB6@eK. *CO binds mainly to the copper
nanoparticles, but only remains on the surfacel uslightly above room temperature.
Furthermore, the combined TPD, AES, XPS, and ISfeements show that ceria partially

encapsulates the copper nanoparticles after angdalihigh temperatures (700K).

4.2 Experimental

The experiments conducted in this chapter wergechout in the chamber and on the
ceria films discussed in detail in Section 2.1 gsiiPD, AES, XPS, and ISS techniques

discussed in detail in Section 2.2. For ISS expenits, the ceria film thickness was decreased to
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100 nm and was deposited on a polycrystalline galastrate (Princeton Scientific) to mitigate
charging induced by the ion beam. To minimize filbss, the ceria films were cleaned by
annealing the surface to 850 K in a background #802.0 x 10 Torr, unless nanoparticles
were deposited, the removal of which necessitateduse of Arsputtering. Crystal cleanliness
was verified daily until carbon signals were belthe detectable limits of AES and negligible
amounts were seen with XPS.

Copper was deposited using a homemade thermabeatap detailed in Section 2.2.1.
Cu coverages in monolayers (ML) are estimated Byragg that a Cu monolayer would occur
at a film thickness of ~2 A which was later confidney XPS%* Runs of identical coverage
were verified using the Cu/Ce ratio from either &S or XPS spectra.

Temperature programmed desorption*&fO and DO were used to probe the reactivity
and thermal stability of the deposited nanopaiclelsotopically labeled®CO (m/e = 29;
Cambridge Isotopes) andO (m/e = 20; Sigma Aldrich) were used to avoid rfgence from
background CO (m/e = 28) and® (m/e = 18) in the vacuum chamber. T8O was used as
purchased, while the D was subjected to 3 freeze-thaw cycles to remayedssolved gases.
TPD studies were conducted on fully oxidized (@e@nd reduced (CefQ) ceria films.
Reduced ceria was prepared by dosing 100 L of methat 700 K in accordance with a
previously established methdY. This resulted in a reproducible surface that @ioed ~40 %
Ce**, which was determined by comparing the area opthek centered at 917.5 eV to the total
area of the 3d spectruhft’

Auger electron spectroscopy was carried out withngident energy of 1.5 KeV which
was sufficient to excite the Ce (NOO, 87 eV), O [(Kb10 eV), and Cu (LMM, 920 eV) Auger

transitions’® The AES spectra for the as-deposited £élths showed no sign of yttrium or
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zirconium from the supporting YSZ (111) crystalftek numerous sputtering cycles, a Zr peak
was observed, at which point the crystal was rem@rel recoated. The surface concentrations
of Cu, Ce, and O atoms were determined by compdn@d\uger signal intensities corrected for

their relative sensitivity factors: 1.6425 (CeR371 (O), and 0.9688 (C£S.

XPS spectra were obtained using un-monochromatide, (1486.6 eV) radiation.
Elemental region specific spectra were taken atreatyzer pass energy of 35 eV, step size of 0.2
eV, and dwell time of 0.5 sec. Each spectral regvas signal averaged for 5 scans. Analysis of
the XPS spectra was performed using Presents geft(@xford Applied Research). Each
spectrum was fit with a Shirley background and pprapriate number of peaks depending on
species present. The O 1s peak of 530.1 eV {Ce@s used to calibrate the energy scale to
which all the measured binding energies were aeiifé! The fits were allowed to optimize
without constraints as long as a reasonable FWHBlo(b ~3 eV) and quality of fit were
obtained. In cases where a FWHM greater than ®eddrred, widths and/or known peak
separations were fixed to one another, until aeptable fit was achieved.

As noted above, ISS measurements were conductadCa® film (100 nm) grown on a
polycrystalline gold substrate, in order to elimeéhe charging effect that occurred on the YSZ
samples. Spectra were obtained using a 1 keVidtebeam at an incident angle of 45° to the
surface normal and the analyzer was fixed at a pasggy of 50 eV. This was the minimum
incident ion energy required in order to separate @u peak from the peak that appears as a
result of inelastic scattering. Due to the degivemature of ISS, all XPS scans were taken prior
to exposure to the ion beam. The Avantage (Thefisber Scientific) software was used to

analyze ISS spectra.
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4.3 Results and Discussion

4.3.1 Water TPD from CeQ/YSZ (111)

Figure 4.1 shows the desorption of@ mass 20, as a function of exposure time on fully
oxidized (a) and reduced (b) ceria films. The yfulixidized surface produced three major
features that appear above 200 K (255 K, 360 K,540dK) assigned to associative chemisorbed
water, and two different recombination sites, refigely, and one minor component that
appears at ~170 K and is assigned to multilayer rwaidese assignments are based on those
that were previously reported for CeQ100) thin films by Overbury and co-workéefé. The two
recombination sites both saturate over the expesstriglied here; however, it is clear from the
peak behavior that they originate from two distisites. The desorption temperature of the peak
at 360 K shifts to higher temperature, indicatimga#tractive interaction and has an asymmetric
peak shape, which is indicative of a first ordeacteon. In contrast, the desorption temperature
of the peak centered at 500 K shifts to lower terapee. This shift, coupled with the peak
symmetry is indicative of a second order reaction.

Water adsorption on a reduced ceria surface &) was also investigated. Similar
D,O TPD features are observed, however, the desarpeimperatures of these features shift
slightly lower with the chemisorbed peak centere@2b K, the low temperature recombination
peak shifted to 325 K, and high temperature recoatlin peak shifted to 410 K. There are
however, two major differences between a fully med and a reduced surface. First is the
decrease in overall signal intensity, which is lgaseen in Figure 4.2 and has been previously
observed® This reduction in signal may be due to the Idssunface oxygen atoms that allow
for strong H-bonding of water to the surface. $elcand most notable is the presence of a new

peak centered at ~700 K. At the lowest exposuresongtion in this region appears as two
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peaks at 615 K and 740 K, which then appear toescal into a broader feature at 700 K at high
exposures. This new high temperature peak is agsdcwith water dissociation at an oxygen
vacancy which has been seen both theoretiéaiynd experimentally* **2and is therefore only
observed on reduced surfaces.

Although the water TPD peak positions in the sgeptesented in Figure 4.1 are shifted
to higher temperatures (~50-100 K) compared toelutserved by Mullins et al. on Cg(00),
they nonetheless have similar shapes and relatieasities®™ The shifts in temperature may be
caused by the differences in oxide thickness aadtipport. Mullins and co-workers grew their
films on Nb-doped SrTigX100)to a thickness of ~20 nm, while the films here wgrewvn on
YSZ (111) to a thickness of ~200 nm. Although thims of ceria (<50 nm) deposited on YSZ
(111F% *22and doped SrTiQ(100)** have been shown to grow epitaxially, thicker filar®
likely to be amorphous with a number of differeerniination structures (facets) and an
increased density of defects, e.g. grain boundasip edges, and under coordinated edges.
Water binding at these structural defects may lspaesible for the somewhat higher water
desorption temperatures observed for the thickesfused in this work?? However, it is clear
that our surface is not comprised of a (111) teatniom, which produced a lone water desorption
peak at ~175 K?* 123

It is also interesting to compare our water TPBults with a recent calculation by
Molinari, et al. who performed DFT calculations water adsorption and dissociation on (111),
(110) and (100) surfaces of Ce@ncluding the effects afoverage and surface reductigh. In
particular, they used DFT calculated adsorptiorrgige in an equilibrium model to predict the
temperature ranges for desorption of chemisorbeterwand recombination. Using their

calculated results at a pressure of'%bar for comparison, our observed TPD spectra rre i
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reasonable agreement with the calculated desorfgioperature ranges for the (100) and (110)
surfaces. Specifically, they predict that desomptf chemisorbed water occurs over the range
250 K - 300 K. These findings show our surfaceamposed of multiple facets consisting
mainly of (100) and (110) termination¥; 141 122 124

4.3.2 Water TPD from Cu/CeQ/YSZ (111)

Figure 4.2 shows a comparison of thgODTPD spectra between bare oxidized (eO
bare reduced (CeQ), and ~0.5 ML Cu/Ce&, samples. The addition of Cu nanoparticles to the
reduced surface results in increased adsorptiavatér over all three adsorption sites compared
to the reduced surface without Cu, bytDadsorption is still less than that of the fulkidbzed
bare ceria surface. Furthermore, the TPD peaktiposifor Cu/Ce@y have shifted to even
lower temperatures than the bare reduced surfatetlve strong chemisorption peak near 200 K
and the first recombination peak appearing mora stsoulder with an estimated peak position of
~290 K. The increase in water desorption at lowpemature for the Cu/CeQ surface is
consistent with adsorption of water on the (111 éH0) Cu surfaces (~150 — 175°k}?and
may result from a combination of water desorptiedatly from the Cu particles and at the Cu-
CeQy interface sites. Also, there is a broad featurgezed at ~575 K which is probably related
to the recombination peak observed for the bareaed ceria surface between 600-800 K.
Based on DFT calculations, the overall reductiorp@ak temperatures is attributed to charge
transfer from the Cu particles to the ceria suppdrich increases the electron density of the
surface oxygen atoms and lowers the binding enefgyater’? It should be noted that no,D

was observed in any of the TPD spectra which had seen previousfy?
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4.3.3 CO TPD from CeQ/YSZ (111) and Cu/CeQ/YSZ (111)

The adsorption of CO was also investigated as thés second reactant in the WGS
reaction. Figure 3 shows TPD spectrd®afO, mass 29, on bare reduced (Fig. 4.3a), ~0.5 ML of
Cu on both oxidized (Fig. 3b) and reduced (Fig. &mja, and ~1 ML of Cu on reduced ceria.
Unlike water, CO binds very weakly on these surdaceith only a single desorption peak
centered at 130 K on both the fully oxidized (nbbwn) and the reduced ceria surfaces. The
only difference is the lower peak intensity on tieeluced surface. Theoretical studies have
shown that CO has only one weakly bound state bara ceria surface, with a binding energy
(~0.2 eV) that is consistent with a physisorbed péak’ The calculations indicate that the
lower signal intensity on the reduced surface issed by the depletion of CO bonding sites,
which contain two surface oxygen atoms, which thare fewer of on a reduced surface.
Previous work has also shown that there is no Cfration on both oxidized and reduced ceria
surfaces (single crystal and thin film) above 306°*°and infrared spectra show evidence that
CO will only adsorb below ~200 K on ceria grown dr(11)**

The addition of ~0.5 ML Cu on the oxidized (Figyr&b) and reduced surfaces (Figure
4.3c) results in a new broad TPD feature centeteet2@0 K that extends out to 300 K,
suggesting that the state of the surface playe litile in the characteristics of the deposited
particles. At a higher coverage of ~1 ML (Figur8d), the CO TPD peak for the ceria support
is suppressed and the higher temperature TPD pEakries much more prominent with a peak
temperature centered at 175 K. The observed tetidincreasing Cu coverage suggests that
the broad TPD peak between 150-300 K results frdin désorption from the deposited Cu
particles and/or the Cu-ceria interface. Thisgmssient is consistent with CO desorption from

planar Cu surfaces, (111) and (110), which occur280 K* % Previous STM studies of Cu
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deposition on TiQand CeQ@TiO, have also shown that at a coverage of ~ 1 ML, Garasent
in the form of 3D nanopatrticles with a diameter~& nm and does not completely cover the
surface?® 12 Though 1 ML of Cu does not fully cover the sugdcmay sufficiently block CO
surface adsorption sites.

Figure 4.4 shows the effects of increasing flashealing temperature on the CO TPD
spectra for the ~0.5 ML Cu/CeQurface. The spectra in Figure 4.4 were obtaseepientially
by increasing the final temperature of each prewediPD scan. The TPD spectrum marked as
300 K corresponds to the as-prepared surface ahe isame as that shown in Figure 4.3b. The
TPD spectra remain relatively unchanged from 30009 K. This indicates that Cu
nanoparticles are thermally stable up to 500 Kweleer, once the particles are flash annealed to
600 K the broad feature begins to develop slightesetry toward higher temperatures. Upon
flash annealing to 700 K the broad feature now lbpgeinto a distinguishable peak centered at
~250 K and extends beyond 300 K. Figure 4.5 shbwsame effects for a ~1 ML Cu/CgQ
surface. This coverage was investigated to furtheeify the changes we noticed in the ~0.5 ML
sample. The spectrum in Figure 4.5 marked as 300d¢ again corresponds to the as-prepared
sample and is the same shown in Figure 4.3d. ®nhk ~0.5 ML sample, changes in the TPD
spectrum can be seen at temperatures as low ds,403 slight asymmetry to high temperature
may have been too small to notice on 0.5 ML cowver@ggure 4.4). This asymmetry increases,
until 700 K, when the peak splits into two distirghable features with maxima at ~160 K and
~280 K. However, the integrated CO desorption isitees from the as-prepared sample at 300
K and the sample flash annealed to 700 K are aafigntlentical. Hence, the total number of
CO adsorption sites remains unchanged with flashea@ing. Although STM studies of

Cu/CeQ surfaces have yet to be published, STM investgatiof vapor deposited Cu on the
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similarly reducible oxide, Ti@ (110), have reported the effects of surface hgatn Cu
nanoparticle size and morpholot¥: *** Assuming similar behavior for the Cu/CeGurface
studied here, we expect flash annealing to 700 Kegalt in somewhat larger 3D islands than on
the as-prepared surface at 300 K. As noted altbge[PD data in Figure 4.5 suggest almost no
change in total CO adsorption with flash annealimgich is consistent with a small change in
Cu patrticle size. Nonetheless, this does not @xple changes in the CO TPD profile as the
heating temperature is increased, especially flor~ttML Cu/CeQ, surface. It is possible that
the two CO desorption peaks at 160 K and 280 K& TtPD spectrum after flash annealing to
700 K are due to different facets on the “anneal€d’ nanoparticles, e.g., (111) and (100),
however, previous STM studies of Cu on Ti@10) surfaces do not provide any clear indication
of such faceted crystallitd§ 3% 132 Alternatively the Cu nanoparticles could be i
encapsulated by ceria, which has occurred for atretal nanoparticles supported on céfa®°
The partially encapsulated surfaces might be erpett have a CO desorption temperature
between bare Ced130 K; Figure 4.3a) and bare Cu nanopartictdsQ K) (Figure 4.3 b and
c), which is consistent with the low temperaturetipas of the CO TPD profiles after heating to
>600 K. The higher temperature portions of the €D Tprofiles afte600 K with peaks near
250 K (Figure 4.4) and 280 K (Figure 4.5) would regspond to bare portions of the Cu
nanoparticles. If we assume that the portionshef'{CO TPD for the 700 K flash annealed
surface with ~1.0 ML are characteristic of encapsal§100 — 200 K) and bare Cu surfaces (220
— 350K), we find that roughly 44% of the intensitgn be ascribed to the encapsulated Cu
surfaces. TPD measurements up to 700 K also show€u loss from the surface (not shown).
One possible explanation consistent with theserghgens is that heating to 700 K results in

partial encapsulation of the Cu nanoparticles bthia ceria layer and subsurface Cu still
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influences adsorption of molecules like CO (seeufégd.4 and 4.5). Since it is impossible to
determine the effect of flash annealing by TPD eJadditional measurements were carried out
using AES, XPS, and ISS studies which are sensitivihe surface atomic composition. The
results are discussed below.
4.3.4 Surface Composition using AES, XPS, and ISS

A combination of AES, XPS, and ISS were used toestigate the surface atomic
composition of Cu/Ce®surfaces that were subjected to increasing flasieaing temperatures.
Figure 4.6 displays the smoothed and differenti&E®& spectra of (a) the Ce (NOO, 87 eV) and
(b) Cu (LMM, 920 eV) regions from ~0.5 ML of Cu degited on oxidized ceria as prepared and
flash annealed to 700 K. After flash annealing7@® K, the Ce region shows a noticeable
increase in intensity (factor of ~1.3x) indicatiritat the amount of Ce exposed on the surface
has increased. This increase is consistent wihgtiowth of larger 3D Cu islands, i.e., and
increase in island height would expose more of dbea surface, however, our expectations
based on the CO TPD data and previous STM studesshat the size of Cu islands does not
change appreciably with high temperature heatiNtpre surprising, is the AES Cu data (Fig.
4.6b), which shows that the Cu AES signal decreaggsficantly after heating to 700 K. The
latter observation is not consistent with the faiora of 3D nanopatrticles; since the
concentration of surface Cu atoms would remain angkd (some reduction in the Cu AES
signal could result from the attenuated electromssion from Cu atoms in the interior of the
particles if the escape depth is comparable ta theight, ~1-2 nrff). As stated above no Cu
desorption was seen over the investigated temperednge.

XPS was also used to investigate surface atommeposition as well as to monitor

oxidation states of all species present. Figusadivs the Ce 3d region for the clean G&SZ
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(111) surface (black), after Cu deposition ~0.5 ML3@0 K (red), and after the Cu/Cg®0SZ
(111) surface was heated to 700 K (green). Thep@dtrum for the bare surface is consistent
with fully oxidized CeQ with the cerium atoms in the Eestate'®® **'*! Deposition of Cu
nanoparticles at 300 K results in a decrease irCt&d intensity, consistent with some part of
the ceria film being covered by the nanoparticléhe average decrease in peak intensity is
~55%, which agrees with our estimated Cu coverage®)d ML using the quartz microbalance.
Consistent with the AES data in Figure 5a, the @esRnal increases after heating the
Cu/CeQ/YSZ (111) surface to 700 K. The Ce 3d peaks amngo change uniformly in
intensity, indicating that Cu deposition and/or sduent heating does not lead to reduction of
the ceria film, i.e. formation of &

The XPS spectra for the Cu 2p region are showfigare 4.8. For both the as prepared
and subsequently heated Cu/Gefdirfaces, the Cu 2p can be assigned to metallic copper
(CW). The spectra also do not show any signs of akedlite peaks associated with the presence
of copper oxide$** After heating the Cu/CeGsurface to 700 K, the intensity of the Cu 2p
signal decreases, similar to what was observedhimCu AES data in Figure 5b. The better
signal to noise in the Cu 2p XPS spectra, compéoethe AES spectra, permits the loss of
intensity to be estimated at ~ 39%. Hence, if esgkgpion of the Cu nanoparticles by ceria is
occurring at higher temperatures, it is only pértxath ~40% of the Cu area covered at 700 K.
Moreover, the observation that neither the Cu nerc@re levels shift after heating indicates that
partial encapsulation does not induce substarigatrenic modifications to either the ceria film
or Cu nanopatrticles.

As a final probe of the Cu/CeQurface we used ISS, which has a penetration depth

only one to two atomic layers and is even moreigeago surface composition than AES or
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XPS. The ISS experiments were conducted on,@i&@s (100 nm) grown on a polycrystalline
gold substrate to reduce charging induced by thebeam which prevented ISS measurements
for CeQ/YSZ (111) surfaces. ISS of the bare Gefdrface produces only one broad peak
centered at ~850 eV. The addition of ~0.5 ML of @naparticles caused a new peak to appear
at ~783 eV. These positions are consistent withelexpected from calculations for Ce and Cu
respectively. Just as with AES and XPS, thereimearease in Ce peak (850 eV) intensity and a
decrease in Cu (783 eV) intensity (Fig. 4.9) upastf annealing. It is apparent that the Ce peak
is much broader than that of Cu, which we attridota combination of fully exposed Ce atoms
and those that fall in the shadow of the surfacdns causing ions to be scattered off Ce atoms
with a larger range of kinetic energis. The narrow Cu peak suggests that all of the
nanoparticles are located on the surface. Theesdeerin the Cu ISS peak intensity after heating
the surface to 700 K is ~40%, which is similarhie tlecrease in the Cu 2p XPS signal of ~39%
noted above. This calculated decrease is greaderthe 15-20 % loss that was seen due to the
sputtering effect of the ISS alone. Again, theatadare consistent with the Cu nanoparticles
being only partially encapsulated by the ceria.
4.3.4 Water Gas Shift Reaction

As with the Au/TiQ and Cu/TiQ surfaces, attempts to conduct the WGS reactiothen
bare and copper covered Ce8lurfaces resulted in no detectable products. eXperiments
were carried out using the pulsed valve set upilddtan section 2.2.2 above. In addition, TPD
experiments were conducted whergODand**CO were co-dosed on the surface. Once again
there were no detectable products and the orddosihg made no difference. Dosing of(D
and running the TPD in a background'3€0 (~1 x 10 Torr) also resulted in no detectable

reaction. These results do not indicate that $hggem is not active for the WGS reaction, just
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that these conditions may not contain enough médsowith appropriate energy for reaction to
take place.Previous work has shown this system to be reaatieer relatively low pressures of

~30 Torr which is only 4% of an atmosphere, but séleral orders of magnitude away from our
experimental reaction pressife.

4.5 Summary

Here we report a surface science investigationwpé@rticles deposited on Ce@Qrown
on YSZ (111) as a model catalyst system for the W&Btion. TPD of BD and**CO provided
insight in to the role that each component playdheWGS reaction. f© binds strongly to both
the fully oxidized and reduced surfaces of Ge@h recombination peaks at ~500 K and ~700 K
respectively. These peaks signify that there isatimted water (-OH) on the surface that is
available for reaction. The addition of Cu suppegssome of the water adsorption but still
allowed for water dissociation to occur and remainthe surface at temperatures high enough
for potential reaction. On the other harfdCO only binds on bare CeGsurfaces in a
physisorbed state, but the addition of Cu nanogesgtiallows for a new peak to appear in the
range of 150-325 K depending on the Cu surfaceregeeand the annealing temperature.

Flash annealing the Cu/Ce@nd Cu/CeQy surfaces to 700 K produced significant
changes in th&’CO TPD, AES, XPS, and ISS spectra. Specificallg, Eu 2p XPS and Cu ISS
signals showed ~40 % decrease in their respectiveigbials upon flashing annealing to 700 K,
whereas the Ce XPS and ISS signals exhibit a gonelng increase in intensity. Additionally,
XPS showed that cerium’s oxidation state did n@nge before or after Cu deposition or flash
annealing. Cu was deposited in the zero valentgltig state and remained that way even after
flash annealing. The CO TPD profiles show more mglem behavior with sequential flash

annealing. The overall yield of desorbed CO isesally constant, but the CO desorption
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signal assigned to encapsulated Cu surfaces makesi4i % of the overall CO desorption
intensity, which is in qualitative agreement witlet~40 % loss in bare Cu signals in XPS and
ISS
This is consistent with strong metal support iatdon (SMSI), which is usually

explained by encapsulation of the metal partickeshie oxide surfacE® Encapsulation by ceria
has been reported for Pt, Pd, Rh, Ni, and Au preshid*> *331%%ut at temperatures in excess of
700 K and usually in the presence aof H'he temperature dependent CO TPD (Figures 414 an
4.5) and the temperature dependent Cu 2p XPS (Inetgeratures shown) data both show that
there is a continuous evolution in their spectriaiclv could indicate that encapsulation begins at
temperatures even lower than 700 K. This means @haapsulation of Cu is kinetically
controlled but is the more thermodynamically faldeastate under our conditions. Whether this
encapsulation actually plays an important rolehegitactivation or deactivation, in the WGS

reaction needs to be explored further.
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Figure 4.1: Coverage dependent TPD spectra gd@adsorbed on (a) oxidized Cgénd (b)

reduced Ce@,.
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Figure 4.2: TPD spectra of BD adsorbed on fully oxidized Ce(black), reduced CeQ (red),

and ~0.5ML Cu/Cegx(green). All spectra were dosed with a backinggues of 0.6 Torr for 1

min.
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Figure 4.3: TPD spectra of°’CO adsorbed on (a) CeQ(blue), (b) ~0.5 ML Cu/CegXgreen),
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Figure 4.4: Temperature dependent TPD spectra®60D adsorbed on ~0.5 ML of Cu/CgQ@\s
prepared (black), flash annealed to 400 K (red)) BO(green), 600 K (blue), and to 700 K

(cyan). All spectra were dosed with a backing guwes of 0.6 Torr for 4 mins.
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(red), and flash annealed to 700 K (green)
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Figure 4.9: Temperature dependent ISS spectra of clear, @éxrk), ~0.5ML of Cu/Ce®

(red), and flash annealed to 700 K (blue).
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Chapter 5
5. An XPS Investigation of SrTiG;Rh : Role of Catalyst

Preparation

This section was published in Chem. Eng. J., 2230@-208, 2013
5.1 Introduction

The majority of current oxide semiconductor bapbdtocatalysts are only active under
UV light due to their large band gaps. Though mal like TiO, and SrTiQ are active for the
photocatalytic decompositions of various molecullesir performance is hindered by the portion
of the solar spectrum that can excite their ~3.2badd gaps® In fact only ~4 % of the solar
spectrum that hits the Earth’s surface has enougdrgg to induce the electron hole pair
formation in oxides like Ti@and SrTiQ.*** In order to take advantage of the majority of the
solar spectrum, discovery of new materials or modiions to existing photocatalysts must be
undertaken. Modifying strontium titanate (Srgjas garnered interest in recent years for its
ability to be easily doped with various cations (R, Cr, Pd, Ir, Pt, etc.), which induce states
into the band gap that allow for excitation via tbeer energy visible light> °” 144147

Among the various transition metal dopants exglpRh has stood out as one of the most
promising for the production of hydrogen. A rec#moretical study found that Rh-doping of
SrTiO; resulted in the best visible light drivern, ldvolution efficiency compared to five other
transition metal dopant§> This increase in efficiency can be traced to Rfitg an optimal
density of states located close to the valence baadmum (VBM). This position allows for a
narrowing of the band gap, while maintaining thepar conduction band minimum position for
the reduction of water (Figure 5.1). These add#@icgnergy levels also reduce the number of

potential electron hole recombination centers. ®p8mal density of states located near the
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VBM and the reduced number of recombination centense not found in the other investigated
metals. Another theoretical study, which explosadilar dopants, found that Rh was the only
metal dopant that allowed SrTi@ have its conduction band minimum above the matefor
H, evolution*’

Bae and co-workers conducted an experimental figag®n into the effect of Pd, Pt, Rh,
Ir, and Ru as cation dopants in the Sr¥li@ttice as visible light photocatalyst€. They found
that the addition of Pt and Pd showed little orviible light absorbance and ng Evolution.
This is attributed to the fact that the dopantstnfikely did not diffuse into the lattice and only
deposited on the surface due to the mismatch iic i@alii with Ti** cations they are expected to
replace. They also found that Rh produced apprateim 15 times more hydrogen than any of
the other dopants. In fact, it was also determitiad 1 mol % of Rh was the optimal dopant
concentration due to the high crystallinity of thesulting material, enhanced visible light
absorbance, and its minimized number of recomlmnatenters. These conclusions are in good
agreement with the previously published theorepeger-*°

As noted above, theoretical calculations sugdestincorporation of Rh into the lattice
of SrTiO; produces new states in the band gap that allowh@rabsorption of visible light.
Konta et al. were the first to propose that theogition was due to the presence of Rénd a
higher oxidation state, either flor RP*.>” The authors suggest that these ions would neighbo
each other and would undergo reversible oxidatiosh l@duction as the surface is exposed to
light. At steady state, most of the Rh present badltrivalent (Figure 5.2). Additionally, no,O
evolution was observed due to the inability of dopant to create an appropriate reaction center.
Despite the use of a sacrificial agent, the samglg still inactive because the RIRh*" acts as

an electron hole recombination site, thus not ehdoegg lived holes are available for water
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oxidation. A similar mechanism was proposed byakaand co-workers for their SrTi€Rh
catalysts, produced via the solid state reactionhatk that were used in conjunction with
BiVO,, to overcome the Devolution problent*® Here the authors present a mechanism that
requires both systems to be in intimate contadt witch other and the presence of'Rir RH'*

to facilitate inter-particle electron transfer,oaling for holes to oxidize water to,n the
BiVO, particle and the electrons to reduce water onSHEO;:Rh particle. Unfortunately,
neither system was studied using XPS to elucidatevalidity of their proposed presence of
Rh**, RH", or RP*. Though both proposed mechanisms are reasonteleyresence of an
oxidation state other than Rhseems unlikely due to the charge difference thaulsv be
induced in the system since Rh ions are replacifigidns. Furthermore, the difference in ionic
radii of RF* and RR* compared to Ti would cause lattice strain that could alter the
crystallinity of the particles.

A recent study of SrTi@Rh, produced via a modified areogel method, wasdao have
similar H, evolution reactivity to the above systetfi5. The authors found a direct correlation
between varying the catalyst calcination tempeeatand changes in surface area and
crystallinity; both are known to affect the overprformance of the catalyst. Once again a
proposed mechanism of an inter play betweef' Rhd R#* was proposed, which they were
able to confirm via XPS. However, the authors wid provide details regarding the oxidation
states of Sr, Ti, or O species in the sample aleutated stoichiometry to confirm or deny the
expected substitution of Rh for Ti. Furthermorke tspectra lacked any evidence of the
appropriate doublets to confirm their assignmehts® Rh oxidation states.

Here an XPS investigation into the doping of Sali®ith Rh prepared by the

polymerizable complex (PC) method, solid state reaq SSR) method, and the hydrothermal
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method was conducted in conjunction with photogétakeactivity measurements, which will
not be discussed. Each preparation produced stalyat had Rfi ions substituting for 1.
However, the PC method samples exhibited greasdilisy upon annealing. This information
provided insight into the enhanced activity the BRt@thod showed over the SSR and

hydrothermal methods.
5.2 Experimental

The experiments detailed in this chapter wereedwut in the UHV chamber described
in section 2.1 using XPS explained in section 2.2Fhis work was part of a collaboration
between Peichuan Shen and Prof. Alexander OrlaingSBrook Univeristy) who prepared the
SrTiOs:Rh sample$*® The samples were produced via three differenhoust: polymerizable
complex method, solid state reaction method, aredhtydrothermal method. Each procedure
will be briefly described to highlight their diffences as amended from the procedures detailed
by Shen et. al*®

A novel application of the PC method began byalissg Ti(OiPr), in a solution of
methanol and ethylene glycol. While the soluticasweontinuously stirred, citric acid was added
followed by SrCQ@. The resultant solution was stirred at 50°C umtbecame transparent, at
which point the Rh(Ng)s; was added. This solution was then stirred at C3@ promote
polymerization. The mixture was then heated toeksrate the evaporation of water and
methanol. The polymer was then heated at 400°G@worhours to remove any excess liquid.
The resultant powder was then calcined at 500°@nges containing 0.7, 1.0, and 5.0 mol % of

Rh were produced.
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The more straight forward SSR reaction is achiegdcombining SrCg TiO,, and
Rh,O3 powders in the desired stoichiometric ratio. T&ture was then heated at a linear rate
to 500°C where it was held for 10 hours.

The hydrothermal method starts with an appropmatdar ratio mixture of amorphous
TiO, particles, Sr(OH)xH,O, and Rh(N@)s-xH,O dissolved in distilled water. The solution
was then dried at 180°C for 12 hours. The resmlgroduct was washed with acetic acid and
deionized water. The ensuing powders were theaddvernight at 60 °C.

X-ray photoelectron spectroscopy was employettestigate the oxidation states and
chemical composition of the species present. dieroto prepare the powders for use in the UHV
chamber, ~40 mg of sample was pressed between tytatss at a pressure of ~2000 psi. One
of the plates (Figure 2.3) was then mounted onhttider shown in Figure 2.2. XPS spectra
were obtained using unmonochromatized Al (486.6 eV) radiation. Element specific spectra
were taken at an analyzer pass energy of 35 e, avitep size of 0.2 eV, and dwell time of 0.5
sec. Each region was signal averaged for 5 scatepefor Rh which was averaged over 20
scans to improve the signal to noise ratio that avassult of the low rhodium concentration in
the samples. Analysis of the XPS spectra was pedd using Presents software. The O 1s
peak at 529.5 eV of SrTiwas used to calibrate the energy scale to whickhal measured
binding energies were adjust€d. ™° A Shirley background was applied to the specthéchy
were then fit with an appropriate number of pealk$e fits were allowed to optimize without
constraints as long as a reasonable FWHM (belowA3&ed goodness of fit were obtained. In
cases where a FWHM greater than 3 eV occurred hwidhd/or known peak separations were

fixed to one another, until an acceptable fit welsieved. The atomic sensitivity factors of 0.63
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(O 1s), 1.1 (Ti 2py), 1.05 (Sr 3d), and 1.75 (Rh 530l were used to correct for differences in

photoemission cross sections to obtain relativeasaratomic compositiorfS.
5.3 Results and Discussion

Figure 5.3 shows the XPS spectra for (a) Sr 3d,T{(l®p, and (c) O 1s spectra for as
prepared SrTi@Rh (1 mol%) synthesized by the PC method. Thetspdor Sr and Ti both
contain one doublet, which indicates that theren$y one oxidation state of each element
present. Sris present in its 2+ oxidation state\adenced by the peak position of the3oeak
centered at 132.3 eV. Ti is present as 4+, whscbonfirmed by the 2p peak positioned at
458.1 eV. The O 1s spectra showed 2 peaks, wioickspond to lattice oxygen (529.5 eV) and
OH species on the surface (531.8 eV). These spaptrrepresentative of all the doped samples
investigated for the PC method, as well as the 1%4m8SR and hydrothermal methods (not
shown). All peak values are in good agreement litighature value§’ 120 149151

The Rh 3d XPS spectrum of the as prepared SrRiO(1 mol%) sample produced by the
PC method is shown in Figure 5.4. The spectrum fittesl with a doublet indicating only a
single oxidation state. Here rhodium is presenthe4+ oxidation state as evidenced by g,3d
binding energy of 309.3 e¥?! The as prepared SrTi®h (1 mol%) sample synthesized by the
SSR method (Figure 5.5a), exhibited a similar Rhspeéctrum to that of the PC method.
However, the hydrothermal sample (Figure 5.5b) shthe presences of two Rh species* fh
the dominant species; however; there is a notieeabhtribution to the overall spectrum from
the presence of Rh

When the samples were annealed at 850 K in vadau®0 min, the XPS spectra of the
SSR, and hydrothermal samples became distinctligrdiit. As shown in Figure 5.6a, the Rh 3d

spectrum for the hydrothermal sample showed areaser in the amount of Ripresent. A
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similar behavior was also seen in the sample peepaia the SSR method (Figure 5.6b). The
appearance (increase) of Réuggests that some of the ‘Rlin the as synthesized SSR and
hydrothermal samples exists as a surface oxideghnkithen converted to metallic nanoparticles
during high temperature annealing. In contrast, R 3d spectrum for the PC sample (Figure
5.6¢) was essentially unchanged after annealing;hwtan be seen by the retention of a single
3d doublet assigned to Bh These results indicate that the*Répecies in the PC samples are
located mostly in the lattice, whereas the SSRigmtiothermal samples have Rh located in the
lattice as Rfi" and on the surface as nanopatrticles, either aside (before annealing) or metal
particle (after annealing). Moreover, annealing tamples did not cause any significant
changes in the binding energies of the Sr, Ti, droth the literature reported values for SrfiO
The robustness of the PC sample was also confilmeitie consistency observed in the XRD
patterns (not shown) for samples of varying Rh eot@tions and for the 1 mol% samples
calcined at different temperaturés.

In addition to the 1 mol% PC sample, a completees®f XPS spectra were taken for the
0.7 and 5.0 mol% samples as well. Their peak jpositand assignments are detailed in Table
6.1. All binding energies for each sample weresesiant with each other and are also in good
agreement with the literature values for Sr#hd Rh oxide (Rh§.X*°**! It should be noted
that in general the Rh 3d peak widths (FWHM) fog fAC samples were wider (~1 eV) than
those for the SSR and hydrothermal samples, howspectra of the PC samples could only be
fit by a single 3d doublet. This result is corsigtwith the earlier assignment that the*Rh
species in the PC samples is located in the lattice

The observation of Rfin all the samples is consistent with the expéemathat RA*

would most readily substitute for “fibased on both charge balance and the similaritaiion
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size. The relative elemental concentrations obthiftom the XPS data for the PC samples,
however, actually show that the?Sabundance changes with the Rh substitution, whetiea
Ti** abundance is roughly constant (Table 6.2). Theutsted stoichiometries were determined
using the corrected peak areas and by fixing theevaf oxygen to 3. Due to the limited escape
depth of the electrons sampled by XPS (~1.5 nm3, litelieved that these calculated ratios are
more representative of the surface and less soedbulk material. It is well known that SrT3O
surfaces can be SrO or Ti@rminated or a mixture of both, depending on grapon method
and post synthesis treatmefts. This is more clearly seen in the overall stoiahétry of the Rh
doped PC samples, which suggest that the 0.7 &nthdl% samples are Sr rich while the 5.0
mol % is Sr deficient. These compositions aredveli to be indicative of the surface and not
the bulk, since such large changes in the stoickionshould have resulted in more significant
changes in the XRD patterns (not shown) which aseerbulk sensitivé?®

Shen et. al conducted photocatalytic tests ofRlle SSR, and hydrothermal 1 mol%
(most active concentration), using an aqueous isoldf 20 vol% methanol and a 300 W Xe
lamp equipped with UV and IR filters. Their tegfishowed that the sample prepared by the PC
method had the highest overall amount of hydrogertved both with and without the addition
of a Pt co-catalyst. This is in good agreemenh e presence and stability of the*Rthat is
found predominately in the lattice of the PC sampiather than the SSR and hydrothermal
samples that had Rh in the lattice and on the seirfa he latter species is likely to play no role
in altering the band gap of SrTiOThe presence of Rhin the lattice is in good agreement with

what has been seen and theorized previously faO81h photocatalysty. 144147
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5.4 Summary

This is the first XPS investigation of Rh dopedli®; samples produced by three
different methods. The XPS results showed thatdBbing of SrTiQ using the PC method
results in the substitution incorporation of*Rbations in the lattice. Stoichiometry calculation
based on the XPS areas, show that on the surfd€® €scape depth of ~1.5 nm), Rh seems to be
substituting for the Sr atoms; however, this is midgly only a surface feature as there are no
noticeable changes in the XRD patterns for theiagrgoncentrations of Rh. By comparison Rh
is present both in the lattice and on the surfac¢he samples produced via the SSR and
hydrothermal methods. The presence of Rh on tfacias nanoparticles will have no effect
on altering the SrTi@band gap to enhance its ability to adsorb vidliglet. The uniformity of
the RH* in the lattice for the sample synthesized by th@ fethod is one of the key
characteristics for the enhanced visible light cehli photocatalytic activity. This study shows
that the combination of surface science techniq(es XPS) with ex situ reactivity
measurements can be a powerful approach for uatkelisg and improving catalyst preparation

and performance.
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redox potentials for water splitting.
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Figure 5.3: Fitted (a) Sr 3d, (b) Ti 2p, (c) O 1s XPS spedcidhe as prepared SrTi{®h (1
mol%) produced by the PC method. Black squareshareriginal data, black line is the overall
fit, red line is the SF, Ti*, and lattice oxygen fits (respectively), and blire is -OH fit.

Spectra are representative of the sample syntltebizéhe SSR and hydrothermal methods.
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Rh*" fits.
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Figure 5.5: Fitted Rh 3d XPS spectra of the as prepared SmRIO(1 mol%) produced by (a)
SSR method and (b) hydrothermal method. Blackreguare the original data, black line is the
overall fit, red line is the Rfifits, and blue line is the Riliit

81



Intensity (a. u.)

——————r——r——r——r——
304 306 308 310 312 314 316 318 320
Binding Energy (eV)

Figure 5.6: Fitted Rh 3d XPS spectra of Srgi®@h (1 mol%) samples prepared by (a)

hydrothermal method (cyan squares), (b) SSR meffemtisquares), and (c) PC method (black

squares) after a 30 min anneal at 850 K. The Hiaek are the overall fits, the green lines are

the RH" fits, and the blue lines are the Hits.
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Sample Exp. BE (eV) AssignmentAdjusted Area
SrTiO3:Rh (0.7 mol %)

Rh 309.0 RH()O, 197.41 (3¢)
Sr 132.5 SA)TiO; 10493.70 (3d)
Ti 458.2 SrTif")0s 6664.72 (2p2)
o1 529.5 SITIQC" 22297.20 (1s)
02 531.9 OH 5619.40(1s)
SrTiO3:Rh (1 mol %)

Rh 309.3 RH()O2 248.33 (3¢h)
Sr 132.3 SA)TIO3 12185.20 (3d)
Ti 458.1 SrTifhH03 7769.77 (28)
01 529.5 SrTio3Y) | 25074.10 (1s)
02 531.8 OH 7875.03 (1s)
SrTiO3:Rh (5 mol %)

Rh 309.3 RH(O, 546.99 (3¢)
Sr 132.4 SA)TiO; 5733.57 (3d)
Ti 458.0 SrTit")0s 7092.11 (2g»)
o1 529.5 SrTiO34) 22042.70 (1s)
02 531.2 OH 2977.10 (1s)

Table 5.1: Summary of binding energies, assignments, and leéézliareas of each atomic

species for SrTi@: Rh (0.7, 1, 5 mol %) prepared by the PC method
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%Rh? | Rh/O Ti/O | Sr/O | Sr/Ti Rh/Ti | Rh/Sr Calculated
Stoichiometry
Rh:Sr:Ti: O
0.07 0.01 0.30 0.47 1.6 0.03 0.02 0.03:14:069
1.0 0.01 0.31 0.49 1.6 0.03 0.02 0.03:15:09
5.0 0.03 0.32 0.26 0.8 0.08 0.09 0.07:0.8:BO

& Mole percent of Rh precursor

Table 5.2: Summary of compositional ratios determined using fhted XPS peak areas

corrected for elemental sensitivity factors. Chlted stoichiometries was determined using the

corrected peak areas and by fixing the value ofjeryto 3.
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Chapter 6

6. The Surface Composition and Water Interactions o Various

Lanthanum Titanate Perovskite Photocatalysts

This work is to be published
6.1 Introduction

The WGS reaction is not the only way to producerlaydrogen. Water can also be
photocatalytically split into its base componeritfiydrogen and oxygen. This process has two
major advantages over other hydrogen productioersel; it consumes no fossil fuels and also
does not emit any form of greenhouse gas. Phaiytiatwater splitting also has the advantage
of using the most abundant resource on the plafgd, which covers ~70% of the Earth’s
surface. Also, if the end products are utilizedparly, this H generation process can be
completely renewable. Using light to create endrgy been something Mother Nature has been
doing since the first organism used chlorophythéisorb sunlight and convert carbohydrates into
chemical energy. However, photochemical waterttspdi only requires water and light to
produce useable energy. To date, 0xXités > °° oxysulfide&®, and oxynitride¥” *****°have
shown promise for use in photocatalytic water spit

Over fifty years ago, Honda and Fujishima, fouhdt a TiQ electrode coupled to a
platinum black electrode can facilitate the phadoiced splitting of wate® The authors found
that when the Ti@electrode was irradiated, current flowed to thatiptm electrode from the
TiO, electrode. This electron flow (current) indicatieat water is oxidized to form oxygen and
hydrogen ions at the TiOsurface, while the hydrogen ions are reduced tonfél, at the
platinum surface. A recent review of the surfaceersce studies conducted on %i@s a
photocatalyst contains over 1500 references since the initi@caliery by Honda and
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Fujishima?® This review highlights the various forms of TiQ.e. anatase and rutile) and their
interactions with numerous adsorbates. More impdstathe insight gained from the molecular
understating of bulk phenomenon (such as photoorptisn) and how they relate to surface
events. The additions of metal co-catalysts &t, Ag, Pd, Rh, and Cu) have also been
extensively studied. Though each has it own unifpatures for specific reactions, they all
promote charge carrier separation, with electraawumulating on the metal and holes on the
oxide>®

As stated above, TiObased systems have been studied for over fiftyrsyea
unfortunately, due to its large band gap, ~3.1 @Misionly an active photocatalyst under
ultraviolet light. In order to utilize more of theolar spectrum, the band gap needs to be
decreased so that visible light, which constitikesbulk of the available solar spectrum, can be
used to initiate electron-hole pair formation (Fgb.1). This process is vital for photocatalysis.
Cation or anion doping can create compounds thatago new states near the valence or
conduction band of a semiconductor. Materials @esag a layered perovskite structure have
also been shown to be promising as water splifiimgfocatalysts. Domen and co-workers were
some of the first to show that niobates with patamsor rubidium (LaNbsO;, Ln = K, Rb) to be
effective water splitting catalystd®**® Though these systems showed activity, the additio
nickel into the layers allowed for the stoichiomegvolution of H and Q.

Lanthanum titanates are another class of layeexdvpkites, which have a surface
structure of (1105°% **° There are of particular interest in the work préed here and have
been shown to photo-decompose orga&hi¢s'and show high water splitting activity.>® % 162
154 Domen and co-workers have shown that sTi@wders co-doped with La and N can be

effective photocatalysts under visible light foetbomplete decomposition of acetaldehyde to
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CO,.1% It was found that the addition of the La limitdte creation of Fi and other lattice
defects, while the N doping added additional eteutr states into the band gap to allow for the
adsorption of visible light. The photo-decompasitiof oxalic acid, a very common industrial
pollutant, has been achieved using a lanthanunicatide doped Ti@ powder’* The I doping
exhibited similar behavior to Ndoping and allowed the band gap to be shifted tinéovisible
region. In this experiment the La did not incogderinto the lattice but formed 1@ particles
on the surface. These particles are believed dy pl role in suppressing recombination of
electron hole pairs. This is a vital characteristt any “good” photocatalysts because charge
carrier separation is what allows for efficient gwotion of H (electrons) and £(holes).

Lanthanum titanate powder, {Ja,0O;, has been studied as a photocatalyst for water
splitting>® *° Like most (110) layered perovskites ;L&O; exhibitsan extremely low rate of H
evolution. However, the addition of a NiQarticle co-catalyst greatly enhanced the sample’s
ability to split water under UV irradiation. Theitaors found that 1 wt% NiQOsupported on
La,Ti,O; produced H at a rate nearly two orders of magnitude gredten fTiQ and SrTiQ.
They attribute this enhancement to longer livecttedd hole pairs that exist as a result of the
natural layering of the perovskite sample and tifieient electron hole separation between the
perovskite and NiQ The authors also found that the reduction okewttkes place on the NjO
particles and oxidation takes place on the surfdi¢be perovskite, further emphasizing the roles
the particles and the perovskite play in this pssce

Oxynitrides, created from layered (110) perovskil@e another class of photocatalysts
that have gained interest in recent years duesio ébility to split water under visible light: *>*
15,165 |n addition to catalytic activity, oxynitrides Ve been found to be stable in various

chemical environments, including acids, and alsdigh temperatures in air. These unique
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characteristics make them even more promising asilple photocatalysts® Domen and co-
workers have conducted several experiments regardire preparation and resulting
photocatalytic performance of LaTi®. Using DFT, they found that the valence band wa
made of mainly N 2p orbitals, rather than O 2p tatbi of traditional oxides (i.e. TiOor
SrTi0s).'%° This change in the composition of the valencedbsmucture lowers the band gap
from ~3.8 eV (LaTi,»0;)** to ~2.2 eV allowing the use of visible light to @rcelectrons to the
conduction band. Furthermore, the band positiores saich that both half reactions are
possible’® The addition of a co-catalyst (TiGbr IrO,) was found to greatly enhance the
photocatalytic activity of the oxynitrides.

To date, this is the first surface science expeninto investigate the surface atomic
composition and water interactions of single cigstd LaTi,O; (2-2-7), LaTisO,7 (5-5-17) and
a nitrided 2-2-7 crystal, which produced a film hwén overall stoichiometry of LaTi. AES
and XPS were used to determine surface composiifitwe. 2-2-7 and 5-5-17 crystals were found
to have compositions similar to the proposed stmadiry. On the other hand, the nitrided 2-2-7
exhibited stoichometry and oxidation states thatewet consistent with the expected LagNO
TPD was employed to investigate these systemgaaten with water. These experiments have
revealed that despite the high activity of the pewdatalyst equivalents, water only binds
molecularly and only to slightly above room tempeara. A UV diode (365 nm) was used to try
and induce electron-hole pairs to facilitate tresdciation of water.

6.2 Experimental

Experiments in this chapter were conducted in thB/¢hamber detailed in section 2.1
using TPD, AES, and XPS techniques detailed ini@ecR.2 of this dissertation. Only

experimental specific details will be given hefghis work was part of a collaboration with Dr.
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Limin Wang, Dr. Polina Burminstrova, and Prof. Rdfdalifah (Stony Brook University) from
whom the samples were received. The 2-2-7 andlLB-Brystals were grown using a floating
zone furnace. First, L&z and TiQ powders were mixed in a stoichiometric ratio aattioed
at 1300°C to produce 2-2-7 powder. The powdertiwas pressed into a rod with a diameter of
~5 mm and sintered at 1300°C for 24 hours in ainalfy, the rod was placed in the floating
zone furnace where four high intensity lamps werai$ed into a spot size of ~4 mm, forming a
melting zone with a temperature in excess of 1800Ffe 2-2-7 and 5-5-17 crystals were grown
in pure oxygen and a reducing (Ag/H 98:2) atmosphere, respectively. The moltenthmsh
crystallizes as it cools to form the native crystdlhe resulting cylindrical crystals were then
cleaved along the growth axis using a razor bladéogne, which applies even force across the
width of the entire blade. The cleaved crystalseanthien cut to fit within the sample holder
(Figure 2.2). The side in contact with the Mo elatas polished using a water cooled counter
rotating polishing machine equipped with 1500 gahdpaper. This was done to ensure optimal
contact between the crystal and gold foil to pramibtermal conduction. It also ensured that
when the Mo mounting clips were tightened, presswas applied across the whole surface and
not to a point, which could cause the crystal tealar A 2-2-7 crystal was nitrided by
ammonolysis to produce a LaTi® film (~1 micron), here after referred to as nigud2-2-7.
Ammonolysis was achieved by heating the 2-2-7 atyst a tube furnace to 900°C for 120
minutes under an 80 ml/min NKow.

The samples were studied using temperature progesihdesorption to investigate their
interaction with water. ED (m/e = 20; Sigma Aldrich) was used to avoid ifeence from
background HO (m/e = 18) in the vacuum chamber and was sulajéot8 freeze-thaw cycles to

remove any dissolved gases. The samples wereiraggbated using a UV diode (365nm,
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Prizmatix), before and after dosing, attached ® ¢hamber via a UV/Vis SMA feedthrough
(Accu-Glass). The vacuum side of the feedthroughk aquipped with a collimator (Accu-Glass)
to focus the light to a spot size of ~12 mm diametdrich was large enough to completely
cover the sample.

Auger electron spectroscopy was employed to mouoitgstal cleanliness and determine
surface composition. The experiments were carmogdwith an incident energy of 1.5 keV,
which excited the La (NOO, 83 eV), Ti (LMM, 390 evVand O (KLL, 510 eV) Auger
transitions”> The surface concentrations of La, Ti, and O aterese determined by comparing
the Auger signal intensities corrected for thelatige sensitivity factors: 1.4501 (La), 1.2155
(Ti), and 1.2571 (O) as per equation £2AES experiments were not conducted on the niiride
sample due to the overlap of the N (KLL, 389) andLMM, 390) transitions and the absence of
other characteristic transitions over the energgeahat we could investigate.

X-ray photoelectron spectroscopy was employedvestigate the oxidation states of the
species present. Elemental specific spectra (LaTB@p, O 1s, and N 1s) were taken at an
analyzer pass energy of 35 eV, a step size of 0,2aed a dwell time of 0.5 seconds. Each
spectral region was signal averaged for 5 scamm& O 1s peak of 529.8 eV, which gave similar
results when compared to adjusting the energy doadelventitious C (285.0 eV), was used to
calibrate the energy scale to which all measuradibg energies were adjusted due to its better
signal to noise rati®® The fits were allowed to optimize without comastts as long as a
reasonable FWHM (below ~3 eV) and goodness of fievabtained. In cases where a FWHM
greater than 3 eV occurred, widths and/or knowrk gsgparations were fixed to one another,

until an acceptable fit was achieved. The surtameentrations of La, Ti, O, and N atoms were
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determined by comparing the area of the fitted peairrected for their relative sensitivity

factors: 6.7 (La 3gb), 1.1 (Ti 2py,), 0.63 (O 1s), and 0.38 (N 1s) as per equatiofi’2.2
6.3 Results and Discussion

6.3.1 Surface Composition using AES and XPS

The smoothed and differentiated AES spectrum a&fisO,; (Figure 6.2), which was
identical to that of the LA&i,0; crystal, shows a surface that is lanthanum ricth @axygen
deficient. After adjusting for the elemental sémiy and normalizing to La, it was found that
there is ~2.25x more La than Ti and approximatelyagé@mounts of La and oxygen, resulting in
an experimental stoichiometry of 1:0.45:1.38 (Tabl&). This is contrary to the expected
1:1:3.5 stoichiometry. Though AES is a global ssgntation of the surface it does not
necessarily represent the bulk of the surface dubé electron escape depth of ~5 A, which is
equivalent to about 3 atomic layers for this syst&mit is also known that the after ~2 A, the
electron signal is attenuated by 30-50%, dependingts elemental origin®® These factors
suggest that the surface may be La rich but nassegily the bulk. Again, AES was not carried
out on the nitrided 2-2-7 sample due to the oveoliaihe N and Ti observable Auger electrons.

Figure 6.3 shows the XPS spectra for (a) La 3dJ{(p, and (c) Ols of 2-2-7, which are
identical to those the 5-5-17 crystal. The La Bdctrum is made up of 2 distinct doublets, the
3ds2, 3ds2 and their corresponding satellites. These lowedibg energy satellites have been
seen previously’’ and have the same 16.7 eV spin-orbit splittingthier proving their
assignment. The peak position of the3dt 834.1 eV is consistent with the*Laxidation state,
which is expected and has been seen previdlsThe La 3d spectrum also contains 2 additional
satellites. One appears as a shoulder at 847dhd\the other as a defined peak at 864.9 eV and

are due to the La (MNN) Auger transitioff&.
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The Ti 2p region (Fig. 6.3b) shows a single detiblith the 2p, peak located at
458.6 eV, which is consistent with “Tiand which is the expected oxidation state for géhes
compounds> ***Figure 6.3c shows the O 1s XPS spectrum and centaio features. The
major component located at 529.8 eV is assigndattioe O-atoms' > The second, the minor
component located at 531.9 eV, is consistent wadgoebed water (from the background) on the
surface'®® Unlike AES, which is more surface sensitive, théulated stoichometry via XPS is
1:1:3.8 (Table 6.1), which is in good agreemenhwite expected 1:1:3.4. This difference in
calculated stoichiometry is due to the ability lo¢ telectrons created during XPS to escape from
~2.5 nm rather than the ~0.5 nm for AES, thus progdi representation of the bulk compared
to the surfacé®® This proves that that what is seen in the AESutations is the result of a La
rich surface termination.

The nitrided 2-2-7 sample showed similar La 3d @nils spectra as those seen in Figure
6.3 and thus will not be discussed further. Figb#a shows the N 1s XPS spectrum, which
consists of a single peak at 395.6 eV and is asdigm nitrogen bound to titanium ad N*>* No
other nitrogen species, e.g., molecular, Were present over the range investigated, which
covered a larger energy region than that shownigaré 5.4a. Though the La 3d and O 1s
spectra were nearly identical compared to the pe2etr7, the Ti 2p (Figure 6.4b) was very
different. Titanium is present as both*Tand Tf* in the sample as evidenced by the asymmetry
in the peaks and the position of the fitted Tiz2peaks at 457.1 eV and 458.8 eV,
respectively>® This is not unexpected since the ammonolysislteesu an G species being
replaced by N, and this change in charge is mostly likely bagghby a Ti reduction from 4+ to
3+. Here a Ti/Ti*" ratio of ~3.8 was calculated using the area ofr ttesipective XPS peaks.

However, this ratio does not agree with what haenbseen previousf{y®> Masuda and co-
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worker found that their nitrided 2-2-7 system isngmised of either equal amounts of ‘Tand
Ti®* or an excess of fiwith increasing nitrogen content as seen by XPey attributed this to

a difference in anion electronegativity, resultinga more ionic bond between Ti and O than Ti
and N. Thus O-atoms pull more electrons from théh@n N-atoms and this effect is greater
than the difference in the anion’s oxidation stat, G and N. It should be noted that their
lowest O/N ratio is ~7 which is ~2 times greater tlaam calculated ratio of ~3.4. This
difference in O to N content could make the ani@xXglation state a more important factor than
its electronegativity, resulting in more®*Tihan Tf*.

It has already been shown that the sample is @ die to the O/N ratio, however, a
calculated stoichiometry of 1:0.94:2.09:1 (Tablg)6s obtained and it is apparent that the other
components are close to the projected LaMiGtoichiometry. A previous study has shown that
annealing TiN in an @atmosphere at temperatures in excess of 550 Kreslilt in a change
from TiN to TiON to TiG.}"® Efforts were taken to replicate these results gnoduce an O/N
ratio similar to those seen previously, 27by annealing the sample at 800 K in a backgrodnd o
2 x 10° Torr O,. The reported change from TiON to Bi€hould shift the Fi/Ti*" closer to 1.
However, as can be seen in Figure 6.5 only a mmual increase was seen in the O/N ratio and
it never approached the previously reported valkes$6; this treatment also resulted in a
Ti**/Ti* ratio (~3) that was constant over the time investiga This resiliency to undergo
change may be due to the relatively low pressu@,pivhen compared to atmosphere, but more
importantly could be an indication of the robustesthe surface, a desirable characteristic of a

commercial catalyst.
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6.3.2 O TPD from La;Ti,0O7, LasTisO17, and Nitrided La,Ti,0O7

Figure 6.6 shows the TPD spectra ofODcoverage dependence on (a)pTigO;, (b)
LasTisO17, and (c) nitrided La&1,0;. The 2-2-7 and 5-5-17 single crystals have vemyilar
TPD profiles, with a single feature appearing & &land 260 K, respectively, for the lowest
D,O dose. As water coverage increases, these feanoeease in intensity and shift to lower
temperature, 250 K and 230 K, which is indicatifehe repulsive interactions between water
molecules. Even though these features shift teetamperature they still extend to ~325 K.
These higher temperature features are assignesstoption of chemisorbed water. Before these
higher temperature features saturates, a new &appears at 200 K for both surfaces. The
peaks for a saturated dose for both the 2-2-7 abd B are similar to those seen on the fully
oxidized surfaces of Ti(110Y* "*and TiQ terminated SrTi@(100)"* surfaces, where the low
temperature peak can be attributed to a second tywater that is hydrogen bonded to the
chemisorbed layer or a simple physisorbed laydre most important aspect of the TPD profiles
is that there is no observed peak above 350 K,wisicharacteristic of dissociated water. This
thermally induced dissociation is attributed to e@vainteracting with oxygen vacancies and is
seen at ~500 K on reduced Fi(210)* and at ~700 K on CeQ%

Figure 6.6¢ shows the,D coverage dependence TPD for nitrided 2-2-7s #imilar to
those seen for its parent crystal (2-2-7) and tbel¥, both described above. However, there are
3 different aspects to the adsorption/desorptiorwafer from its surface. First, even at the
lowest coverage in which a measurable signal wéairedd, there is the presence of 2 features,
rather than one. The high temperature peak staré® even lower temperature of 240 K and
shifts to 205 K at saturation. This peak is 255-Ki lower than that for the single crystal

surfaces; however; it is still assigned to moledylahemisorbed state. This is due to the fact
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that the peak saturates and exhibits a shift tetdemperature as seen on the 2-2-7 and 5-5-17
single crystals. Furthermore, this peaks desamgonperature occurs at a similar temperature
to chemisorbed peaks for Ti® ?and SrTiQ.*"* The low temperature peak, which is always
present and is less intense than the high temperptak, initially appears at a temperature of
180 K and shifts to 155 K. This peak also satgratethe same dose as the high temperature
peak and is assigned to a second layer of hydrbgeded water. The lack of an apparent
physisorbed layer may be a result of the dosingp&eature, 107 K, being higher than the
desorption temperature of physisorbed water onstiniace.

Though the desorption temperatures for each afetianthanum titanate samples are
different, they are all in within the same genéeahperature range and thus originate from water
bound to the surface in similar manner. The higherperature is likely due to water directly
bound to either the La or Ti atoms on the surfacgist below the bridging oxygen. The lower
temperature peak than likely results from a sectind” layer hydrogen bonded to this
chemisorbed laye?

Attempts to create O-vacancies by high temperatumeealing and light sputtering,
known to induce vacanci€s proved to be unsuccessful. It is know that Oamates have the

ability to decompose water to form OH grodps’® 2

which may have been a precursor to
complete water splitting. The resultant TPD pexfi(not shown) did not show a presence of a
peak at temperatures greater than 350 K and lonkady identical to the native samples, with
only a minor loss in signal to the chemisorbed pmakhe sputtered surfaces. That loss in signal

is most likely due to an altering of the surfacenposition and morphology due to the

differences in weight of Ti and La, since lightéraents are preferentially sputtered.
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The appearance of a recombination peak in the §pdatra for the 2-2-7, 5-5-17, and
nitrided 2-2-7 samples were also studied via exgosn UV irradiation (365 nm) both before
and after DO dosing. UV exposure times up to 10 minutes teduln no change to the
subsequent TPD spectra. This method has been | usefdetermining the products of
photoinduced reactiorf§.*"? The lack of a recombination peak does not meesetlsystems are
ineffective as a water splitting catalyst, justttbar conditions, i.e. diode power, water exposure,
and catalyst surface area, are not optimal forystigdwater splitting over these systeffis.

6.4 Summary

The interaction of water (@) with LgTi,O;, LasTisO17, and nitrided Lali,O; was
investigated. All three samples were found to @orb and chemisorb molecular water, the
latter of which remained on the surface in exces8@ K. Attempts to induce oxygen
vacancies to facilitate water dissociation provedb¢ ineffective. As a result, it is unlikely that
thermally dissociated water plays a role in theewaplitting reaction seen previously on these
perovskite surfaces. Photo induced dissociationvater was also investigated under UHV
conditions with the use of a UV diode. Post UV EBRPvealed no change in the interaction of
water with these surfaces. However, lack of a ghadoes not mean these systems are
ineffective as a water splitting catalyst, justttbar conditions, i.e. diode power, water exposure,
and catalyst surface area, are not optimal for msgiktting to occur.

Additionally AES and XPS analysis was conductedlensurface. AES showed that the
2-2-7 and 5-5-17 crystal surface are La rich, camgbao the bulk, which XPS proved to have a
composition similar to the expected stoichiometiyhe structure of the nitrided 2-2-7 sample
proved to be oxygen rich, throughout the depthdgiddoy XPS. Despite the excess oxygen, the

Ti 2p spectrum showed a system that was highlyaedlu The presence of nitrogen seems to
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produce a sample made up of layers ofQza TiO,, and TiN, rather than layers of 1@ and
TiO,xNy. Efforts to further alter the sample’s stoichidnge via high temperature oxygen
annealing, resulted in no changes to the electrstnicture of the sample or its interaction with
water. This is further evidence that ammonolysedpces a robust TiN layer that is resistant to
oxidation. Currently, depth profiling experimerdase being conducted on the nitrided 2-2-7
sample. This achieved by sputtering the surfadgh Wi* ions, with XPS taken after each

treatment. Initial results are indicating that faenple is consistent through out.
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Expected Calculated Calculated
Sample Stoicﬁiometr Stoichiometry via Stoichiometry via
y AES XPS
2-2-7 LaTiQe,,5 LaTio.450]__38 LaTiO3.3
5-5-17 LaTiQ_4 LaTio.450]__38 LaTiO3.3
Nitrided 2-2-7 LaTiQN N/A LaTig 0402 0dN1

Table 6.1: Summary of the stoichiometry of the various lantirantitanates.

stoichiometries were determined using the corregtedk areas and by fixing the value of

lanthanum to 1.
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