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ABSTRACT OF THE DISSERTATION

Thermal Desorption Studies of Deuterium Oxide on Catalytically-Relevant Metal Oxide Systems
By
Anthony D. Babore
Doctor of Philosophy in Chemistry
University of California, Irvine, 2018

Professor John C. Hemminger, Chair

With the importance and wide applicability of metal oxides in heterogeneous catalysis,
understanding these materials on a fundamental level is paramount for the improvement of
existing materials and design of new catalysts. Heterogeneous catalytic reactions occur at the
interface; therefore, the surface of the material plays a key role in the reactivity. Thus, the work
presented herein employs a number of surface sensitive techniques including temperature
programmed desorption (TPD), Auger electron spectroscopy (AES), and scanning electron
microscopy (SEM) to gain insight into the reactivity of model metal oxide systems of titanium
dioxide (TiOz2) and tungsten oxide (WOz3-x).

The thermal desorption of deuterium oxide (D20) from oxidized tungsten (100),
sulfurized tungsten (100), and mixed sulfurized/oxidized tungsten (100) was investigating using
TPD. The relative amounts of sulfur and oxygen on each surface was determined using AES.
The results show that increasing the amount of sulfur on the tungsten surface weakens the
interaction of D20 within the monolayer. In addition, only the fully sulfurized tungsten (100)

resulted in dissociative D20 adsorption and disproportionation.

Xiv



Different TiO2 heterostructures supported on highly oriented pyrolytic graphite were
prepared using physical vapor deposition (PVD) and characterized using AES, SEM, and X-ray
photoelectron spectroscopy (XPS). TPD using D20 as a molecular probe reveled that
morphological differences in the prepared surfaces lead to pronounced changes in the desorption
kinetics.

In addition, a unique systematic TPD investigation was performed on photodeposited
platinum nanoparticles supported on TiO2 nanoparticles supported on HOPG. The results
revealed that during the photodeposition process, the platinum adsorbs on the oxygen anion sites
of the TiOz2 particles.

Lastly, D20 thermal desorption was also used to gain insight into the consequences of
sample plasma treatments prior to SEM imaging. Argon and oxygen plasma treatments on
HOPG were shown to exhibit different D20 desorption behavior attributed to the oxygen
functionality induced by the oxygen plasma. Furthermore, oxygen plasma treated TiO2/HOPG
resulted in a defect site not observed on non-plasma treated TiO2/HOPG. Moreover, high density
TiO2 nanoparticles prepared via argon and oxygen were compared using TPD and SEM in which

no major differences could be elucidated.
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CHAPTER 1

Introduction

1.1  Fundamental surface science

Surfaces represent a unique part of solid state materials. A surface serves as a break in the
bulk periodicity of a given material and as a consequence, often possesses different structural,
electronic, and vibrational properties.? The surface is usually considered to be ~2-10 atomic
layers.? Naturally, the outer most region of a material is capable of interacting with its
surrounding environment thus, understanding surfaces and interfaces is widely applicable to
countless areas of science and industry including: catalysis, electrochemistry, thin films,
semiconductors, and alloys.®> As a result, the field of surface science has been constantly
evolving in an effort to understand surfaces at a fundamental level. Over the last 60 years,
numerous analytical surface spectroscopy and microscopy techniques have been developed to
gain a deeper understanding of surfaces and their interactions, some of which include:
Temperature programmed desorption (TPD), Auger electron spectroscopy (AES), X-ray
photoelectron spectroscopy (XPS), high-resolution electron energy-loss spectroscopy (HREELS)
scanning electron microscopy (SEM), and scanning tunneling microscopy (STM). With a rapidly
changing world, there is a persistent need for the development of efficient catalysts,
semiconductors, and corrosion resistant materials. With that, surface investigations play an
important role in helping to piece together a more complete understanding to better improve such

materials.



1.2 Ultra-high vacuum

When performing surface characterizations, it is often necessary to operate under ultra-
high vacuum (UHV) conditions. UHV is usually considered to be the vacuum region between 10
7100 Pa (~10° — 102 torr).* Performing analyses within this range minimizes the amount of
residual gas in the analysis chamber, which serves two main purposes: to maintain a clean and
consistent surface and maximize the mean free path of molecules, photons, electrons, etc. Of
course, with constantly advancing technologies, it is now possible to achieve even lower
pressures (i.e. extreme high vacuum, < 101 Pa).

It is noteworthy to mention, that although the use of UHV in surface science is
ubiquitous, a disconnect exists between the working conditions of industrial catalysts (high
pressures and temperatures) and the conditions of a material in vacuum. This disconnect is
known as the “pressure gap™.® As a result, in recent years a new frontier has emerged to help
bridge the “pressure gap” with the introduction of near-ambient pressure surface science
techniques such as ambient pressure XPS (APXPS). The use of near-ambient pressures allows
for relevant catalyst materials to be analyzed closer to working conditions. In addition, ambient
pressure techniques have not only evolved the way sold/vapor interactions are studied but has

also facilitated the analysis of liquid/vapor interfaces.®

1.3 Heterogeneous catalysis
Due to its applicability to a wide range of scientific genres, heterogeneous catalysis is one
of the most intensely investigated areas of research today.” Since, heterogeneous catalytic

reactions primarily occur at the interface , it is unsurprising that surface science analyses are



crucial to gain insight into the function of these materials. In doing so, surface science plays an
integral role in the rational design of new catalysts and improving catalytic reactions.

One of the most interesting classes of heterogeneous catalyst materials are metal oxides.
Historically, metal oxides have proved useful for catalyzing a variety of chemical reactions®®,
though undoubtedly the most prevalent example of a metal oxide heterogeneous catalyst is
titanium dioxide (TiO2). In 1972 Fujishima and Honda reported for the first time the electrolysis
of water upon irradiation with ultraviolet (UV) light in a cell containing a TiO2 photoelectrode
and a platinum counter electrode.’® The result was oxidation of H20 at the photoelectrode (by
photogenerated holes) and reduction of H2O at the counter electrode (by photogenerated
electrons) resulting in the evolution of to Oz and Hz, respectively.'®! In addition, TiO2 is also
readily employed for photo-degradation of organic pollutants, as an anti-bacterial agent, and in
paints and protective coatings.'? Furthermore, TiO2 has found extensive use as a support for
precious metals in metal/oxide model systems.'? On example being Au or Pt supported on TiO2
for the oxidation of CO.134

The photocatalytic properties of semiconducting metal oxides (such as TiO2) also
represent a huge area of developing research. Metal oxides contain a number of desirable
properties that lend them useful for photocatalytic applications such as, low cost, reasonable
photoactivity, and tunable properties.'> One major realm of photocatalysis is visible light-driven
water splitting. Of course TiO2 is well known to accomplish water splitting under UV radiation,
however its bang gap is too large (~3.0 eV) to absorb in the visible spectrum, which represents
the largest part of solar radiation.'® Thus, for the purpose of photocatalytic water splitting metal
oxides with narrower band gaps are more suitable for generating higher photocurrents.’

Tungsten trioxide (WO3) is an example of a semiconducting metal oxide that has been



shown to exhibit advantageous photocatalytic properties. Its relatively narrow band gap (~2.7
eV) is favorable for visible light absorption, however modification of the band structure is
ultimately needed to achieve overall water splitting.®-2° A more detailed discussion of the above

is presented in section 3.1.

1.4 Overview of the thesis

The overall goal of this thesis is to shed light onto the reactivity of several relevant oxide
catalyst and model catalyst systems. Chapter 2 presents general experimental procedures as well
as the theoretical principles of the instrumentation used throughout this work. Chapter 3 shows a
simple in situ sulfur-doped tungsten oxide system and water desorption experiments to evaluate
the fundamental question of the effect of incorporating sulfur into a tungsten oxide material.
Chapter 4 explores the effect of varying TiO2 heterostructure morphology [supported on highly
oriented pyrolytic graphite (HOPG)] on water adsorption and reactivity. Chapter 5 presents a
unique systematic study in which TPD is used to reveal the active surface sites for platinum
nanoparticle adsorption on TiO2 nanoparticles supported on HOPG after photodeposition.
Finally, Chapter 6 uncovers the effect of different plasma treatments (Ar, O2) on water thermal

desorption on HOPG and TiO2/HOPG samples.

15  References

1. Woodruff, D. P. & Delchar, T. A. Modern Techniques of Surface Science. (Cambridge
University Press, 1994). doi:10.1017/CB09780511623172

2. Vickerman, J. C. Surface Analysis— The Principal Techniques. (John Wiley & Sons, Ltd,

2009). doi:10.1002/9780470721582



10.

11.

12.

13.

14.

15.

Chung, Y. W. Practical guide to surface science and spectroscopy. Adsorption Journal Of
The International Adsorption Society 1, (Elsevier, 2001).

Redhead, P. A. Extreme high vacuum. Cern Eur. Organ. Nucl. Res. 213-226 (1999).
Freund, H.-J. et al. Bridging the pressure and materials gaps between catalysis and surface
science: clean and modified oxide surfaces. Top. Catal. 15, 201-209 (2001).

Trotochaud, L., Head, A. R., Karshioglu, O., Kyhl, L. & Bluhm, H. Ambient pressure
photoelectron spectroscopy: Practical considerations and experimental frontiers. J. Phys.
Condens. Matter 29, 053002 (2017).

Somorjai, G. A. The surface science of heterogeneous catalysis. Surf. Sci. (1994).
doi:10.1016/0039-6028(94)90702-1

Védrine, J. Heterogeneous Catalysis on Metal Oxides. Catalysts 7, 341 (2017).

Henrich, V. E. and C. P. A. The Surface Science of Metal Oxides. (Cambridge University
Press, 1994). doi:10.1002/anie.199603471

Fujishima, A. & HONDA, K. Electrochemical photolysis of water at a semiconductor
electrode. Nature 238, 37-38 (1972).

Tentu, R. D. & Basu, S. Photocatalytic water splitting for hydrogen production. Curr.
Opin. Electrochem. 5, 56-62 (2017).

Diebold, U. The surface science of titanium dioxide. Surf. Sci. Rep. 48, 53-229 (2003).
Ando, M., Kobayashi, T. & Haruta, M. Combined effects of small gold particles on the
optical gas sensing by transition metal oxide films. Catal. Today 36, 135-141 (1997).
Bamwenda, G. R. & Arakawa, H. The visible light induced photocatalytic activity of
tungsten trioxide powders. Appl. Catal. A Gen. 210, 181-191 (2001).

Chan, S. H. S., Yeong Wu, T., Juan, J. C. & Teh, C. Y. Recent developments of metal



16.

17.

18.

19.

20.

oxide semiconductors as photocatalysts in advanced oxidation processes (AOPs) for
treatment of dye waste-water. J. Chem. Technol. Biotechnol. 86, 1130-1158 (2011).
Ahmad, H., Kamarudin, S. K., Minggu, L. J. & Kassim, M. Hydrogen from photo-
catalytic water splitting process: A review. Renew. Sustain. Energy Rev. 43, 599-610
(2015).

Li, W., Li, J., Wang, X. & Chen, Q. Preparation and water-splitting photocatalytic
behavior of S-doped WO3. Appl. Surf. Sci. 263, 157-162 (2012).

Butler, M. A., Nasby, R. D. & Quinn, R. K. Tungsten trioxide as an electrode for
photoelectrolysis of water. Solid State Commun. 19, 1011-1014 (1976).

Wang, F., Di Valentin, C. & Pacchioni, G. Doping of WO 3 for Photocatalytic Water
Splitting: Hints from Density Functional Theory. J. Phys. Chem. C 116, 8901-8909
(2012).

Di Valentin, C., Wang, F. & Pacchioni, G. Tungsten Oxide in Catalysis and

Photocatalysis: Hints from DFT. Top. Catal. 56, 1404-1419 (2013).



CHAPTER 2

Instrumentation and Experimental Techniques

2.1 Temperature programmed desorption chamber

All experiments were performed in a custom built, stainless steel (SS), ultra-high vacuum
(UHV) chamber. The SS construction and quartz windows allow the chamber to be “baked” at
temperatures of ~150 °C to remove water and hydrocarbon adsorbed on chamber walls, in turn
lowering the base pressure and providing a clean environment for experiments. A mass spectrum
showing the chamber background before and after bake-out is shown in Figure 2.1 below,

highlighting the decrease in the amount of water (m/z 18).

[ —— Chamber background (pre-bake)
- —— Chamber background (post-bake) .

i H,O* 1

Intensity (arb. units)

r. rY A

-]IIIIIIIIIIIIlIIIII]IIIIIIIIIIIIII]IIIIIIIIII]IIII

5 10 15 20 25 30 35 40 45 50
m/z

Figure 2.1. Typical chamber background mass spectrum before and after baking the
chamber

The chamber’s primary function is to perform temperature programmed desorption
(TPD) experiments and prepare and characterize samples. These tasks are accomplished using a
UTI 100C mass spectrometer (MS) to monitor desorption, a Perkin-Elmer 10-155 Auger electron

7



spectrometer for surface characterization, an ion gun powered by a Varian 981-2046 power
supply for Ar* sputtering and multiple gas dosers to aid in sample cleaning and preparation. A
detailed description of fundamentals of TPD and Auger electron spectroscopy (AES) will be
discussed in section 2.3 and 2.4, respectively.

A schematic of the TPD chamber is shown in Figure 2.2 below.

Leak Valve

Ti
Sublimation
Pump

Base Pressure
10° torr

Pinhole
Doser

Top View

Figure 2.2. TPD chamber schematic.

The chamber base pressure (~1 x 107 torr) is maintained using a turbo molecular pump
(Leybold TMP 361). A lower base pressure, needed for thermal desorption experiments (1 x 10
torr), is attained using a titanium sublimation pump (TSP). The chamber is also equipped with

a fast loadlock entry pumped by a Balzer-Pfeiffer TPU 060 turbo molecular pump connected to



the chamber by a gate valve. This allows for samples to be quickly inserted and removed without
venting the chamber. Various gases including D20, Hz20, H2S and CO can be introduced into the
chamber via two directional dosers, each fitted with a 1um pinhole gasket to allow for controlled
effusion of the gasses into the chamber by differential pumping. Additionally, the chamber is

fitted with a standard leak valve primarily used for backfilling Oz and Ar into the chamber.

2.2  Sample holder

The sample holder is mounted on a rotatable X,Y,Z manipulator and is electrically
connected by copper feedthroughs connected to a GW-Instek PSM-2010 programmable power
supply. The manipulator is also equipped with liquid nitrogen (LN2) feedthroughs with SS
flexible bellows welded to a copper reservoir to allow for conductive cooling of the sample. The
different sample holder configurations for mounting highly oriented pyrolytic graphite (HOPG)
substrates and single crystal samples are shown in Figure 2.3a and 2.3b, respectively. The
opposing copper blocks of the sample holder are electrically isolated by a Macor block such that
the sample bridges the electrical circuit thus enabling resistive heating. The sample holder sits on
SS tracks on the manipulator putting it in direct thermal contact with the liquid nitrogen reservoir
as well as completing the resistive heating circuit. The SS flaps of Figure 2.3 create a firm
contact between the sample holder and the tracks on the manipulator. Poor contact with the
tracks results in steps in the linear heating profile and insufficient cooling. In addition, the
thermocouple (TC) ears fit into SS clips that relay the sample temperature through a UHV
feedthrough to a LabView temperature monitoring program. For HOPG substrates, the TC
junction is sandwiched between the HOPG substrate and an HOPG backing. The substrate and

backing HOPG are held firmly together by molybdenum screws that fasten the SS clips to the



tantalum backing plates, creating a good contact between the sample and tungsten heating wires.
For single crystal samples the TC is spot-welded directly on the edge of the crystal and the
tungsten heating wires are tightly fit into a groove on the edge of the crystal. If a single crystal
lacks a groove, then platinum wire can be spot-welded to the crystal as tungsten is brittle and

difficult to spot-weld.

(A) (B)

block Thermocouple ears

Chromel-Alumel

Backing thermocouple

HOPG Macor block

Single
crystal
sample

| Stainless
Stainless steel clip

steel flap

Copper
plate

Tantalum Tungsten
screw heating wires

Molybdenum Tantalum
screw backing plate

HOPG
substrate

Figure 2.3. Sample holder schematic for the (a) HOPG substrate configuration and
(b) single crystal configuration.

2.3  Temperature programmed desorption
2.3.1 Overview

Temperature Programmed Desorption (TPD), also referred to as thermal desorption
spectroscopy (TDS), is an analytical technique used to probe the reactivity a gas adsorbed on a
surface. A typical TPD experiment consists of exposing the surface to the probe molecule at low

temperature (<130 K, or in some instances room temperature) and applying a linear temperature
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ramp while simultaneously monitoring the mass to charge ratio (m/z) of the desorbing species

with a mass spectrometer. The heating rate is described by the following equation:*-3

T=T,+ft (1)

where T is the temperature (K), To is the initial temperature (K), t is the time (s) and g is the

heating rate (K/s) defined as:'-3

ar

p=— (2)

dt

Accurate TPD measurements and extraction of kinetic parameters rely heavily on the linearity of
the heating schedule.

By varying the exposure of the adsorbate, one can generate a TPD spectrum comprised of
multiple traces in which the m/z intensity is plotted versus temperature (K). An example TPD
spectrum of D20 on HOPG is shown in Figure 2.4, where the m/z 20 intensity is plotted as a
function of the temperature for exposures ranging from 4.2 x 102 — 5.1 x 10'* molec/cm?. In
doing so, kinetic information such as the activation energy of desorption, desorption order,
frequency factor as well as surface information such as specific adsorption sites, reactions, and

surface coverage can be determined.
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Figure 2.4. Example TPD spectrum: DO desorption from freshly
cleaved HOPG.

2.3.2  Desorption kinetics

In a TPD experiment, several (valid) assumptions are made regarding both, the
introduction of the probe gas into the chamber as well as desorption cycle; the first of which is
that adsorption of gas onto the chamber walls considered to be negligible.! In this work, this
assumption is especially valid since a pin-hole doser is employed instead of the more traditional
backfilling method. Furthermore, it can be assumed that readsorption of the probe gas onto the
sample surface is negligible at high pumping speeds and rapid desorption cycles.® In making
these assumptions, one finds that the partial pressure of the desorbing gas is then proportional to

the desorption rate (-d/dt) such that the rate of desorption (r) can be written as:

12



r=—"2=kon ©)

where @ is the fractional surface coverage and n is the desorption order.*

Adsorption of a molecule on the surface can occur via three different pathways:
Physisorption, chemisorption and dissociative chemisorption. For a physisorbed molecule, there
are no major changes to the electronic structure of the molecule and the molecule is only bound
to the surface by weak forces (i.e. Van der Waals forces). Chemisorption, is a process in which
the molecule is chemically bound to the surface. Similarly, dissociative adsorption occurs when
the molecule reacts on the surface and separates into two or more components bound to the
surface (i.e. dissociation).* Figure 2.5 shows the potential energy curves for a physisorbed

molecule (AB) and the reaction of A+B on the surface (S).°

N
I

—
I

Potential energy (eV)

« AB+S

" N 1
0 1 2
Distance from the surface z(A)

Figure 2.5. Potential energy diagram for a physisorption
molecule (AB) and reaction of atoms A and B on a
surface (S). Figure borrowed with permission from Ref. °
(Copyright © 2009 Springer Nature).
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For the physisorbed molecule AB, there is a small potential energy well with an adsorption
energy of EA5 whereas the reaction of atom A and B has a deeper well with a greater adsorption
energy of EAF5 + D. In this case, the overlap of the two potential energy curves gives rise to a
dissociation barrier Ea, such that if molecule AB is adsorbed on the surface, it may dissociate
provided there is enough energy to overcome Ea. If Ea is less than 0 eV than AB will
spontaneously dissociate upon adsorption. As a result, in order for an adsorbed molecule to
desorb from the surface, it must also overcome an energy barrier. Thus, the desorption rate

constant k is described by the Arrhenius equation:

k = vexp (ﬁ) (4)

RT

where v is the frequency factor (sec™), Edes is the activation energy of desorption (J/mol), R is the
ideal gas constant (J/mol-K) and T is the substrate temperature (K).12 In substituting Equation 4
into Equation 3, one obtains the Polanyi-Wigner equation that of which fully describes the

desorption process:*3

— Z—(Z = vO" exp (%) (5)

By substitution of Equation 2 into Equation 5, the Polanyi-Wigner equation can be rewritten in

terms of temperature yielding:
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From the temperature dependent Polanyi-Wigner equation (Equation 6), Kkinetic
simulations of TPD data can be obtained. Figure 2.6 shows simulated TPD spectra for (a) first
order, (b) second order and (c) zero order cases.® The kinetic parameters used to generate the

TPD data of Figure 2.6 are shown on the respective spectra.

(a) First order (b) Second order (¢) Zero order
5
3 E=125 kJmol' < E=170 kImol! E=14 kImol!
p=50Ks' 71p S=50Ks! al p=10Ks"!
| ©=1.0 1 O1r=0.9
2} Termination LS

3F of 2 phases

Desorption rate / a. u.

0.75 co-existence
0.75
\ 2
1k 0.50
\ 0.25 T 050
/ 0.25
400 500 600 500 600 700 800 50 60 70

Ts/ K
Figure 2.6. Kinetic simulations of TPD spectra for (a) first order, (b) second order and (c) zero order desorption
kinetics using the Polanyi-Wigner equation. Figure borrowed with permission from Ref® (Copyright © 2018
Elsevier Inc.).

In looking at Equation 6, the exponential term of the Polanyi-Wigner equation gives the
initial rise in the desorption peak until the decreasing coverage term (vé"/f) dominates the
exponential term and depletes the desorption rate.® The above simulations are idealized cases of
desorption; In reality, many factors come into play that affect the peak shape and position such
as surface defects, lateral interactions between adsorbed molecules and surface heterogeneity. As

a result, a complete understanding of the desorption kinetic parameters is difficult to obtain.
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2.3.3 Redhead analysis

Undoubtedly, the most influential and widely used method for analyzing TPD data was
first described by P.A. Redhead in 1962.! The Redhead method uses the desorption peak
temperature as a way to estimate the activation energy of desorption (Edes). At the peak
temperature maximum (Tp) the second derivative of Equation (6) (-d?@/d?T) is zero leading to the

following expression:

E v

— =-nf"lexp (_—E) 7)

RTp

For a first order process, it becomes clear that desorption is independent of the coverage () and

the expression can be written as:

RLT,? = %exp (%) (8)

In order to compute the energy using Equation 8 a value of v must be assumed, often 1 x 10%
secl. Furthermore, Redhead states that the linear relationship between Edes and Tp yields a 1.5%
error in the selection of the v provided the value is between 1 x 108 and 1 x 10% sec? thus

Equation 8 can be refined further to:1:37

£ =1nE2_ 364 )
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It is important to note that for first order desorption the desorption peak temperature does
not vary with coverage in ideal cases. However, this is not often the case as the activation energy
of desorption may be coverage dependent. A discussion of a method for evaluating the coverage

dependent energy will be discussed in the section 2.3.6.

2.3.4 Leading edge analysis
The leading edge analysis is most widely applied to calculating Edes for spectra that
follow zeroth order desorption behavior.® To do so, the linearized form of Polanyi-Wigner

equation is evaluated for n=0 giving:

n(-3) ===+ () 10

The leading edge analysis utilizes the leading edge, or initial onset, of the desorption peak.
Figure 2.7 shows an example of the application of the leading edge analysis for D-O multilayer
desorption from HOPG. At the initial onset of the multilayer (boxed in red) the desorption rate
can be considered constant. By constructing an Arrhenius plot using Equation 10 (shown in the
inset of Figure 2.7) and fitting a line to the small area of the leading edge, the slope of the line (-
E/R) is used to calculate Edes and the y-intercept gives the frequency factor, v.2° It is important to
note that this method requires high quality TPD data as the slope of the line of the Arrhenius plot

is susceptible to slight changes in the initial onset region.
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Figure 2.7. TPD spectrum of D,O on HOPG demonstrating the
leading edge analysis. The red box indicates the leading edge
region. The inset shows the Arrhenius plot generated using
Equation 10 for the leading edge and the calculated activation
energy for desorption (Eges).

2.3.5 Heating rate variation

Another method for evaluating TPD spectra is known as the heating rate variation
method. This method is done by obtaining multiple TPD traces of the same initial coverage but
varying heating rates (). In doing so a plot of In(4/T?) vs. 1/T can be constructed with a slope
equal to —E/R. The advantage of this method is that the value of the frequency factor does not

need to be known however, the heating rate needs to be varied by orders of magnitude.?°

18



2.3.6 Coverage-dependent energy

Bruce Kay and coworkers first described a method for calculating the activation energy
of desorption as a function of the surface coverage of the adsorbed species, known as the
inversion method.® This method employs a mathematically inverted form of the Polanyi-Wigner

equation in which the coverage-dependent activation energy of desorption Edes(6) is given by:

Eqes(0) = =R T In|[=2]

o (11)
where v is assumed to be independent of the coverage and temperature. The coverage (6), also
referred to as the instantaneous coverage (i.e. the fractional coverage at a given temperature) is
determined by integrating the desorption spectrum from right to left. In doing so a plot of Eges(6)
vs. 6 can be constructed.'® An example plot for a 0.05 ML initial coverage of D20 on oxidized W
(100) is shown in Figure 2.8 below. The inset of Figure 2.8 shows the corresponding desorption
spectrum used in the calculation of Eges(6) and the location of the peak temperature is indicated
on the energy curve. Truly coverage-independent desorption kinetics would result in a discrete
energy value given by a horizontal line; however, it can be seen that in the present case the

energy varies with coverage.
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Figure 2.8. Example plot for the coverage-dependent activation energy of
desorption Eges(@) as a function of the coverage 6 determined using the
inversion method described by Kay et al.° for 0.05 ML initial coverage of DO
on oxidized W (100). The inset shows the corresponding desorption spectrum.
The peak temperature Tp (202 K) is indicated by the green marker on the
energy curve.

The above sections highlight only a few of the methods available for evaluating
desorption kinetics of TPD spectra. For a broader overview of additional techniques, the author
referrers the reader to Ref. in which multiple analysis methods are presented, assessed and

compared.

2.3.7 Isotope analysis

Using D20 as the probe gas can be exploited to obtain information about isotope
exchange interactions on the surface. To do so, the total area of each individual TPD trace for
m/z 18, 19 and 20 is obtained, where m/z 18 corresponds to OD* and H20*, m/z 19 is to HOD*

and m/z 20 is D20. Since HOD™ can only result if an H-D exchange interaction has occurred, the
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%HOD* can be used to obtain a semi-quantitative view of surface hydroxyl species present on

the surface. The %HOD" is obtained from the following equation:

%HOD+ = area (m/z19)

- Y area (m/z 18),area (m/z 19),area (m/z 20)

X 100 (12)

It is to be noted, the semi-quantitative nature of this analysis arises due to exchange interactions

that may occur with D20 and H20 in the gas manifold prior to exposures.

2.4 Auger electron spectroscopy
2.4.1 Overview

Auger electron spectroscopy (AES) is a non-destructive surface-sensitive technique used
to determine the elemental composition of a sample.'%? AES makes use of the Auger effect (see
section 2.42) in which Auger electrons are emitted from a sample after bombardment with
electrons (or in some cases photons).314 The kinetic energy of the ejected Auger electrons is
analyzed using a cylindrical mirror analyzer (CMA) in which a DC sweep is applied to scan the
Auger electron energies. This is then followed by signal amplification via an electron multiplier.
Furthermore, a lock-in amplifier is then used to modulate the AC Auger electron signal and
phase out AC noise. A schematic of a typical Auger electron spectrometer schematic is shown in

Figure 2.9 below.
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Figure 2.9. Schematic of a typical Auger electron spectrometer.
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Figure 2.10. Example AES spectrum for a “dirty” W (100) sample
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A raw Auger spectrum consists of the signal N(E) plotted as a function of the kinetic
energy (eV). However, the derivative of the Auger signal d(E)N/dE is more often used as high
energy backscattered electrons overshadow the Auger electrons. An example Auger spectrum is
shown in Figure 2.10 highlighting some of the major elemental peaks for a “dirty” tungsten
single crystal. Auger electrons resulting from a given element have a completely unique energy,
thus AES is an extremely effective and sensitive technique for determining the composition of a
surface. Its surface sensitivity arises as a result of the relatively low energy of the Auger
electrons emitted that are capable of escaping from only the first few monolayers (3-20 A) of the

substrate.1516

2.4.2 Principles of AES

The Auger process proceeds via a two-step process, given by the following:

A+te > AT +e +e; (13)

where an atom A is excited to A*™ by the electron beam ei. Relaxation of A** results in the
emission of an Auger electron ea” as well as the incident electron beam, post interaction with the

atom. The relaxation process proceeds via:

AT > AT +ef (14)

where A** relaxes to a new state A™ such that a transfer in energy leads to the ejection of an

Auger electron ea”.*>1” An alternative and competitive relaxation process may also occur where:
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A+ > A* + hoy (15)

In this process, the excited atom A** relaxes back down to its original energy level and a photon

hvt is given off, known as X-ray fluorescence.’>” The processes of Auger electron and X-ray

ejection are illustrated in Figure 2.11 below.*?

+ Auger Electron
E X-ray Photon
KLL
E, E
a2 ——— Ly 2 ¥z Lu
2p WC._ Ly  Incident Particle 2: ”? Ly Incident Particle
2s
. L 7 L
1s ! K 18 ! .
(a) (b)

Figure 2.11. (a) Auger electron emission and (b) X-Ray photon emission processes. Figure borrowed
with permission from Ref.!? (Copyright © 2004 Taylor & Francis publishing).

The kinetic energy E of the ejected Auger electron can be represented by the following:

E=Ex—Eran — Eram (16)

where Exk is energy of the core electron shell, ELqy is the initial energy level of the relaxed

electron and ELquy is the initial energy level of the auger electron that is ejected. !>’
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As previously mentioned, auger electron emission and X-ray fluorescence are
competitive processes. It has been reported that for elements of lower atomic weight, the auger
process is favored. Conversely, for heavier elements x-ray fluorescence is favored.'>'” Whether
process (a) or (b) occurs (from Figure 2.11) is dependent on if the energy of the electron beam

exceeds the energy of the x-ray absorption edge of the core shell energy level.*3

2.4.3 Quantitative analysis of AES spectra

Though AES is primarily a qualitative technique, quantitative information can be
extracted with careful evaluation of the Auger spectra. This section will discuss two quantitative
methods: determination of atomic concentrations of a sample and film thickness. To determine
the atomic concentration using AES, relative sensitivity factors (RSFs) must be used for direct
comparison of peaks in the Auger spectrum. Relative sensitivity factors Sx(Ep) as a function of
the primary beam energy Ep for a given element X can be calculated using the following

equation:

$¢() = (%) (o) )

KXIAg

where A and B are obtained from the chemical formula of compound of interest (XaYs), Kx is a
scaling factor and Ix and lag are the peak-to-peak intensities, of the element X and a Ag standard,
respectively.®® The Handbook of Auger Electron Spectroscopy!® lists RSF values calculated
using Equation 16 for primary beam energies of 3 keV, 5 keV and 10 keV. However, the RSF
values reported neglect to account for the derivative peak shapes resulting from Auger spectra

collected in the dN(E)/dE mode. As a result, Susan Mroczkowski and David Lichtman reported
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calculated RSF values normalized to the RSF values of the Handbook of Auger Electron
Spectroscopy that take into account the dN(E)/dE peak shape.®® In their calculation, the authors
included ionization cross sections, atomic densities, electron escape depths, back scattering
factors and transition probabilities.'® Thus, RSF values for quantification used in this work were
obtained from Mroczkowski and Lichtman.®

To determine atomic concentrations of a sample Cx the following equation is used:

o= () () =

in which the peak-to-peak intensity of element X is ratioed to the sum of one peak-to-peak
intensity per element I, of the sample with their respective RSF values S.. Furthermore, dxand d.
are scaling factors that are a function of the sensitivity of the lock-in amplifier, modulation
energy and primary beam current.!®

Auger electron spectroscopy can also be used to determine the thickness of a thin
film/overlayer via analysis of peak-to-peak intensities as described by P.H. Holloway.?° The
principle used is that the signal intensity of a substrate Is decays exponentially as an overlayer of

thickness x accumulates on the surface according to:

Is = los exp(—x/ps) (19)

where los is the signal intensity of a clean substrate and ps is the mean free path of Auger

electrons from the substrate in the overlayer.?°
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2.5  Experimental procedures and sample preparation

2.5.1 Sample preparation

The nature of this work mainly involves two types of samples, those that utilize highly
oriented pyrolytic graphite (HOPG) as the substrate, or single crystal samples namely, tungsten
(100) and platinum (111). All sample preparation for HOPG substrates was performed ex situ
whereas all single crystal samples were prepared in situ. The section herein will provide a
general description of the sample preparation procedures, specific sample preparation procedures
will be discussed in their respective sections.

In this work HOPG was used as a support for titanium dioxide (TiO2) heterostructures,
including thin films, dendritic structures and nanoparticles. For any given sample, a piece of
HOPG (ZYB grade, Momentive Performance) was first freshly cleaved using the Scotch tape
method.?! HOPG substrates were then mounted in a bell jar vacuum chamber pumped down
pressures on the order of 10 torr. Physical vapor deposition (PVD) was then used to evaporate
titanium onto the surface at elevated temperatures (accomplished by resistive heating). Given
that the pressure in the bell jar is in the high vacuum range, there is inherently residual water in
the background that fully oxidizes the Ti to stoichiometric TiOz [determined by X-ray
photoelectron spectroscopy (XPS)].

Depending on the substrate temperature used, different TiO2 morphologies are grown on
the surface of the HOPG.??2 At lower temperatures (~300 °C) a TiOz thin film results on the
surface. HOPG is an inert surface that contains step edges with long terraces, thus at elevated
temperatures (~800 °C) titanium adatoms on the surface are provided with substantial thermal
energy such that they may move around on the surface, agglomerate and nucleate into particles at

step edges, as shown in previous work.?? Furthermore, pretreatment of the HOPG with oxygen or
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argon plasma, generates defect sites distributed across the surface which promote the formation
of a dense distribution TiO2 nanoparticles on the HOPG surface.

For single crystals, the substrate is first mounted in the sample holder configuration
shown in Figure 2.3b and introduced into the TPD chamber for surface preparation. To obtain a
clean crystal sample, Ar* sputtering is performed using a beam energy, typically, between 0.5
and 2 keV to remove adventitious carbon and oxygen adsorbed on the surface, monitored using
AES. For platinum single crystal samples, annealing in oxygen (> 800 K) was employed to
further remove adventitious carbon as well as reorganize the surface (i.e. removed surface
defects generated by Ar* bombardment). Note: Tungsten samples were unable to be cleaned
using oxygen annealing as a much higher temperature is required (> 1300 K) that is beyond the
resistive heating capabilities of the TPD instrument.

Oxide films on the W (100) surface were prepared by exposing the clean W (100) crystal
to O2 (research grade, AirGas) backfilled into the chamber via a leak valve at 800 K. AES was
again used to monitor surface carbon species and saturated oxide growth. Sulfur films were
generated by exposing the clean W (100) crystal to H2S (5% balance N2, CalGas) at room
temperature via a 1 um pinhole doser. Saturation coverages and surface species were again
determined using AES. Furthermore, mixed oxide-sulfide films were generally prepared by
exposing the clean tungsten surface to a sub-saturation amount of H2S at room temperature

followed by exposure to Oz at 800 K.

2.5.2 TPD experimental
Prior to performing TPD experiments, the TSP is flashed for ~2 min to lower the base

pressure to ~1x10%° torr. The gas manifold and dosing line is then passivated with the probe gas
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and pumped out 3-4 times. Majority of the experiments performed in this work utilize D20 as the
probe gas (Aldrich, 99.96% D) purified by freeze-pump-thaw cycles. It should be mentioned that
D20 is used as opposed to H20 to account for a relatively high presence of H20 in the chamber
background. In addition, using D20 also allows for monitoring isotope exchange interactions on
the surface of interest, as discussed in section 2.3.7. After passivation of the dosing lines, a mass
spectrum is acquired to ensure the D20 is pure. The sample is cooled to 100-130 K by flowing
liquid nitrogen through the LN2 feedthroughs into a copper reservoir in direct contact with the
sample holder, as previously mentioned. Before dosing the sample, at least one blank TPD ramp
is done to remove any adsorbed species from the surface. Dosing of the sample is then done by
again cooling, rotating the sample directly in front of the doser for a designated time (at pressure
of 1 torr behind the pinhole, typically) followed by rotating the sample in front of the MS
filament and initiating the TPD ramp (typically 2 K/s to ~700 K). Data is acquired using a
LabView program in which the MS signal of a specified m/z ratio is monitored as a function of
the temperature. A full TPD spectrum is compiled by obtaining multiple doses of varying

exposure time.

2.5.3 Exposure/coverage determination

Traditional TPD experiments employ a leak valve to backfill the chamber with gas where
the exposure is measured in units of Langmuirs (L). By definition, 1 Langmuir is 1 x 10%torr at 1
sec. For example, exposing a sample to a partial pressure of 5 x 108 torr for 120 sec would yield
and exposure of 5.0 L. As previously mentioned, the present work primarily uses a pin-hole
doser to expose the sample to a probe gas. In order to determine the exposure for a gas being

leaked through the 1um pin-hole orifice, the effusion rate of the gas must be calculated. This is
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accomplished by first considering the collisional rate of the gas molecules with the aperture

given by:

dN,
dt

|
= NA Z vavg (20)

where, dNc/dt is the collisional rate, N is particle density, A is the area of the orifice being struck
and vayg average speed of the particles (m/sec).?® If Equation 16 is divided by the area, the
resulting is the collisional flux Zc or the number of collisions as a function of time and area (m-

sec?):
~ 1
—= = N3 Vayg (21)

The average speed can be derived from the Maxwell speed distribution giving:

1/2
8RT) 22)

14 =\—
s = (o

where R is the ideal gas constant, T is the temperature (K) and M is the molar mass (kg/mol).%
For the present case, the particle density can be more appropriately written in terms of pressure

by using the Ideal Gas Law such that:

— PNa
=— (23)

22
[l
<IS
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where P is the pressure (Pa), n is the number of moles, Na is Avogadro’s number, and V is the

volume (m?).2% Finally, substituting Equation 18 and 19 into Equation 17 yields:?®

_ PNy
€~ (2mMRT)1/2

(24)

To determine the exposure of a given probe molecule during a TPD experiment, the
pressure of gas behind the orifice (typically 1 torr) is first monitored using an MKS Baratron
Model 622A. The molar mass (M) of D20 (0.020 kg/mol) is then used to calculate Zc. Once Zc is
obtained, it is then multiplied by the area of the orifice (nr?) to obtain the effusion rate (sec?) of
gas into the chamber. Additionally, simply multiplying the effusion rate by the exposure time
and dividing by the area of the surface results in an exposure in units of molecules/cm?.
Furthermore, fractional coverage values (in monolayers, ML) can be obtained by evaluation of

the TPD spectrum, provided monolayer saturation is observed.
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CHAPTER 3

Temperature programmed desorption studies of DO on oxide/sulfide films on
W (100)

3.1 Introduction

Recently, tungsten trioxide (WQOs3) has received considerable attention for is applications
in gas sensing', electrochromics®’, and photocatalysis.21° WOs3 exhibits a narrow bandgap
(2.4-2.8 eV), possesses good transport properties, stability, low cost, and has been a proven
material for oxygen generation from visible light — driven water oxidation.®'* However, due to
the position of its conduction band minimum (+4 V vs. NHE at pH=0), WOs is not a suitable
hydrogen generation photocatalyst.2°12 As a result, there has been considerable effort to alter the
band gap of WO3 by non-metal doping to increase its photocatalytic efficiency for visible light —
driven water splitting®3; one of the most prevalent examples being incorporating S atoms into the
WOs lattice.!>*” Pacchioni and coworkers first performed density functional theory (DFT)
calculations that suggest sulfur impurities will introduce S 3P states into the band gap that will
effectively raise the valance band edge. In addition, the authors reported that S atoms may have
the effect of introducing strain into the WOs lattice that will in-turn shift the conduction band
minimum into the range for the redox potential of hydrogen evolution from water splitting.?
Furthermore, Li and coworkers successfully prepared and tested the photocatalytic activity of S-
doped WOs powders by measuring the amount of Oz evolution from water oxidation. They
reported a red shift in the fundamental absorption edge and oxygen evolution rates that were 1.25
and 1.57 times higher than un-doped WOs under ultra-violet (UV) and visible irradiation,

respectively.®®
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From these theoretical and experimental investigations, it is clear that S-doping WOs is a
material of great interest thus, in the present study we employ a fundamental approach to learn
more about S-doped tungsten oxide systems. To do so, we describe herein a method for the
preparation of a simple and reproducible mixed sulfide-oxide film on W (100) (WOxSy). In order
to investigate the reactivity of the surface, we have performed temperature programmed
desorption (TPD) experiments utilizing D20 as a molecular probe to compare the desorption
characteristics of the WOxSy surface with that of fully oxidized and sulfurized W (100), denoted
WOx and WSy, respectively. Understanding the interaction of water with photocatalyst surfaces
is an inherently necessary first step to understand the mechanisms involved in such reactions.
Subsequently, the results of this work should serve as a starting point for future fundamental

studies on S-doped tungsten oxides.

3.2  Experimental
3.2.1 Sample Preparation

All experiments and sample preparation were performed in an ultra-high vacuum
chamber (UHV) with a base pressure of 1 x 1020 torr, described in section 2.1 Sample surfaces
were prepared in vacuo using a cleaned W (100) single crystal (10 mm, Princeton Scientific
Corp.). The tungsten crystal was mounted on a sample holder in which tungsten heating wires
were fitted into a groove around the crystal parameter to allow for resistive heating of the
sample. A chromel-alumel thermocouple wire was spot-welded directly on the side of the crystal
for temperature monitoring. The sample was cleaned by Ar* sputtering cycles using a 1 keV
beam energy, 7.5 x 10 torr Ar (research grade, AirGas) and Auger electron spectroscopy (AES)

was used to confirm the surface was free of impurities. The oxide surface was prepared by
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annealing for 2 min in ~ 5 x 107 torr O2 (research grade, AirGas) backfilled into the chamber via
a Varian leak valve. AES was used to confirm the presence of a clean oxide layer free of
adventitious carbon. Fully saturated sulfide surfaces were prepared by exposing the W (100)
crystal to H2S (Gasco, 5% H2S balance N2) leaked into the chamber via a directional doser with 1
um pinhole gasket and a pressure of ~10 torr behind the doser at 300 K. Exposures (molecules)
done in this manner were determined by calculating the effusion rate of the gas through the 1 um
pinhole according to section 2.5.3. For the mixed sulfide — oxide films, the surface was first
exposed to a pre-saturated amount of H2S (~1.25 x 10'® molecules) followed by exposure to

oxygen (> 24 L) at 800 K.

3.2.2 TPD measurements

TPD experiments were performed by fist cooling the sample to ~115 K via liquid
nitrogen UHV feedthroughs. A flash to at least 700 K was done prior to TPD measurements to
remove any ambient adsorbates. D20 (99.96%, Sigma Aldrich) was introduced into the chamber
via a directional doser with a pressure between 1-5 torr behind a 1 um pinhole gasket. D20 was
selected over H20 due to a lower background concentration in the chamber as described in
previous work.'® Exposures were calculated by determining the effusion rate of the gas (3.6
x10'2 molecules/s) and by varying the dosing time, resulting in exposures ranging from 0.042 to
5.1 (x10'* molecules/cm?). TPD spectra were collected by applying a 2 K/s heating schedule and
monitoring the D20 signal as a function of temperature (K) using a UTI 100C quadrupole mass

spectrometer.
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3.3 Results

3.3.1 AES and oxygen/sulfur uptake

Figure 3.1a illustrates the AES spectra of W (100) with cumulative oxygen
exposures ranging from 0.10 L to 79 L done at a sample temperature of 800 K. At initial
exposures, it is observed that a small portion of adventitious carbon is present on the surface;
however, with subsequent exposures at high temperature, the carbon peak (272 eV) becomes
minimal as the oxygen peak increases (522 eV). Figure 3.1b shows the oxidation profile of W
(100) performed at 800 K and 1000 K as a function of exposure (L). The oxygen to tungsten
ratios (O:W) were obtained using normalized relative sensitivity factors obtained from
Mroczkowski and Lichtman?® for 522 eV (O) and 179 eV (W) Auger peak-to-peak intensities of
Figure 3.1a. From Figure 3.1b it is seen that there is no difference between oxidation of tungsten
at 800 K versus 1000 K, thus all subsequent oxidations were performed at 800 K. In addition,
O:W saturates at ~3 at an exposure of ~10 L. However, based on previous studies?®?* and the
geometry of W (100) surface we believe O:W values obtained from the AES results of Figure
3.1a are over estimated and the stoichiometry of oxygen on the W (100) surface is approximately
WO:2. The AES spectra presented in Figure 3.2a shows the increase in the sulfur peak (150 eV)
with increasing H2S exposure (x10% molec) on W (100) at room temperature. It is important to
note that the tungsten surface was cleaned via light argon sputtering between subsequent H2S
exposures. The sulfur uptake curve (S:W) shown in Figure 3.2b, was calculated using RSF
values® and the 150 eV and 179 eV Auger peaks for sulfur and tungsten, respectively. From
Figure 3.2b it is seen that S:W saturates at ~2.5 with an exposure of 1.85x10%° molec. It is
interesting to note that the sulfur uptake curve is linear over all pre-saturation exposures as

opposed to a more Langmuirian-like behavior and will be discussed further in the proceeding.
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Oxygen uptake at 800 K on pre-sulfurized (1.26x10*® molec H2S) W (100) is shown in
Figure 3.3. The AES spectra of cumulative oxygen exposures (Figure 3.3a) show the increase in
the oxygen 522 eV peak with no change in the 150 eV sulfur peak. All AES spectra were again
normalized to the 179 eV peak of tungsten. Figure 3.3b shows O:W and S:W during the
oxidation of the pre-sulfurized W (100) surface. It is observed that O:W saturates ~2.7 at an
exposure ~10 L, consistent with oxygen uptake on the clean W (100) (Figure 3.1b). In addition,
it is observed that S:W remains unchanged over all oxygen exposures done at 800 K,

demonstrating the stability of the sulfur on the surface.
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Figure 3.1. (@) AES of W (100) with varying oxygen exposure (L) and (b) corresponding oxidation profile (O:W
vs exposure) done at 800 K (green points) and 1000 K (blue points). Each AES spectrum was normalized to the
179 eV peak-to peak intensity of tungsten.
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3.3.2 D20 thermal desorption from WOx, WSx, and WOxSy

The D20 thermal desorption spectrum from oxidized tungsten (WOx) is shown in Figure
3.4. Figure 3.4a displays the full desorption profile with monolayer coverages (ML) coverages
ranging from 0.017-5.0 ML and Figure 3.4b shows “low coverages” from 0.017-0.10 ML.
Coverages were determined based on the observed saturation of the monolayer in which 1 ML =
2.7 x 10 molec/cm? which is in good agreement with water monolayer density on metal oxide
surfaces (1 x 10 molec/cm?).2%%5 From Figure 3.4, four D20 desorption states are observed on
the WOx surface. First, a high temperature state (~350 K) that is prevalent at low exposures
(Figure 3.4b) is attributed to a small amount of dissociated D20 due to defects generated during
the cleaning process. The next desorption state is attributed to monolayer desorption given by
peak at ~275 K that shifts to lower temperature with increasing coverage and saturates at ~190
K. An additional peak then propagates after saturation of the monolayer at ~180 K and shifts to
~167 K with increasing coverage. This state is assigned to D20 bound in the second layer.
Additionally, though not resolvable, the existence of ice multilayers becomes apparent at the
highest exposures given by overlap of the leading edge for the 3.8 and 5.0 ML TPD traces.
Furthermore, the high temperature desorption states of Figure 3.4a are due to D20 desorption
from the sample holder.

Figure 3.5a and 3.5b show the D20 desorption spectra from a fully sulfurized W (100)
surface and selected low doses, respectively. From the TPD spectrum, we observe a desorption
state that occurs at 340 K and shifts to ~275 K and saturates at 0.5 ML. This state is tentatively
assigned to OD surface species that disproportionate to desorbed D20. In addition, a new peak
begins to grow in at 215 K and shifts to lower temperature with increasing coverage. We will

again attribute this peak to a mixed monolayer and second layer that are unresolved. Lastly,
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evidence of multilayer D20 is observed at the highest coverages (3.8 and 5.0 ML) given again by
the overlap of the initial onset of the desorption peak as well a slightly resolved peak at ~165 K.
The high-signal intensities above 250 K observed at high exposures are again due to D20
desorption from the sample holder.

Figure 3.6 shows desorption of D20 from the WOxSy surface, where Figure 3.6a shows
the full desorption profile and 3.6b shows low coverages ranging from 0.017 to 0.1 ML. From
Figure 3.6b, two initial desorption states are observed. The higher temperature peak (340 K) is
due to defects from sample processing and the second peak is the start of monolayer desorption
beginning at ~265 K. From Figure 3.6a, the monolayer state shifts to ~180 K and saturates. A
peak on the low temperature side of the monolayer state begins to populate and is ascribed to
second layer D20 which at the highest coverages is mixed with the multilayer desorption state.

For a comparative look at D2O desorption from the three different surfaces (WOx,
WOsSy, and WSx), Figure 3.7 presents overlaid TPD spectra for 0.2 ML (Figure 3.7a) and 5.0
ML (Figure 3.7b). From Figure 3.7a, it is observed that 300 K disproportionation peak is only
prevalent on the WSx surface. Additionally, the start of a monolayer desorption (215 K) becomes
apparent for the WSx spectrum and is consistent with the monolayer states of the other two
tungsten surfaces. Looking at Figure 3.7b, differences in the monolayer peak for the three
surfaces becomes apparent in that the monolayer peak is red shifted with increasing sulfur
content on the surface. Furthermore, the blown-up region of Figure 3.7b shows the more

resolved multilayer and second layer of the WSxspectrum.
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Figure 3.4. (a) D,O desorption from the WOy surface and (b) selective low exposures. D,O adsorption was done at
~120 K and a heating rate of 2 K/s was used.
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Figure 3.5. (a) DO desorption from the WS, surface and (b) selective low exposures. D,O adsorption was done at
~120 K and a heating rate of 2 K/s was used.
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3.3.3 Coverage-dependent desorption energies

For a semi-quantitative comparison of the TPD data, the inversion method?® was used to
calculate the coverage-dependent desorption energies for 0.5 ML initial coverage (Figure 3.8).
The calculation was performed assuming a pre-exponential factor of 1 x 103 sec™. Figure 3.8a
shows the overlaid TPD spectra for 0.5 ML D20 on the three surfaces investigated. At this
coverage, it is apparent that the monolayer peak (~200 K) shifts towards lower temperature with
increasing sulfur content on the surface. Figure 3.8b shows the D20 activation energy of
desorption (kJ/mol) as a function of the instantaneous coverage (ML). In general, at low initial
coverage the energy is high (80-100 kJ/mol) and drops as the coverage increases. This is the
result defect sites on the surface.?® It is seen that over the coverage region between 0.05 — 0.2
ML the energy of D20 on WSx is ~10 kJ/mol larger than that of WOxand WOxSy. This is due to
the disproportionation peak in the TPD, only observed for the WSx system (Figure 3.8a). The
coverage region in which the energy curve begins to level (between 0.3 — 0.5 ML) is associated
with monolayer desorption. Here we can see that the energy of D20 on WSx now drops below
WOiSy, giving the following energy trend: WOx > WOxSy > WSx. The activation energies for the
monolayer desorption at the peak temperature obtained from Figure 3.8 are collected in Table
3.1. Table 3.1 also includes energies calculated using the Redhead method?’ for comparison,

assuming a pre-exponential factor of 1 x 103 sec and 2 K/s heating rate.
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Figure 3.8. (a) TPD overlay of 0.5 ML D,O coverages and (b) calculated coverage-dependent energy curve. The
energies were calculated using the inversion method described by Kay and coworkers assuming a pre-exponential
factor of 1 x 103 sec2.26

Table 3.1. Activation energies of desorption (kJ/mol) for the monolayer desorption state determined from the
coverage dependent energy curves of Figure 3.8 (0.50 ML) and values calculated using the Redhead method (using a
heating rate of 2 K/s and assuming a pre-exponential factor of 1 x 103 sec?).

D20/ WOx 199.0 57.1 511
D20/WOxSy 188.0 53.9 48.2
D20/ WSx 180.2 51.6 46.1
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3.4  Discussion
3.4.1 Oxidation/sulfidation profiles

A logical place to begin the discussion is on the nature of the three prepared surfaces,
WOx, WSx and WOxSy. Oxygen adsorption on tungsten has been an intensively studied
system,2122.24.28-32 Qxyqgen desorption kinetics from W (100) and Mo (100) showed evidence for
the formation of atomic oxygen on the surface at ~1000 K and was also shown to undergo
surface reconstruction.?* Additionally, an investigation of oxygen diffusion using work function
measurements and scanning electron beam techniques revealed that diffusion of O adatoms was
inhibited by oxygen and surface tungsten place-exchange mechanisms.?®32 Furthermore, low
energy electron diffraction (LEED) of oxygen on W (100) prepared at 860 K confirmed the 1 x 3
overlayer structure.?® In the present study, based on the results of previous work, we assume that
the state of the oxygen on W (100) adsorbed at 800 K is atomic with minimal surface
reconstruction of the (100) plane of tungsten.

H2S on tungsten is a lesser studied system compared to that of oxygen though several
groups have investigated the adsorption behavior.34-3¢ H>S adsorbed on tungsten films at -80 °C
was shown to quickly dissociate.®>% This is fortified by theoretical calculations that suggest H2S
adsorption on W (111) exhibits a small energy barrier for dissociative chemisorption.3* For more
insight into H2S adsorption on W (100), we turn to studies performed on the isoelectronic Mo
(100) surface.3’-#! High-resolution electron energy loss spectroscopy (HREELS) combined with
TPD data indicated dissociative H2S adsorption on Mo (100)34! corroborated by density-
functional theory (DFT) calculations by H. Luo and coworkers showing kinetic and
thermodynamic favorability for dissociation.*° In addition, Salmeron et al. concluded that three

adsorption sites per surface Mo atom are needed for H2S dissociation.®® LEED studies of H2S
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adsorbed on Mo (100) between 300 and 750 K showed a predominant V5 x 5 overlayer
structure that was shown to diminish upon heating to 1000 K and replaced by a C (2 x 2)
structure.3’-3% Combining the results of the above studies, we assume that H2S dissociates on the
W (100) surface and upon annealing to > 700 K (prior to TPD experiments) desorbs hydrogen#?,
resulting in a stable sulfide layer on the surface with a stoichiometry of WSz-x. In addition, no
reconstruction of the surface is expected contrary to oxygen on W (100).2%43

For the WO\Sy surface, we chose to pre-sulfurize the surface with an exposure of ~1.3 x
10% molecules H2S, as this was approximately half-way saturated (based on full saturation of
S:W ~ 2.5, Figure 3.2b). A theoretical study of sulfur oxidation on the W (111) surface revealed
that sulfur adsorbed on the W (111) oxidized by O: led to SOz desorption at high temperature via

the following reaction pathway#:

Stads)/W (111) + Oz(g) 2 SO2(g) + W (111) 1)

Based on the results of AES and oxygen uptake profile of Figure 3.3, it is clear that there was no
loss of sulfur after oxidation (at 800 K) within the resolution of the spectrometer; therefore we
conclude there is no subsequent oxidation of the adsorbed sulfur under the present conditions. In
addition, we have performed background experiments involving partial oxidation of the W (100)
surface prior to sulfurization that resulted in uptake of sulfur at room temperature. However, full
sulfurization or oxidation of the tungsten crystal inhibits oxygen or sulfur uptake on the surface,
respectively. Nevertheless, at the present time we do not yet have a complete picture of the
nature of the WOxSy. Thus, more studies are imperative to gain a better understanding W (100)

co-adsorbed with sulfur and oxygen.
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An interesting observation from the oxygen uptake curves of Figures 3.1 — 3.3 of is that
oxygen uptake on W (100) (Figure 3.1b) exhibited Langmuirian-like behavior whereas sulfur
uptake (Figure 3.2b) appeared linear over the pre-saturation exposure range (0 — 2 x 10'°> molec).
One explanation for this linear behavior could be attributed to the difference in the exposure
method. Exposure of the tungsten crystal to oxygen was done successively via backfilling the
chamber whereas H2S exposures were accomplished using a 1 um pinhole orifice and directional
doser. In addition, each H2S exposure was done on the pre-cleaned W (100) surface as opposed
to cumulatively. Furthermore, Hz2S exposure was done at room temperature as opposed to 800 K
for oxygen. The above could result in differences in the equilibrium conditions of the adsorbates
interacting with the surface. An alternate explanation could lend itself to differences the
adsorption process of H2S versus Oz, in that, there likely exists unique coverage dependencies
that lead to changes in the sticking probability for the two adsorbates. However, the differences
in sulfur and oxygen uptake on W (100) are most likely the result of variations in experimental
procedure as described above. A more in-depth analysis of this behavior is beyond the scope of
this work as the uptake curves of Figures 3.1 — 3.3 were mainly intended to observe the

saturation point of O and S on the surface.

3.4.2 Temperature programmed desorption

From the results of the TPD analysis of Figure 3.4 — 3.6, it is clear that the three surfaces
studied are fundamentally different. From Figure 3.7, we see that the greatest change in the
desorption behavior exists when comparing D20 desorption from the WO« surface versus that of
WSx. It is apparent from Figure 3.7b and 3.8a, that the monolayer desorption peak is shifted

when the sulfur content is increased on the surface. This is also accompanied by a decrease in the
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desorption energy as seen in Table 1 (WOx > WOxSy > WSx). The most likely explanation for
this observation is due to chemical and physical properties of S atoms vs O atoms. Sulfur having
a larger atomic radius than oxygen (1.8 A vs. 1.5 A, respectively) and a lesser electronegativity,
results in a weaker interaction with the tungsten surface. This is reflected in the x-ray
photoelectron spectroscopy (XPS) data for W 4f7/2 in which the binding energy for WS:2 (32.6
eV) is less than that of WO2 (32.9 eV).*® As a result, we suggest that this results in a weakened
D20 interaction within the first monolayer on the WSx surface. It is clear however, that
additional studies are needed to gain a more fundamental understanding of the surfaces prepared
herein to subsequently better understand this phenomenon.

For the fully sulfurized surface, we see a pronounced desorption state between 300 and
340 K (Figure 3.5b) that is not present in the D20 desorption spectra of Figure 3.4 and 3.6. An
explanation for this observation may lend itself to the nature of H2S adsorption versus Oz on W
(100). Based on the study by Salmeron et al. that suggests H2S adsorption on Mo (100) requires
~3 Mo adsorption sites to dissociate the molecule.3® We suggest that H2S adsorbed on the W
(100) surface also requires multiple adsorption sites for dissociation. If this is true, once the
surface is heated (700 K, prior to desorption experiments) and H2 is subsequently desorbed*?,
open W adsorption sites would be left on the sulfurized surface. From looking at the 300 K peak
of Figure 3.5, we suggest that the nature of these open W sites offer stronger coordination to an
adsorbed D20 molecule than a W site associated with sulfur. This is accompanied by a greater
desorption energy reflected in the coverage-dependent energy curves of Figure 3.8 (green curve,
between 0.05 — 2.0 ML). Thiel and Madey state that, in general, water desorption above 250 K

on metal surfaces are the result of either disproportionation via:
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2 OHds) 2 H20(g) + Ocads) 2
or recombination?6:
OHads) + H(ads) 2 H20(g) (3)

or

2H (ads) + O(ads) 2 H20(g) 4)

For water adsorbed on clean W (100), HREELSs experiments revealed the presence of 77
meV and 425 meV vibrational modes associated with O-W and O-H stretching modes,
respectively.*” From these results, the authors concluded that H20 dissociates on the W (100)
surface. In addition, ultraviolet photoelectron spectroscopy (UPS) experiments revealed evidence
for complete dissociation of H20 on W (001).%% Based on a background study of D20 on clean W
(100) (Figure S3.1) that exhibits a clear dissociative desorption state between 325-375 K, we
suggest that nature of the 300 K state of D20 on WSx may be associated with D20
disproportionation as opposed to recombination. AES data from the background study also
concluded that the clean W (100) crystal was oxidized during the experiment, supporting the
notion that the high temperature peak is likely due to disproportionation (Figure S3.2). In
addition, AES before and after TPD experiments on WSx showed slight oxidation of the surface,
further evidencing disproportionation (Figure S3.3).

As previously mentioned, several studies have suggested that incorporating S atoms into
the WOs lattice will favorably alter its electronic properties for enhanced visible light
absorption.*>151" This could render S-doped WOs a suitable material for overall water splitting
thus, adsorption of water on the surface is an inherently interesting elementary step.

Subsequently, for the case of WOxSy, we observe a weakening of the D20 — surface interaction
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within the monolayer by increasing the surface sulfur content compared to D20 on WOx.
Incorporating sulfur onto the WOx surface however, did not show evidence for dissociative
adsorption as observed on the WSx surface, with the exception of that on defects at low
coverages. From these findings, we suggest that introducing sulfur onto the oxide surface could
potentially increase the efficiency of visible light driven photolysis of water from a pure
adsorption Kkinetic standpoint. In looking at the electrochemical oxidation reaction (Equation 6),
it is seen that the reaction first involves an adsorbed OH (HOads) species in the first step followed
by abstraction of a hydrogen atom in the second step to give Oads.*® Coupling this mechanism
with the observed weakening of the D20 — W interaction with the incorporation of sulfur onto
the WOx surface, we suggest that this could facilitate water dissociation in a

photoelectrochemical reaction.

Reaction at anode:* (5)
2H20 = HOads + H20 + H* + ¢
= Oags + H20 +2H* + 2e-

= HOQags + 3H* + 3" > O2 + 4H™ + 4e

Reaction at cathode:*° (6)

2H* + 2 > Hass + H* + e 2> H2

Given the interplay between the binding energy of the adsorbed oxygen and hydrogen
species and the oxygen and hydrogen evolution activity, respectively (i.e. the volcano-

relationship)#®-°1, is not unreasonable to correlate these properties to the observed changes in the
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desorption behavior. Nevertheless, this is the first experimental look at the interaction of water
(D20) on the WOxSy surface, thus supplementary investigations are essential.

Finally we turn our attention to a previous study done by Madey and coworkers on
thermal and electron-stimulated desorption of H2'80 on oxidized W (100).%° In comparing the
results from D20 on WOx in the present study to that of Madey et al., there is a clear disconnect
in the thermal desorption data. The authors showed that H2*0 adsorbed on the oxidized W (100)
surface at 25 K exhibited two major desorption states, monolayer desorption between 155 and
165 K and multilayer desorption at between 150 and 160 K. From Figure 3.4, we see that we also
observe multilayer and monolayer desorption however, monolayer desorption occurred between
190 and 250 K and multilayer desorption at ~165 K. In addition, we have shown evidence for
second layer D20 that begins at ~180 K and shifts to lower temperature until it merges with the
multilayer and becomes unresolvable. Discernable experimental differences between the present
study* and that of Madey and coworkers? include: Use of D20* vs H2'80, 2 K/s heating rate* vs
3 K/s, 120 K adsorption temperature* vs 25 K, oxidation of W (100) at 800 K* vs 860 K, and
120 — 700 K experimental range* vs 130 — 190 K. Additionally, one of greatest differences lends
itself to the preparation procedure of the tungsten crystal in that Madey and coworkers clean the
surface by heating to 1600 K prior to oxidation (accomplished using an electron beam heater). In
the present study, we are limited by the resistive heating capabilities of the sample holder thus,
cleaning is accomplished by cycles of Ar* sputtering prior to oxidation. Cleaning in this manner
induces defects on the tungsten surface that will subsequently bind oxygen more strongly.
Moreover, we must direct our attention to the use of D20* versus H2*80. It is not unreasonable to
assume that there likely exist differences in the adsorption/desorption behavior due to Kinetic

isotope effects. For example, it has been shown that D20 on Ru (0001) exhibits significant
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differences in the desorption profile compared to H20.52-54 Clay et al., reported two desorption
states for H20, denoted Al (210 K) and A2 (165 K), attributed to the decomposition of a mixed
OH/H20 phase and in-tact water molecules, respectively. However, D20 desorption only resulted
in one desorption state (175 K) ascribed to molecular adsorption/desorption.>? This seems to be
an extreme case, however. One study on the ice crystallization kinetics on Pt (111) revealed a 4
K peak shift to higher temperature for D20 compared to H20 multilayers, attributed to a
difference in the zero-point energies for the ice films.%® Similarly, J.A. Smith and coworkers have
conducted isothermal desorption experiments using optical interferometry for multilayers of
H20, H2'80, and D20 grown on Ru (001).% The authors reported activation energies of 13.9,
13.8, 14.8 kcal/mol for H20, H2'®0, and D20, respectively. In addition, they reported that, when
compared to H20, the isothermal desorption rate for H2'80 was ~9% slower and D20 was 49-
62% slower. The authors concluded that larger moment of inertia of D20 (4 versus 2 for H20 and
H280) resulting in lower frequencies of hindered rotation on the ice surface and subsequent
lower zero-point energy.>® Obviously, multilayer desorption behavior is quite different than
water interacting with the surface within the first monolayer, thus isotope effects are undoubtedly
surface dependent. Based on a supporting experiment by the present author comparing D20 and
H20 desorption on the oxidized W (100), we observe multilayer desorption that is comparable to
Ref (*°) with an observed peak temperature shift of ~3 K (Figure S3.4). Interestingly, a
comparison of lower coverage data (0.2 ML) showed that the DO monolayer peak was shifted
by ~10 K to lower temperature compared to H20 monolayer. Thus, it is clear that isotope effects
alter the desorption kinetics. This is an interesting topic of discussion, but is far beyond the scope

of this work. From this, we can conclude that the extreme discrepancies between the oxidized W
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(100) data presented herein and that of Madey and coworkers lays in the sample preparation
differences, stated previously.

One final observation regarding the study by Madey and coworkers is the authors report a
monolayer desorption energy value of 57 kJ/mol calculated using the Redhead method?” with a
pre-exponential factor of 1 x 103 sec! which roughly agrees with the energy calculated herein
(51 kJ/mol). However, based on the peak temperatures reported by Madey et al., one would

expect a calculated value ~20 kJ/mol lower than the reported 57 k/mol.?

3.5  Conclusion

In this work, we sought to gain a fundamental understanding of the effect of
incorporating sulfur atoms into a tungsten oxide material. For a simplistic approach, we have
chosen a W (100) as a substrate that could be easily oxidized and sulfurized (H2S) and analyzed
in vacuum. In doing so, we have shown a facile method to produce thin film oxides, sulfides and
mixed oxide/sulfides on the surface of W (100). The resulting surfaces were characterized using
AES to elucidate the saturation points of the oxygen/sulfur uptake. Oxygen on W (100) was
shown to saturate at O:W ~3, sulfur on W (100) at S:W ~2.5, and oxygen on pre-sulfurized W
(100) at O:W ~ 2.7. Based on previous studies?®3’, we expect a stoichiometry of WO2 for
oxygen adsorbed on W (100) and WS for H2S adsorbed on W (100).

To examine the reactivity of three different surfaces (WOx, WSx, and WOxSy), we used
D20 as a molecular probe. The results of the TPD analyses suggest distinct differences in the
desorption characteristics, most notably a shift in the monolayer desorption state to lower
temperature when sulfur content is increased on the tungsten surface. We attribute these findings

to a weakening of the D20 — W interaction due to size/electronic effects of incorporating sulfur
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onto the surface. This result is accompanied by a decrease in the activation energy of desorption
(i.e. from 51.1 — 42.6 kJ/mol). In addition, a new peak at 300 K on the WSx surface becomes
apparent that we attribute to the disproportionation of D20 at open defect sites.

Based on the initial work by Pacchioni and coworkers'? that suggest S-doped WOs is a
suitable material for visible light — driven photocatalyst, this work marks the forefront of
fundamental experimental investigations of sulfur-doped tungsten oxide systems. From our
results, it is apparent that sulfur incorporation affects the properties of tungsten oxide systems,
specifically water adsorption. Thus, more studies are imperative to further develop a better

understanding of the chemical properties of these systems.
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CHAPTER 4

Thermal desorption of D.O on TiO: heterostructures supported on HOPG

4.1 Introduction

Titanium dioxide has long received considerable attention due to its applicability in
numerous fields including electrochemistry, heterogeneous catalysis, photocatalysis, photo-
degradation of pollutants, sensors and protective coatings, among others.* As a result, TiO2 has
become one of the most widely-studied materials. Within its areas of use, the adsorption of water
on the surface of TiO2 is an inherently relevant process, thus, there has been substantial effort
devoted to gaining a fundamental understanding of water on these materials. Currently in the
literature, the majority of the investigations of water on TiO2 have been performed on single
crystal and powder samples.t514-17.6-13 with rutile (110) being the most heavily studied due to its
thermodynamic stability.>>° Since single crystals provide well-defined, reproducible surface
structures with minimal defects, they are often exploited to obtain fundamental interfacial
information, such as the type of adsorption sites, reactivity and desorption kinetics. However,
despite the advantages of using single crystals, they are quite different from the types of
materials used in industrial processes, i.e. powders and colloidal solutions. This disconnect is
often referred to as the “complexity gap”.*® Furthermore, TiO2 powders are much more
catalytically relevant materials, but are difficult to understand as a consequence of the
complexity of the samples. Thus, there is a clear need for more complex yet controllable model
TiOz2 systems to help close the complexity gap.*®

In recent years, TiO2 nanomaterials and thin films have made their way into model

systems for catalysis. Materials such as 1D arrays of TiO2 nanorods and nanotubes have been
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reported in the literature in an effort to design improved model catalysts.’®?° In addition, TiO:
nanoparticles have been shown to be a suitable support material for precious metal nanoparticles
such as platinum or silver.?! Furthermore, it has been shown that the size and morphology of
TiO2 nanoparticles supported on highly oriented pyrolytic graphite (HOPG) can be precisely
controlled by physical vapor deposition (PVD) by varying the substrate temperature upon
deposition.?* In this work we have prepared different TiO2 heterostructures supported on HOPG
with morphologies ranging from ranging from linear arrays of nanoparticles to thin films
prepared by PVD. With ability to control the complexity of the TiO2 system, we can investigate
the role the morphology may play on the reactivity.

Historically, temperature programmed desorption (TPD) has been a useful tool in probing
the surface of TiO2 single crystals, however to our knowledge, there have been no water
desorption studies on any supported TiO2 nanoparticles or other heterostructure systems. Thus,
the goal of the present study is to assess the differences in water reactivity on TiOz as a function
of particle morphology using TPD. In this work, Isotopically labeled water (D20) was used to
probe different TiO2 heterostructures supported on HOPG, including: a TiOz thin film, dendrites,
linear dendrites, nanoparticles and high-density nanoparticles, in which we show that variation in

the TiO2 morphology leads to pronounced changes in the thermal desorption spectra.

4.2  Experimental
4.2.1 Sample Preparation

TiO2 samples were prepared ex situ by PVD in a bell jar evaporator under high vacuum
conditions (~1 x 107" torr) as described previously 2. A quartz crystal microbalance was used to

measure the amount of titanium deposited on the HOPG substrates. By varying the sample
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holder temperature and subsequent adatom mobility, the morphology of the TiO2 particles was
controlled. TiOz thin films resulted from a 1 hour anneal at a sample temperature of 200 °C with
a deposition flux of 0.1 nm/min and deposition thickness of 1.2 nm. For the preparation of
dendrites, linear dendrites and nanoparticles, HOPG substrates were heated to temperatures of
300 °C, 400 °C, and 800 °C during Ti deposition, respectively (Figure 4.1). The high-density
nanoparticles were prepared by pretreating the HOPG substrate with oxygen plasma, followed by
deposition and annealing at 800 °C The deposition flux and thickness were kept constant for all
samples, 0.1 nm/min and 1.2 nm, respectively. Each sample was annealed for 2 hours after
deposition to allow for proper migration of the particles to the step edges of the HOPG surface.
Furthermore, bare HOPG samples were cut to a similar thickness as the TiO2 supported samples

and cleaved with scotch tape for use in background experiments.

4.2.2 Surface Characterization

Scanning electron microscopy (SEM) was used to confirm the sample morphology of the
TiOz2 structures. High resolution imaging was performed with an FEI Magellan XHR 400L SEM
at the Laboratory for Electron and X-ray Instrumentation (LEXI) facility at the University of
California Irvine. A beam energy of 10 keV and a sample current of 50 pA was used to image the
samples before and after TPD analysis. A second FEI Nova NanoSEM 450, housed at the Joint
Center for Artificial Photosynthesis at the California Institute of Technology, was used to obtain
images of the TiO2 dendrite and linear dendrite samples using a beam energy of 10 keV and a
current of 214 pA.

Auger electron spectroscopy (AES) characterization was performed in situ, prior to TPD

experiments, using a beam energy of 2 keV. X-ray photoelectron spectroscopy (XPS) was
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performed in a Kratos Axis Ultra instrument, housed at the Joint Center for Artificial
Photosynthesis at the California Institute of Technology, using Al-Ko monochromatic source at
15 keV and 10 mA emission current. A 20 eV pass energy was used for high resolutions scans,
using a 0.05 eV/step and a 300 ms dwell time. XPS data was analyzed using CASA software,
where each peak was deconvoluted using a full Gaussian fit and a Shirley background
subtraction. The Ti 2p 3/2 and Ti 2p % peak areas were constrained in a ratio 2:1. The peak

splitting between the 3/2 and %2 peak was determined to be 5.7 eV for all TiO2 materials.

4.2.3 TPD measurements

All TPD experiments were performed in an ultra-high vacuum (UHV) chamber with a
base pressure of ~1 x 101° torr. Each sample was mounted on a removable sample holder where
a chromel-alumel thermocouple wire and tungsten heating wires were sandwiched between the
TiO2 sample and a freshly cleaved HOPG sample of similar thickness to allow firm contact of
the wires with the sample. Custom made tantalum foil clips and backing tantalum plates were
used to compress the TiO2 sample and backing HOPG in place. The Ta clips were fastened to the
Ta backing plates with molybdenum screws to avoid seizing to after heating cycles. To ensure
that the TPD signal is a product of only the sample and not the sample holder components, a
background TPD experiment was conducted using the same tantalum foil used in the
construction of the front clips. These results confirmed that little desorption signal is detected in
the mass spectrometer from the tantalum clips or the copper pieces on the manipulator.

D20 (99.96%, Sigma Aldrich) contained in a Pyrex bulb with a stainless steel neck was

fitted to the manifold for surface exposures. DO was chosen instead of H20 as a result of a
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lower background concentration in the chamber as described in past work 22, Several freeze-
pump-thaw cycles were used to ensure D20 purity prior to desorption experiments.

To obtain TPD spectra, samples were first were cooled to temperatures between 100K
and 110K before the surface was exposed to D20 for a given amount of time (seconds) via a
directional doser at a pressure of 1 torr behind a 1 um pinhole gasket. The effusion rate of the gas
was calculated to be 3.56 x10'? molecules/s leading to exposures ranging from 0.042 to 5.1
(x10%* molecules/cm?) experiments. Samples were heated to > 500 K using a temperature ramp
of 2 K/s and desorbing D20 signal was monitored using a UTI 100C quadrupole mass

spectrometer (MS).

4.3  Results
4.3.1 Surface characterization

Figure 4.1a-e shows SEM images of the TiO2 morphologies supported on HOPG. The
resultant TiOz structures were formed by taking advantage of the terraces and step edges of the
HOPG substrate. By increasing the thermal energy during deposition, the Ti adatoms laterally
diffuse on the surface where they may then aggregate, coalesce and orient themselves at the step
edges and point defects of the HOPG substrate, as described previously.?! The surfaces depicted
in Figure 4.1 are a TiO2 (a) thin film, (b) dendrites, (c) linear dendrites, (d) nanoparticles and (e)
high-density nanoparticles grown at sample temperatures of 200°C, 300°C, 400°C, 800°C and
800°C, respectively. The high-density nanoparticle sample was prepared by pretreating the
HOPG substrate with O2 plasma to generate defects and subsequent nucleation sites for particle
formation. The nanoparticles of Figure 4.1d and 4.1le are ~10nm in diameter and TEM

diffraction confirmed the rutile structure for the linear nanoparticles?* and a mix of rutile and
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anatase for the high-density nanoparticles (Figure S4.1 and S4.2) However, an explicit crystal

structure for all other TiO2 samples was indeterminable from TEM diffraction.

e ,3&*& ..\s,g’i“. L

&)

Figure 4.1. SEM images of TiO (a) thin film, (b) dendrites, (c) linear dendrites, (d) nanoparticle and (e) high-
density nanoparticles. (a) a non-uniform TiO; thin film prepared at a substrate temperature of 200°C (b) dendritic
islands grown at a substrate temperature of 300 °C (c) linear dendritic arrays grown at a substrate temperature of
400 °C (d) well-ordered linear arrays of spherical and rod-shaped nanoparticle structures at the HOPG step edges
with average particle sizes of ~10 nm (e) high-density nanoparticles grown on oxygen plasma treated HOPG at
800 °C.

AES and XPS were used to investigate surface composition of each of the samples.
Figure 4.2 shows the AES spectra for the different TiO2 morphologies. All AES spectra yielded
peaks for carbon, titanium and oxygen. For qualitative comparison, each sample spectrum was
normalized to the carbon peak intensity. In doing so, the amount of titanium on the surfaces
decreases between samples as follows: thin film > high density nanoparticles > dendrites > linear
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dendrites > nanoparticles, where the Ti and O signal for the nanoparticle sample is difficult to
resolve. From XPS (Figure S4.3), the Ti 2p spectra for each of the different morphologies
yielded peaks for Ti 2ps2 and Ti 2p12 of 459.4 and 465.1 eV, respectively, with a peak splitting
of 5.7 eV (ref). The C 1s spectra for all samples show sp? carbon peaks at 284.8 eV. The TiO2
thin film sample showed additional peaks in the C 1s spectrum that correspond to adventitious
carbon bound to the surface of the TiO2. In other samples, these peaks were not resolvable due to
a high sp? carbon signal from the underlying HOPG substrate. The O 1s spectra yielded two
major peaks, the first due to the lattice oxygen of TiO2 at ~531 eV for all TiO2 morphologies.
Furthermore, a peak at ~532 eV was also observed in the O 1s spectra and is attributed to surface

0Xxygen species.
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Figure 4.122. Auger electron spectra of TiO;
nanoparticles (gold), linear dendrites (green), dendrites
(red), high-density nanoparticles (purple) and thin film
(blue). C: 272 eV, Ti: 388 eV & 424 eV, O: 522 eV.
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4.3.2 D20 thermal desorption

Figures 4.3a-e show the D20 TPD spectra of the different TiO2 heterostructures supported
on HOPG. D20 on the TiOz thin film (Figure 4.3a) yielded two major desorption features. The
low temperature peak (iii) is assigned to a D20 multilayer and the broad high temperature peak
(i) is assigned to D20 bound to Ti** sites on the surface.>-"1423 For convenience, this peak will
be referred to as the monolayer peak, despite no observed saturation of the desorption state (to be
discussed in the subsequent section). In addition, a shoulder on the high temperature side of the
monolayer peak (Figure 4.3a and 4.3d) is assigned as a small portion of D20 that dissociates at
defect sites and recombines to desorb molecularly as previously described for H20 on TiO2
(110)%. The desorption spectra in Figure 4.3b-e also exhibit peaks associated with D20 multilayer
and monolayer desorption however, an additional peak (ii) is now observed between the
multilayer and monolayer states. This peak is assigned to D20 bound to TiO2 oxygen anion sites
(denoted as “2™ layer”).%6 Furthermore, Figure 4.3f shows D20 desorption from a freshly
cleaved piece of HOPG which only yielded multilayer and monolayer peaks, where in this case,
the monolayer state is due to water bound at the step edges and point defects of the HOPG
substrate. In all instances, D20 multilayer desorption occurs at ~155 K, and the 2" layer and

monolayer peaks shift to lower temperature with increasing exposure.
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Figure 4.3. TPD spectra of D,O on (a) TiO; thin film, (b) dendrites, (c) linear dendrites, (d) high-density nanoparticles, (e) nanoparticles and (f)

HOPG with exposures ranging from 4.2 x 10*2 molec/cm? to 5.1 x 10 molec/cm?. Peak iii is the multilayer state, peak ii is denoted as second
layer and peak i is denoted as the monolayer state.
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Figure 4.4a shows the 2™ layer desorption peak temperatures as a function of exposure (x
10 molec/cm?) (peak ii of Figure 4.3) for the TiO2 dendrites, linear dendrites, nanoparticles and
high-density nanoparticles. The peak temperature of this state for the aforementioned samples
shifts toward lower temperature with increasing exposure. In addition, the TiO2 high-density
nanoparticle sample exhibits the highest peak temperatures, followed by the dendrites and linear
dendrites and nanoparticles, respectively. It is interesting to note, the high-density nanoparticle
sample’s second layer only becomes pronounced at high exposures, as evident in the TPD
spectrum in Figure 4.3d. From Figure 4.4b it is observed that the monolayer peak temperatures
for the majority of the samples exhibit a similar trend, with the exception of the TiO2 thin film
and high-density nanoparticle samples which are shifted by ~40 K and ~20 K, respectively. In all
cases the monolayer peak shifts to lower temperatures with increasing D20 exposure which is in

good agreement with water on TiO2 (110) and (100).1524
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Figure 4.4. Desorption peak temperature as a function of exposure (x 10* molec/cm?) for the (a) 2™ layer
and (b) monolayer.
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4.3.3 Desorption energies of TiO2 heterostructures

The activation energies of desorption (Edes) were calculated for the 2" and monolayer
peaks in the TPD spectra for each of the samples and are reported in Table 1. Desorption
energies for the 2" layer and monolayer peaks were calculated using the Redhead method?®
assuming first order desorption kinetics and a pre-exponential factor of 1 x10%? sec™.! From
Table 1, it is observed the monolayer desorption energies agree within ~3 kJ/mol for the
dendrites, linear dendrites, nanoparticles and HOPG samples. The monolayer desorption energy
for the thin film, and high-density nanoparticles are higher than that of the other samples,
calculated to be 58.6 and 57.0 kd/mol, respectively. Furthermore, the 2™ layer energies range
from 38.0 — 50.2 kJ/mol and increase with increasing TiO2 material on the surface such that TiO2

nanoparticles < linear dendrites < dendrites < high density nanoparticles.

Table 4.1. Calculated energies for the multilayer, 2™ layer and monolayer

2nd layer Energy (kJ/mol) ~ Monolayer Energy (kJ/mol)

TiO2thin film N/A 58.6 +0.9
TiO2 high density nanoparticles 50.2 57.0
TiO2 dendrites 40.4 52.0
TiOz2 linear dendrites 39.8 49.0
TiO2 nanoparticles 38.0 £ 0.05 51.3 £ 0.05
HOPG N/A 50.0 £ 0.05

4.3.4 Coverage-dependent desorption energy
Considering the coverage dependence of the monolayer and 2™ layer, the Inversion
method?® was used to obtain the desorption energy as a function of the coverage for all of the

different surfaces. From the Polanyi-Winger equation (Equation 1), the coverage-dependent Edes
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(0) can be determined by mathematical inversion, assuming first order desorption kinetics, where
—do/dt is the desorption rate, v is the pre-exponential factor, and 6 is the instantaneous

coverage?®.

—do/d
E,.(6) =-RT In[ ve/ t} (1)

The coverage-dependent desorption energies were calculated by first obtaining values for
the initial coverages per given exposure. Since the present TiO2 samples are not well defined
surfaces in which monolayer saturation is explicitly observed, initial coverages were calculated
assuming one monolayer equals 5.4 x 10'* molec/cm? based on that of TiO2 (110).> Each
desorption spectra was then integrated over all temperatures to determine 6 and then Equation 1
was applied, as described by Kay et al®®. Figure 4.5a-c shows the coverage-dependent energy
profiles as a function of the coverage for D20 desorption on each of the different surfaces at
three different initial coverages (0.08, 0.5 and 1.0 ML). Here we are assuming a pre-exponential
factor of 1 x 10'? sec? for consistency with calculated energies from Table 1 and previous
studies.!

From Figure 4.5, the different peaks shown in the TPD spectra (Figure 4.3) correspond to
plateau regions of the energy curves. In general, the first portion of the energy curve
encompasses the range of the monolayer peaks. At very low coverages, it is observed that the
desorption energy is very high and quickly begins to level; attributed to point defects on the
surface.?® For the surfaces that yielded 2™ layer peaks in the D20 desorption spectra, the energy
decreases as the coverage further increases. This is the case for the dendrites (red curve), linear

dendrites (green curve) and nanoparticles (gold curve) (2™ layer regions highlighted in gray).
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The final drop in energy, to where the energy plateaus, is associated with the coverage-
independent multilayer region.2®

When comparing the energy curves of the three different initial coverages, it is seen that
as initial coverage increases from 0.08 - 1.0 ML (4. 5a to 4.5c) the energy difference between
the HOPG, nanoparticle, linear dendrites and dendrite sample converges for the 2" layer and
monolayer state. This observation is most pronounced in Figure 4.5a where the energy increases
such that: HOPG < nanoparticles < linear dendrites < dendrites < high-density nanoparticles <
thin film. Similarly, the 2" layer energies of Figure 4.5a proceed as nanoparticles < linear
dendrites < dendrites < high-density nanoparticles. In contrast, based on Figure 4.5c, it is
difficult to construct a significant trend in the energy as majority of the curves overlay between 0
and 0.5 ML. Additionally, the energy of the high-density nanoparticles more closely resembles

that of the thin film, where both energy curves clearly stand out from the other four samples.
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Figure 4.5. Coverage dependent energy curves for initial coverages of (a) 0.08, (b) 0.5 and (c) 1.0 MLs
corresponding to exposures of 4.2 x 10, 2.5 x 10 and 5.1 x 10 molec/cm?, respectively. 2nd layer energy
regions are highlighted in gray.
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4.3.5 Isotope Analysis

For each sample, mass/charge (m/z) ratios of 18, 19 and 20 were followed during the
TPD experiments. In order to determine the relative amount of hydroxyl groups present on the
surface, the percent (%) HOD* was calculated using Equation 2, where Azs, A19, and Azo are the

integrated areas of the m/z 18, 19 and 20 desorption spectra, respectively.

A1g
—_—— X
2(A18A10420) 100 )

The % HOD" versus exposure (x 10 molec/cm?) for the five different samples is shown in

Figure 4.6.

From Figure 4.6, it is observed for all samples the % HOD" is initially high and decreases
with increasing exposure and plateaus at high exposures. This decrease in the % HOD* suggests
that the hydroxyls on the surface are being titrated by D20. At high exposures H-D exchange is
ceased and the resulting % HOD™ corresponds to H-D that may occur in the dosing lines and is
irrespective of the surface.

In general, the % HOD™ for the dendrites (red points), linear dendrites (green points),
nanoparticles (gold points) and HOPG (black points) are indistinguishable. However, the %
HOD* for the high-density nanoparticles (purple points) and thin film (blue points) is clearly
greater than the other samples at low exposures but converges with the other samples at high
exposures. This indicates that the TiOz high-density nanoparticles and thin film sample have a

greater number of hydroxyl species initially when compared to the other samples.
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4.4  Discussion

The TPD spectra of Figure 4.3 clearly show that changes in the TiO2 morphology (Figure
4.1) leads to pronounced changes in the desorption of D20. The most notable differences
between the five TiO2 structures analyzed are as follows: the 2" layer (O anion sites) is not
observed on the thin film, the 2" layer shifts towards lower temperatures as the amount of TiO>
morphology decreases (i.e. high to low: high-density nanoparticles > dendrites > linear dendrites
> nanoparticles) and the relative second layer intensity decreases as the amount of TiO2 material
decreases on the HOPG surface. Furthermore, monolayer D20 is more strongly bound on the
surface of the thin film compared to the other TiO2 samples and a tail on the high temperature
side of the monolayer peak is present in thin film and high-density nanoparticle spectra.

Second layer water, i.e. water that is molecularly adsorbed on O anion sites, has been

shown to desorb in a single peak between 160 K and 180 K on Rutile (110) that saturates at an
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exposure of ~ 1.3 x 10*® molecules/cm?.®> Similarly, second layer water is observed on TiO2
(100), however due to the shortened distance between a water molecule adsorbed at a Ti** site
and the O% adsorption site (2.8 A compared to 3.2 A for the TiO2 [110] surface), the TiO2 (100)
surface is more active for water dissociation which, in turn, reduces the population of water
hydrogen bonded to O anion sites.®?” From Figure 4.3, D20 bound to O? sites of TiOz is realized
by a peak that desorbs roughly between 160 K and 200 K for the dendrites, linear dendrites,
high-density nanoparticles and nanoparticles (Figures 4.3b, 4.3c, 4.3d and 4.3e, respectively).
For each respective TPD spectrum, the second layer shifts toward lower temperature with
increasing exposure for all occurrences; consistent with that of water TiO2 (110).%°6 Figure 4.4a
more clearly demonstrates the shift of the second layer peak between samples such that, as the
TiO2 structures become more ordered (Figure 4.1a-d) the peak shifts to lower temperature.
However, the second layer of the high-density nanoparticles is shifted to higher temperature
(~200 K) compared to other samples. This shift is best explained by the crystallinity of the high-
density nanoparticles (mixed rutile and anatase phase determined from TEM diffraction) coupled
with the added adsorption sites due to the increase TiO2 surface area. Water populates the Ti
cation sites first followed by the O-anion sites on the TiO2 as also described in previous
work.1561224 This not only explains the later appearance of the 2™ layer state but also since the
2" Jayer peak is not fully developed, a complete shift to its saturation point is yet to be observed
in the present work. Based on our calculations (Table 1), an energy change of ~ 12 kJ/mol is
exhibited between the second layer of the nanoparticle sample to that of the high-density
nanoparticles. It is interesting to note that the peak temperatures of the 2™ layer for the high-
density nanoparticles and nanoparticles do not coincide as one might expect. We speculate that

this may be in part due to the small amount of TiO2 in the nanoparticle sample such that, the
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observed second layer may be a different adsorption site due to defects on the HOPG surface, but
more careful analyses are needed for conformation. In comparing the SEM images of Figure
4.1b, 4.1c and 4.1d with the respective desorption spectra of Figure 4.3 (b, ¢ and e), the
disordered, branched structure of the dendrites may provide O-anion desorption sites that reside
close enough to each other such that the binding of D20 to these sites may exhibit a greater
degree of coordination or stronger hydrogen bonded networks that explains the slight increase in
the adsorption energy. Similarly, the close proximity of the individual crystalline nanoparticles
of the high-density nanoparticles could facilitate hydrogen bonding of D20 to O-anion sites
resulting in the higher energy desorption state. An additional observation of the second layer
peaks (ii) of Figure 4.3b-¢, is that there is no explicit saturation of the peak as is the case for
water on single crystal TiO2. We owe this lack of saturation to the inherent complexity of
supported TiO2 heterostructures, in that the amount of possible adsorption sites differs greatly
compared to a TPD study of water on a well-defined, homogenous TiO2 crystal.

Interestingly, no second layer desorption state was present for the thin film sample
(Figure 4.3a). It has been reported that, when water is strongly bound to a surface, bilayer
formation is inhibited?’. Specifically is the case for metal oxides in which the cation sites are
available to bind water; though single crystal TiO2 (rutile and anatase) seems to be an exception
to this rule.>"12 Based on our energy calculations, it is clear that the D20 monolayer desorption
state on the thin film surface is ~ 7-10 kJ/mol higher than the activation energies of desorption
for all of the other TiO2 samples with the exception of the high-density nanoparticles, in which it
compares quite well (Table 1). Thus, for the present case of D20 on the thin film (Figure 4.3a)
we suggest that the higher water binding energy in the thin film may prevent 2™ layer formation.

Another possible explanation for the broad monolayer peak and downward shift in temperature,
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is that there exists a distribution of desorption states for which a second layer peak may be
unresolvable. Furthermore, an additional explanation is that due to the amorphous nature of the
thin film, there are simply no O anion sites available to bind D20. However, a more in-depth
analysis of the surface is needed for this justification. Such information could be obtained from a
High Resolution Electron Energy Loss (HREELS) experiment.

The monolayer desorption state for the thin film TPD spectrum (peak i from Figure 4.3a)
is the result of D20 bound to the Ti** sites. It has been widely reported that monolayer water
desorption on TiO2 (110) occurs at a peak temperature of 270-275 K56 and is shifted to ~250 K
for TiO2 (100).2® Water on anatase (101) similarly yields monolayer desorption at ~250 K.*2
Water on rutile powder yielded three major peaks: the first of which was a poorly resolved
doublet centered at ~210 K that was assigned as a mixed multilayer and monolayer state. The
second was a peak at ~310 was assigned to an additional molecularly adsorbed H20 state and the
third was a high temperature species at 568 K that was due to the reaction of water with hydroxyl
species?®. In comparison to literature, TiO2 thin film desorption spectrum of Figure 4.3a agrees
best with water desorption on the 1x3 surface of TiO2 (100), the exception being the absence of
the O-anion peak as previously stated.

When compared to the monolayer peak of the thin film, that of the high-density
nanoparticles (peak i from Figure 4.3d) is narrower as well as shifted to lower temperature (as
illustrated in Figure 4.4b). This is again best explained by the crystallinity of the high-density
nanoparticles which exhibits more discrete adsorption sites as opposed to an array of adsorption
sites that likely exist in a non-uniform film. This is fortified by the results of the coverage
dependent energy analysis (Figure 4.5), in which the slope of monolayer energy region for the

thin film curves is clearly steeper than that of the high-density nanoparticles for all initial
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coverages. A greater slope corresponds to a greater degree of coverage dependence of the
energy, explained by a distribution of desorption sites. Furthermore, the peak temperature range
for the high-density nanoparticles ~290-240 K which compares well with both monolayer water
desorption from anatase (101) (~250 K)*? and rutile (110) (~270 K).1® In comparison to the other
TiO2 samples, the TPD spectrum of the high-density nanoparticles (Figure 4.3d) is comparable to
both the dendrite TPD spectrum (Figure 4.3b) and the thin film TPD spectrum (Figure 4.3a). The
monolayer peak temperatures of the high-density nanoparticles more closely align with those of
the thin film (Figure 4.4b) however, presence, position and relative intensity of the of the 2™
layer peak more closely resembles the dendrite TPD spectrum (Figure 4.3b).

The monolayer desorption state of the dendrites, linear dendrites, nanoparticles show
little change in the desorption peak temperatures over all exposures. From Figure 4.4b, it is seen
that monolayer desorption for these three samples begins at ~290 K and shifts to ~210 K with
increasing exposure. In addition, the energy values obtained in Table 1 for the dendrites, linear
dendrites and nanoparticles are consistent within 3 kJ/mol. However, from the coverage
dependent energy analysis for low initial coverage (Figure 4.5a) there is clear separation of the
energy curves and a distinct trend in the desorption energy of the monolayer region between
samples such that the monolayer energy increases with increasing TiO2 material on the surface
(nanoparticles < linear dendrites < dendrites < high density nanoparticles < thin film). When the
initial coverage increases to 0.5 ML and further to 1.0 ML (Figure 4.5b and c, respectively), the
energy curves converge and become consistent with the energy values calculated in Table 1
(between 50-60 kJ/mol). This indicates that D20 desorption on different TiO2 surfaces is most
susceptible to changes at low exposures. At higher exposures (i.e. higher initial coverages,

Figure 4.5c), the convergence of the energy curves over the monolayer region suggests that
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different D20 adsorption sites from both the underlying HOPG and the TiO:2 structures on the
surface cannot be resolved and instead result in a single broad desorption feature given in Figure
4.3b-d. Furthermore, the monolayer energy region for the TiO2 nanoparticle sample and HOPG
sample give energy curves that nearly perfectly overlap. This suggests that there is not enough
TiO2 material on the nanoparticle sample to differentiate between the nanoparticle monolayer

and HOPG monolayer even at low exposures.

4.5  Conclusion

We have performed water (D20) desorption experiments on five different TiO:
heterostructures supported on HOPG; including a TiO2 thin film, dendrites, linear dendrites,
nanoparticles and high-density nanoparticles. The results of the TPD analysis showed distinct
differences in the desorption spectra with varying TiO2 morphology. Complex TiO2 structures
such as the dendrites and linear dendrites samples show pronounced peaks associated with water
bound to O-anion sites therefore the branched structures may facilitate hydrogen bonding of
water between these sites of close proximity. However, water desorption from the TiO2 thin film
did not display a 2" layer desorption state which may be associated with the high activation
energy for desorption (58.6 kd/mol) that may inhibit the formation of 2" layer water. When the
TiO2 material becomes crystalline as in the case of the high-density nanoparticles, the desorption
behavior is clearly different from that of the non-crystalline TiO2 samples with a high monolayer
desorption energy (57 kJ/mol) and a high energy 2™ layer peak that only becomes pronounced at
high exposures.

Historically, majority of TiO2 water desorption studies have been performed on single

crystals and powders. Single crystals are non-representative of industrial catalysts and powders
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are complex and difficult to study. Up to this point, there have been no studies that consider the
effect on TiO2 morphology on the water desorption behavior. Precisely controllable TiO2
heterostructures supported on HOPG offer a unique way to investigate these effects and serve to

bridge the existing complexity gap between industrial relevant TiO2 surfaces and single crystals.
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CHAPTERS

Insights into the selective photodeposition of Pt nanoparticles on TiO:
nanoparticles supported on HOPG using TPD

51 Introduction

Platinum nanoparticles supported on TiO2 is a system that has received considerable
attention in recent years due to its relevance to catalysis and photocatalysis. Platinum has been
long recognized as one of the most active catalysts useful for numerous applications including
the oxidation of CO23, water gas shift reaction*” and methanol oxidation.®® In addition, loading
Pt nanoparticles onto TiO2 has proved useful for enhancing catalytic reactions such as the
hydrogenation of alkenes and alkynes'®!' and decomposition of carboxylic acids?'® and
photocatalytic water splitting4, among others.

It has been shown that Pt nanoparticles can be selectively photodeposited on the surface
of TiO2 nanoparticles using above-band gap radiation.! Preparing Pt/TiO2 nanoparticles in this
manner offers added control of the model catalyst system. Moreover, a recent study in the group
has shown that the oxidation state of the photodeposited platinum (Pt [IV]) can be reduced to Pt
(11) on the TiO2 surface by photoreduction in a methanol/water solution.'® Strong metal support
interactions (SMSI) (i.e. oxidation of the active metal from the oxide support) that occur at high
temperatures (>800 K) have been found to detract from the catalytic efficiency of supported
nanomaterials, specifically Pt on TiO2.152 Thus, partial reduction (i.e. Pt[I\V] = Pt [I1]) using
the photoreduction method allows for full reduction to Pt (0) by heating to occur at a lower
temperature (>500 K), eliminating any potential SMSI.1°

Since it is clear that Pt/TiO2 systems are of great interest for water gas shift reactions, this

chapter exploits water (D20) thermal desorption as a method to gain insight into the
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photodeposition of Pt on the surface of TiO2 nanoparticles supported on HOPG. To do so, a
systematic approach was taken to first determine the water (D20) adsorption sites on the TiO:
nanoparticles supported on HOPG followed by photodeposition (and partial photoreduction) of
Pt on the TiO2 sample. TPD was used with D20 as a molecular probe to elucidate changes in the
reactivity and adsorption characteristics of the model catalyst system. Lastly, CO desorption on

PU/TiO2 will be briefly discussed.

5.2  Experimental

The TiO2 nanoparticle samples was prepared by physical vapor deposition of Ti on an Ar
plasma treated HOPG substrate (ZYB grade, MikroMasch) at 800 °C as described in Section
2.5.1. The resulting TiO2 particles were found to be rutile phase TiO2 by transmission electron
microscopy (TEM) and x-ray absorption (XAS).! Selective Pt deposition onto the TiO2
nanoparticles was accomplished by irradiation of the TiO2/HOPG sample in a 1 pM aqueous
K2PtCls (99.99% trace metal basis, Sigma Aldrich) mixed with HPLC grade water (Sigma
Aldrich). To do so, the TiO2/HOPG samples were mounted on an in-house constructed sample
holder and exposed to a He UV source (365 nm) for up to 3 hours. A more detailed description
of platinum photodeposition and photoreduction is presented in Ref!>. Scanning electron
microscopy (SEM) imaging was performed at the Laboratory for Electron and X-ray
Instrumentation (LEXI) facility at University of California, Irvine. An SEM image of the
Pt/TiO2/HOPG sample is presented in Figure 5.1 in which no Pt deposition occurred on the

underlying HOPG substrate.
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TPD experiments were performed as described in Section 2.5.2 using D20 (99.96%,
Aldrich) and CO (Research grade, AirGas). Samples were heated to 700 K for 10 min prior to

desorption experiments. A schematic of the experimental progression is shown in Figure 5.2.

« IV @, ‘o

10/22/2016 o t A g B - 100 nm —

:39:12 PM 2 X S0 p. Magellan

Figure 5.1. SEM image of Platinum nanoparticles selectively deposited on TiO;
nanoparticles supported on HOPG resulting from a 3hr deposition. Pt (small bright
spots) and TiO, nanoparticles are ~5 nm and ~20 nm, respectively.

TiO,/HOPG Pt/TiO,/HOPG

D,O TPD

- Pt photodeposition
D,O TPD and reduction

Figure 5.2. Schematic representation of the experimental procedure. DO TPD experiments were performed
systematically; first on the TiO./HOPG and again after Pt deposition.
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5.3 D20 thermal desorption on TiO2/HOPG vs. Pt/TiO2/HOPG

Figure 5.3 presents the D20 TPD spectra on (a) TiO2/HOPG and (b) Pt/TiO2HOPG. Each
spectrum is comprised of D20 exposures ranging from 3.6 x 10% — 4.3x 10 molecules
calculated using the gas flux through the 1 um pinhole doser with a pressure of 1 torr behind the
doser as described in Section 2.5.3.

In Figure 5.3a, 4 different desorption states are observed for D20 adsorbed on the
TiO2/HOPG surface. First, at lower exposures, a peak that propagates at ~275 K and shifts to
~250 K is attributed to water (D20) desorption from Ti** sites on the TiO2 particles. A small
peak at low exposures is also observed at ~180 K and is the result of defects generated during O2
plasma treatment prior to SEM imaging, which shall be discussed in more detail in Chapter 6.
At higher exposures (> 1.1 x 104 molecules) a new peak grows in at ~225 K and shifts to ~200
K. This peak is assigned to water (D20) hydrogen bonded to O? sites on the TiO2 particles.
Lastly, multilayer D20 desorption is observed at 155 K. The desorption spectrum of Figure 5.3a
is consistent with water desorption from singe crystal TiO22-26

From Figure 5.3b, it is observed that D20 desorption from the Pt/TiO2/HOPG surface is
much different than that of Figure 5.3a. In this case, only two peaks are observed; a broad peak
that begins at ~275 K and shifts to ~205 K and the multilayer desorption state.

To further investigate the differences in the desorption spectra for D20 on TiO2/HOPG
and Pt/TiO2/HOPG (Figure 5.3a and 5.3b, respectively) an overlay of a low exposure (0.71 x
10'* molec) and high exposure (4.3 x 10** molec) TPD trace are shown in Figure 5.4a and 5.4b,

respectively.
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Figure 5.3. D,O thermal desorption spectrum for (a) TiO2 nanoparticles supported on HOPG and (b) Pt
nanoparticles supported on TiO, nanoparticles on HOPG. The desorption state highlighted by the red dotted line
(spectrum [a]) is assigned to DO adsorbed at O% sites on the TiO, and the blue dotted line is indicative of D,O
adsorbed at Ti** sites on the TiO; particles.
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Figure 5.4. Overlay of D,O TPD traces from TiO/HOPG and Pt/TiO2/HOPG for (a) low exposure (0.71 x
10%** molecules) and (b) high exposure (4.3 x 10 molecules). Plot (a) shows the disappearance of the
defect peak and a ~13 K shift of the Ti** peak and plot (b) shows a reduction of the O% peak and a ~20 K
shift of the Ti** peak.
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From Figure 5.4, there are several distinct differences in the D20 desorption profile after
Pt has been deposited on the TiO2 sample. First, from Figure 5.4a, we see a prominent shift in the
Ti** desorption state of ~13 K, this shift is likely the result of added contribution from the Pt°
sites in which D20 monolayer desorption from Pt (111) occurs at ~215 K (Figure 5.5). This peak
shift corresponds to a ~3 kJ/mol decrease in activation energy according to the Redhead
equation?’ (assuming a frequency factor of 1 x 103 sec?). In addition, the defect site generated
during O2 plasma treatment prior to SEM imaging is no longer observed. Two explanations for
this occurrence could be that Pt is adsorbed on these defect sites on the TiO2 or that the added
D20 desorption contribution from the Pt particles is overshadowing this state. For the high
exposure spectral overlay (Figure 5.4b), the shift of the Ti** is now more pronounced (~20 K,
~4.8 kJ/mol) which would be expected given the Pt (111) TPD spectrum of Figure 5.5. Finally,
the most interesting observation, is the reduction of the O-anion site for the TiO2/HOPG after the
addition of Pt nanoparticles on the TiO2. This indicates that the Pt photodeposition occurs on the
OZ sites of the TiO:2 particles. Thus, coupled with previous experiments, it is suggested that the
Pt deposition mechanism involves photogenerated holes on the TiO2 surface that create hydroxyl

radicals that subsequently adsorb platinum from solution in the form of Pt (1V).1°
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Figure 5.5. D,O on Pt (111). Monolayer desorption occurs between
240 and 210 K. Coverages are in monolayers (ML).

CO adsorption on Pt/TiO2/HOPG

With the interest of Pt supported on TiO2 as water gas shift catalyst, the adsorption of CO
on the Pt/TiO2/HOPG is naturally of interest. In the present work, an attempt was made to
observe CO desorption at room temperature, however, our efforts were unsuccessful. It is well
known that CO adsorbs on the Pt (111) surface at room temperature.?® An explanation into the
lack of CO adsorption at room temperature could be due to the observation of water (m/z 18)
desorption during the TPD experiment. It is likely that a small leak in the CO dosing line resulted
in an impure CO exposure. If H2O competes for the same adsorption sites, then perhaps this
competition may have hindered the adsorption of CO. Furthermore, a more likely explanation

lends itself to probable adventitious carbon contamination inhibiting CO adsorption at room
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temperature. Since SMSI was a concern in the present study, relatively low temperatures (< 700
K) were used to (a) reduce the Pt from (IV) to (0) oxidation, and (b) perform TPD experiments.
In doing so, it is likely adventitious carbon was still present on the Pt particles. However, given
the support material used in this study was HOPG, adventitious carbon was unobservable via
Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) due to a high

carbon background.

55  Conclusions and future work

Preparing a Pt/TiO2 system as described in this chapter allows for better control of the
catalyst material thus allowing for systematic investigations to be performed to gain a
fundamental understanding of the properties of these model catalyst systems. The systematic
TPD experiments performed herein are, to my knowledge, the first of their kind and an
invaluable tool to gain more insight into supported catalysts. From the results of this study, it was
determined that Pt photodeposited on the surface of TiO2 nanoparticles reside on the O? sites.
Undoubtedly more complementary investigations would be paramount to further develop an
understanding of the reactivity of Pt/TiO2/HOPG, including scanning tunneling microscopy
(STM), high-resolution electron energy loss spectroscopy (HREELS) and infrared techniques.

Furthermore, given the limitations observed for CO desorption from Pt/TiO2/HOPG, it is
clear more studies are needed to better investigate CO adsorption. To do so, a mild Ar plasma
treatment could be performed prior to CO TPD experiments to attempt to remove adventitious
carbon thus promoting adsorption. In addition, different substrates to support the TiO2
nanoparticles could also be explored to remove the high carbon background allowing for better

surface characterization and observation of carbon contaminants.
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CHAPTER 6

Effect of surface treatment on DO desorption: oxygen and argon plasma

6.1 Introduction

Surface treatment by means of ion sputtering with inert gas (typically Argon) or with
oxygen plasma is advantageous for many applications in surface science. For example, it is well
known that metal surfaces can be bombarded with argon ions to effectively remove adventitious
carbon and other contaminating species.! In addition, oxygen/argon plasma treatment has been
shown to be useful for removing carbon contaminants from samples to obtain high quality
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy-
dispersive x-ray spectroscopy (EDS) data.? Plasma cleaning has also been exploited to promote
the adhesion of thin/thick films on substrate surfaces; such as polyethylene terephthalate on
oxygen plasma treated silver.® Furthermore, plasma treatment techniques have been utilized for
surface modification/functionalization of polymer surfaces.*®

As previously mentioned, oxygen plasma cleaning prior to SEM imaging is typically
necessary to obtain high resolution data. In the present work, TPD experiments were often
performed after SEM imaging which led to the question of how does plasma treatment affect the
adsorption behavior of D20. To answer this question, this chapter touches on three fundamental
studies of plasma treatment effects: the effect of oxygen plasma treatment on the adsorption of
D20 on TiO2 nanoparticles supported on HOPG, argon versus oxygen plasma treatment on the
adsorption of D20 on HOPG, and briefly, D20 desorption from high density TiO2 nanoparticles

grown on HOPG prepared using oxygen plasma versus argon plasma .
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6.2  Experimental

For the present chapter, the experimental progression is presented in Figure 6.1. Oxygen
plasma treatment was done in the FEI Magellan XHR 400L SEM housed at the LEXI facility at
the University of California, Irvine. Argon plasma treatment was performed in the TPD chamber
via an ion gun using an argon pressure of 7.5 x 10 torr, 20 mA emission current, and 0.5 kV
beam energy for 30 minutes. Titanium was evaporated on the pre-treated HOPG (9 nm,
measured by a quartz crystal microbalance) at 800 °C for 1.5 hours followed by annealing in the
bell jar for an additional 2.5 hours post deposition. SEM imaging was performed at the LEXI

facility. For TPD experimental procedure, please refer to Chapter 2.

D,0O on Freshly cleaved HOPG

Ar sputter: O, plasma
7.5E-5 torr, treatment (Different
20mA, 0.5 kV HOPG sample)
D,0 on Ar sputtered HOPG D,0 on O, plasma treated HOPG
TiO, deposition:
1.5 hr, 800°C,
2.5hr
Figure 6.1. Experimental progression and sample
treatment. The purple arrow indicates an instance
. in which a new HOPG substrate was used. Ar
D,0 on TiO,/HOPG plasma treatment (sputtering) was performed in
situ and O, plasma treatment was done in the SEM
0, plasma instrument at LEXI.
treatment for
SEM imaging

D,0 on O, plasma treated TiO,/HOPG
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6.3 D20 adsorption on argon sputtered versus oxygen plasma treated HOPG

To investigate the effect of inert versus reactive plasma (Ar vs Oz, respectively), TPD
was used to observe D20 desorption from a freshly cleaved piece of HOPG, Ar plasma treated
HOPG and O2 plasma treated HOPG. Figure 6.2 shows the TPD spectrum of D20 adsorbed on
the freshly cleaved HOPG surface. From Figure 6.2 we observe two desorption states, a high
temperature peak that begins at ~250 K and shifts to ~200 K with increasing D20 exposure (sec).
This state is assigned to molecularly adsorbed D20 bound to the surface at steps and point
defects on the HOPG. The second peak at 162 K is due to D20 multilayers and is consistent with

previous work.®’

— 120 sec
—— 90 sec
60 sec
—— 30 sec
20 sec
10 sec
5 sec
— 3 sec
— 1 sec

m/z 20 Intensity (arb. units)

S

260 360-”-"_"-w 0 5
Temperature (K)

Figure 6.2. DO on freshly cleaved HOPG TPD spectrum (m/z 20
intensity vs temperature, K) Exposures are shown in units of seconds
in which the pressure behind the 1 um pinhole doser was 1.0 torr
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Figure 6.3 shows the D20 thermal desorption spectrum from Ar plasma treated HOPG. In
this case, an observed broadening and shift of the high temperature peak of Figure 6.2 indicates
an increased distribution of defects induced by the Ar plasma as well as an increase in binding
strength. Additionally, a shoulder on the high temperature of the multilayer suggests that
roughening of the surface by argon bombardment is disrupting the lateral water (D20) diffusion
and subsequent 3-dimensional clustering on the HOPG surface as expected for water on HOPG.®
As a result this shoulder may be attributed to surface-influenced hydrogen bonding between D20
molecules, further fortifying the observed shift toward lower temperature with increasing
coverage indicative of surface coverage dependency. For a clearer comparison, Figure 6.4 shows
the overlaid TPD spectra from Figures 6.2 and 6.3 for (a) low doses and (b) high exposures of

D2O.
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Figure 6.3. D;O thermal desorption from Ar plasma treated HOPG.
Exposures are shown in units of seconds in which the pressure behind
the 1 um pinhole doser was 1.0 torr.
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Figure 6.4. Overlaid TPD spectra for DO on freshly cleaved HOPG (black traces) versus D,O on Ar sputtered
HOPG (green traces). “Low doses” (1 — 20 sec exposure) are shown in plot (a) and “high doses” (30 — 120 sec
exposure) are shown in plot (b).

When looking at the interaction of D20 on O2 plasma treated HOPG, the desorption
behavior is noticeably different from Figure 6.5. A shift of the high temperature peak to even
higher temperatures is observed when compared to D2O/HOPG (Figure 6.6). This shift suggests
an increase in the binding strength of D20 at induced point defects generated from the O:
plasma. In addition, a new peak becomes apparent at ~200 K and shifts to lower temperatures
with increasing exposure. This peak is attributed to oxygen functionality that is introduced on the

surface from the plasma treatment in which water (D20) can hydrogen bond.
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Figure 6.5. DO TPD spectrum from oxygen plasma treated HOPG.
Exposures are shown in units of seconds in which the pressure behind

the 1 um pinhole doser was 1.0 torr.
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Figure 6.6. Overlaid TPD spectra for D,O on freshly cleaved HOPG (black traces) versus D,O on O, plasma
treated HOPG (green traces). “Low doses” (1 — 20 sec exposure) are shown in plot (a) and “high doses” (30 —

120 sec exposure) are shown in plot (b).
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To help justify the assignment of the 200 K peak of Figure 6.5, the other masses followed
during the desorption experiments (m/z 18 and 19) can be used to evaluate the degree of isotopic
exchange between D20 and hydroxyls present on the surface. By calculating the %HOD (as
described in Section 2.3.7) a qualitative view of the amount of hydroxyls present on the surface
can be obtained. Figure 6.7 shows the %HOD calculated as a function of exposure (sec) for the
three HOPG surfaces investigated in this study: freshly cleaved, Ar sputtered and Oz plasma
treated. From Figure 6.6 it is observed that the %HOD for all three HOPG samples exhibit
similar behavior. In general, the %HOD (i.e. amount of surface hydroxyls) is initially high and
then decreases with increasing exposure. This indicates that H-D exchange interactions are
occurring such that:

OHad) + D20(d) = OD(ad) + HOD(q)

The drop in %HOD with increasing exposure is due to the surface hydroxyls being titrated thus
reacting all of the OHuq). Interestingly, there is a pronounced %HOD for low exposures of the
oxygen plasma treated HOPG and to a lesser extent on the Ar plasma treated HOPG. This
suggests that there is an enhancement of H-D exchange occurring thus a higher population of OH
species on the surface, which can be attributed to the induced oxygen functionality from O:

plasma treatment.
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Figure 6.7. %HOD vs Exposure (sec) for freshly cleaved HOPG (black curve), Ar
sputtered HOPG (red curve) and O plasma treated HOPG (green curve).
6.4 D20 adsorption on TiO2/HOPG versus Oz plasma treated TiO2/HOPG
As previously mentioned, plasma treatment is often necessary to obtain high resolution
SEM images, thus it is important to understand how plasma treatment affects the reactivity of
surfaces. In this case, the post-Ar sputtered HOPG was used to prepare TiO2 nanoparticles and
analyzed using TPD with D20 as a probe molecule. The D20 on TiO2/HOPG desorption
spectrum is shown in Figure 6.8. From the figure, we see three major desorption states. The high
temperature peak begins at ~270 K and shifts to 225 K with increasing exposure and is attributed
to D20 bound to Ti*" sites. The second peak between 200 K and 165 K is assigned as water
bound to O — anion sites on the surface and the low temperature peak is indicative of multilayer
desorption. The D20 desorption spectrum of Figure 6.8 is consistent with water desorption from

single crystal TiO2(110).8-10
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Figure 6.8. D2O on TiO,/HOPG TPD spectrum.
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Figure 6.9. D,O on O, plasma treated TiO/HOPG TPD spectrum
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Figure 6.9 shows D20 desorption from the same TiO2 sample that has been Oz plasma
treated for SEM imaging. From the results of the TPD, it is clear that the desorption spectrum
now exhibits some new features. For a better comparative look, Figure 6.10 shows the overlaid
TPD spectra of D20 on TiO2/HOPG (Figure 6.8) and D20 on O2 plasma cleaned TiO2/HOPG
(Figure 6.9). From Figure 6.10, it is apparent that a new desorption feature appears on the low
temperature side of the O — anion peak (between 200 K and 160 K) after plasma treatment. From
Section 6.3 it was determined that Oz plasma treatment introduced oxygen functionality onto the
surface. In the case of Oz plasma treated HOPG, it is suggested that the 160 K peak of Figure 6.9
(red dotted line) is also associated water (D20) hydrogen bound with oxygen species induced on
the sample surface from the plasma cleaning. Another interesting observation from Figure 6.10 is
the increase in intensity for both the O% and Ti** peaks. This occurrence could be due to the
removal of adventitious carbon that may have been present before the plasma cleaning which
would, in turn, create more D20 adsorption sites on the TiO2 nanoparticle surface. Furthermore,
though it is clear that the Oz plasma cleaning affects the desorption of D20 on the TiO2/HOPG
system, it is interesting to note that there is no introduction of defects that promote dissociative
adsorption of D20, as was observed for Ar sputtered TiO2 (110) preheated to 700 K.1° Clearly
there exist differences in the choice of plasma, as demonstrated in Section 6.3; however, it is
suggested that the Oz plasma treatment in the present study may be mild enough as to not induce
defects that facilitate dissociative water adsorption, though it certainly alters the surface

reactivity and adsorption behavior of D20.
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Figure 6.10. TPD spectral overlay for D,O on TiO,/HOPG before O,
plasma treatment (black curves) and after O, plasma treated (green
curves).

6.5  Effect of Ar vs Oz plasma on TiO2 nanoparticle deposition

One important fundamental question regarding the preparation of TiO2 nanoparticles
supported on HOPG is the effect of the surface pre-treatment on the resulting sample. As
demonstrated in Section 6.3, O2 plasma results in oxygen species formed on the HOPG surface,
whereas Ar plasma only alters the surface by physical bombardment. To gain insight into this
effect, two different TiO2 nanoparticle samples were analyzed using TPD with D20 to probe the
reactivity of the surface. Figure 6.11 shows SEM images of the two TiO2 nanoparticle samples:
the first prepared by pretreating the HOPG substrate with Ar plasma (Figure 6.11a) and the

second prepared using Oz plasma treatment (Figure 6.11b).
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Figure 6.11. SEM images of (a) Pt/TiO2/HOPG prepared using Ar plasma pretreatment and (b) TiO;
nanoparticles prepared using O plasma pretreatment

From the SEM images of Figure 6.11, it is observed that the TiO2 nanoparticles prepared
by (a) Ar plasma treatment and (b) Oz plasma treatment are quite similar in size and morphology.
An ImageJ analysis revealed average particle diameters of 10.2 + 8 nm for Figure 6.11a and 9.6
+ 7 nm for Figure 6.11b. Further ImageJ analysis also resulted in % areas (i.e. the % HOPG
covered by TiO2 particles) of 27.6% and 29.1% for Figure 6.11a and 6.11b, respectively.

Figure 6.12 shows the D20 TPD spectra for (a) TiO2/HOPG prepared with Ar plasma and
(b) TiO2/HOPG prepared with Oz plasma in which the TPD spectra correspond to the SEM
images of Figure 6.11. From Figure 6.12, some similarities and differences are observed in the
D20 thermal desorption spectra. Both spectra exhibit three major desorption states due to Ti**
sites (~250 K), O% sites (~200 K) and multilayer D20 (~160 K). The fourth minority desorption
state between 150 and 200 K at low exposures is due to defects generated by Oz plasma cleaning

prior to SEM imaging. Figure 6.13 shows the desorption spectra of Figure 6.12a and 6.12b
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overlaid to obtain a clearer comparison of the two surfaces. From Figure 6.13, it becomes clear
that the peak temperatures for all of the desorption states described above are in good agreement,
suggesting that the same D20 adsorption sites are present on the surface whether Ar or O:
plasma is used to prepare the TiO2 nanoparticles. From Figure 6.13, it also becomes apparent that
the relative peak intensities differ between the two TPD spectra. This observation could be
rationalized by the sample-to-sample variation, in which it is unsurprising to see slight
differences in the desorption spectra. From these results, it is suggested that there exist no major
observable changes in the reactivity of TiO2/HOPG samples prepared by Ar or Oz plasma
treatment, however more precise control over sample preparation would be necessary to

elucidate any differences.
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Figure 6.12. TPD spectra for D,O on TiO,/HOPG prepared by (a) Ar plasma treatment and (b) O, plasma
treatment. Exposures (sec) were done with a backing pressure of 1 torr behind the pinhole doser.

— D,0 on TiO,/HOPG/Ar plasma
— D,0 on TiO,/HOPG/O, plasma
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Figure 6.13. Overlay of D,O on TiO2/HOPG prepared by Ar plasma
treatment (Figure 6.12a) and O, plasma treatment (Figure 6.12b).
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6.6  Conclusions

This chapter explored the effects of inert (argon) and reactive (oxygen) plasma treatment
on three different systems. For a first fundamental approach, the reactivity of DO on Ar and O2
plasma treated HOPG was investigated and compared to that of freshly cleaved HOPG. From the
results, it is concluded that both Ar and Oz induce defects on the HOPG surface that facilitates
D20 adsorption however, Oz plasma acts to functionalize the surface with oxide species that
promote hydrogen bonding of water (D20). To understand the effect of Oz plasma on surface
reactivity, D20 TPD was performed on a TiO2/HOPG sample before and after Oz plasma
cleaning. The results suggest that O2 plasma again induces defects with oxygen functionality that
present in the form of an additional peak in the thermal desorption spectrum between 160 — 200
K. In addition, a noticeable increase in the relative peak intensities are likely the result of the
removal of adventitious carbon on the nanoparticle surface that creates more adsorption sites for
D20 to bind. Furthermore, the effect of oxygen versus argon plasma on the reactivity of TiO2
nanoparticles supported on HOPG was investigated. The results display some slight differences
in the thermal desorption spectra for TiO2 grown on Ar plasma treated versus Oz plasma treated
HOPG. However, based on the similarity displayed in the SEM data and the inherent variation
between prepared TiO2 samples, there is not enough evidence to support any real changes in the

D20 reactivity on the surfaces.
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APPENDIX A

List of acronyms

AES — Auger electron spectroscopy

APXPS — ambient pressure X-ray photoelectron spectroscopy
CMA — cylindrical mirror analyzer

DFT — density functional theory

EDS — energy dispersive x-ray spectroscopy

HOPG - highly oriented pyrolytic graphite

LEED — low energy electron diffraction

LEXI — Laboratory for Electron and X-ray Instrumentation
LN2 — liquid nitrogen

m/z — mass to charge ratio

ML — monolayers

MS — mass spectrometer

NHE — normal hydrogen electrode

PVD - physical vapor deposition

RSF — relative sensitivity factor

RT — room temperature

SEM - scanning electron microscopy

SMSI — strong metal support interaction

SS — stainless steel

STM - scanning tunneling microscopy

TC — thermocouple
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TDS — thermal desorption spectroscopy

TEM - transmission electron microscopy
TPD — temperature programmed desorption
TSP — titanium sublimation pump

UHV — ultra-high vacuum

UPS — ultra-violet photoelectron spectroscopy
UV — ultra-violet

XAS — X-ray absorption

XPS — X-ray photoelectron spectroscopy
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APPENDIX B

Supporting Information

B.1  Chapter 3 supporting figures

195K
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Figure S3.1. TPD spectrum of D,O desorption from a clean W (100) surface. The
peak at 336 K is attributed to D,O disproportionation, the peak at 195 K is
assigned to oxidation of the surface during the experiment. Experiment was
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Figure S3.2. AES spectrum showing oxidation of the clean W (100) before (black
trace) and after (red trace) D,O TPD experiment.
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Figure S3.3. AES spectrum showing slight oxidation of the sulfurized W (100) before
(black trace) and after (red trace) D,O TPD experiment.

114



5ML  hp ~3K (a) 0.5 ML ~10K (b)

— H,0 on WO,
— D;0 on WO,

— H,0 on WO,
— D,0 on WO,

Signal Intensity (arb. units)
Signal Intensity (arb. units)

120 140 160 180 200 220 100 150 200 250 300

Temperature (K) Temperature (K)
Figure S3.4. Comparison of H;O (blue traces) and DO (red traces) desorption from the oxidized W (100) surface
for the (a) multilayer peak (5 ML coverage) and (b) monolayer peak (0.5 ML coverage) and the respective shift in
peak temperature (indicated on the individual plots.
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B.2  Chapter 4 supporting figures

Rutile (110)
0.33nm

0.17 nm
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Figure S4.1. (a) TEM image of TiO, nanoparticles and (b) TEM diffraction pattern displaying the Rutile phase of
TiO,. The inset of (a) is the blown up portion of the boxed region in which the lattice fringes can be observed.

Anatase (101)

Figure S4.2. (a) TEM image of TiO, nanoparticles and (b) TEM diffraction pattern displaying the Anatase phase of
TiO,. The inset of (a) is the blown up portion of the boxed region in which the lattice fringes can be observed.
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Figure S4.3. XPS and AES data for nanoparticles (gold), linear dendrites (green), dendrites (red), and thin film
(blue). XPS data shows the Ti 2P region, O1s region and C1s regions. The peaks for C, Ti, and O are labeled on the
AES spectrum.
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