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ABSTRACT OF THE DISSERTATION

Fundamental Investigations of Metal-Metal Oxide Model Catalysts
and the Liquid/Vapor Interface of Aqueous Solutions

By
Amanda R. Haines
Doctor of Philosophy in Physical Chemistry
University of California, Irvine, 2021

Professor John C. Hemminger, Chair

Fundamental surface science investigations are primarily concerned with understanding
the chemistry that occurs at the interface of phases, such as the solid/gas, solid/liquid, and
liquid/vapor interface. Surface science investigations have led to breakthroughs in understanding
chemisorption and physisorption on heterogeneous catalysts, reactions that occur at the interface
of electrodes, and hydrogen bonding in aqueous solutions. Fundamental understanding of the
chemistry that occurs on surfaces can lead to better material design, such as more efficient
catalysts, and insight into complex chemical processes that are not well understood, such as how
a solvent affects the electronic properties of solutes.

The work presented in this thesis includes fundamental studies on both solid/gas and
liquid/vapor interfaces. Chapter 1 discusses the synthesis and characterization of a Cu/TiO;
nanoparticle model catalyst system supported on a highly oriented pyrolytic graphite (HOPG)
substrate. Supporting the nanoparticles on an inert HOPG substrate allows for the rigorous
characterization of this model catalyst using advanced surface science techniques. Further

reactivity and stability studies were then conducted on this system.

xii



Chapter 2 investigates the thermal reduction of CO, over the Cu/TiO,/HOPG model
catalyst through the use of ambient pressure X-ray photoelectron spectroscopy (AP-XPS) at a
synchrotron light source. The Cu/TiO,/HOPG sample was heated in an atmosphere of CO, and
H, reactant gases and AP-XPS measurements were taken in an effort to observe formation of
intermediates on the catalyst surface. Using the synchrotron, we are able to obtain information at
the near surface and bulk of the catalyst in order to elucidate fundamental information on the
CO; hydrogenation reaction mechanism.

The electrochemical reactivity and stability of the Cu/TiO,/HOPG catalyst is discussed in
Chapter 3. Differential electrochemical mass spectrometry (DEMS) measurements showed that
this catalyst forms methane as its major product under electrochemical CO, reduction conditions.
The stability of the Cu and TiO, nanoparticles were investigated using cyclic voltammetry and
chronoamperometry.

In an effort to fundamentally study the Cu/ZnO system, similar to the Cu/TiO, system,
the synthesis of ZnO nanoparticles on HOPG was attempted using PVD. The synthesis of these
nanoparticles is discussed in Chapter 4, which details the various parameters that were adjusted
in order to optimize the PVD process. Photodeposition and stability studies of the synthesized
ZnO/HOPG samples were also investigated.

The study of liquid interfaces using liquid-jet ambient-pressure X-ray photoelectron
spectroscopy (LJ-APXPS) is discussed in Chapter 5. Various solutes in aqueous solutions were
investigated using synchrotron radiation in order to study the solvation induced changes in the
electronic structure of solutes from the surface to the bulk of the solution and as a function of
pH. These investigations provide insight into the solvent effects for molecular solutes that reside

at or near the liquid/vapor interface in solution.
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Chapter 1

Synthesis and Characterization of Cu-based Nanoparticles on TiO, Nanoparticles
Supported on HOPG

1.1 Introduction

Heterogeneous catalysts are widely used industrially in various sectors such as oil
refining, organic synthesis or pollution control.®® There has been significant research into
improving the reaction rate and selectivity of heterogeneous catalysis products but atomic level
understanding of these materials still remains a challenge due to the complex nature of the
catalytic materials.” Modern surface science techniques have been used in order to understand
these materials at the atomic scale but there still exists several gaps between catalysis and surface
science: (1) materials gap, (2) pressure gap and (3) complexity gap.® Early studies in this field
focused on single crystal surfaces, which provided useful information on the role of surface
defects and gas adsorption, but these surfaces do not accurately reflect the complexity of real
industrial catalysts.”® To overcome this materials gap between fundamental studies and real
catalysts, model heterogeneous catalysts are used that are based on metal oxides on single crystal
surfaces or oxide supported metal particles.”

In this context, a model catalyst consisting of Cu-based nanoparticles on metal oxide
nanoparticles, specifically titanium dioxide (TiO,), has been fabricated and characterized in this
Chapter. The majority of industrial catalysts consist of small metal nanoparticles dispersed onto a
high surface area solid, usually a metal oxide.** The model system described here consists of 2-5
nm Cu-based nanoparticles supported on 15-20 nm TiO;, nanoparticles, thus increasing the

surface area of these catalysts and helping to bridge the materials gap.



It is well established that copper is an important metal for CO, reduction reactions,
specifically the thermocatalytic reduction into methanol and the electrochemical reduction into
methane.?**#21421 However, there remains a debate as to whether copper metal or Cu* species
is responsible for its high catalytic activity.**" Under CO, reduction conditions, both
electrochemical and thermocatalytic, it is not thought that copper would remain as an oxide and
would be subsequently reduced to copper metal. It has been found that metal oxide supports play
a role in supplying oxygen to copper and may stabilize the Cu® species under reduction
conditions.?®%

TiO, is a reducible metal oxide that is capable of having multiple oxidation states which,
when used as a support for copper, may also be relevant to surface-catalyzed reactions. TiO, has
several adsorption sites which include oxygen vacancies and undercoordinated Ti and O atoms,
which may help to stabilize the CuOy species.®®%® In this Chapter, the synthesis of a model
catalyst consisting of CuOy nanoparticles on TiO, nanoparticles is realized using photodeposition
and physical vapor deposition (PVD). One advantage of such a catalyst is that, in addition to

reaction studies, the catalyst structure and composition can be studied using advanced surface

science methods of nanoscale imagery and spectroscopy.

1.2 Experimental
1.2.1 Physical Vapor Deposition (PVD)

TiO, nanoparticles were grown on a highly oriented pyrolytic graphite substrate (HOPG)
(HOPG/ZYB/DS/1-1, 8° mosaic spread, MikroMasch) by PVD on a commercial evaporator
(Edwards 306A Coating System) under high vacuum (10 Torr). The HOPG substrate is cleaved

using the “Scotch tape” method and either placed directly into the evaporator or treated with low



energy plasma and fixed between two copper rods. The HOPG substrate is resistively heated to
770°C to remove any surface contamination prior to the deposition and is held at a constant
temperature throughout the deposition in order to induce Ti atom mobility on the surface.

The TiO, nanoparticles were prepared by the thermal evaporation of a titanium (Ti) metal
source (1.0 mm dia., hard, 99.99% metals basis, Alfa Aesar) in a tungsten crucible. The tungsten
crucible containing the Ti rod is resistively heated above the evaporation temperature of Ti in
order to sublimate into the vapor phase. The Ti atoms are readily oxidized by residual oxygen in
the chamber to form TiO, nanoparticles under high vacuum (10° Torr). The growth rate and
amount of TiO, deposited is monitored by a quartz crystal microbalance (QCM). The sample is
then annealed for 2.5 hours at 770°C after deposition in order to obtain highly crystalline rutile

TiO, NPs.

1.2.2 Photodeposition

The TiO,/HOPG sample is placed in a photo-electrochemical cell and submerged in an
aqueous CuCl; (99.99% trace metal basis, Sigma-Aldrich) solution where the CuCl, salt was
dissolved in HPLC grade water (Sigma-Aldrich). The solution is bubbled with Ar gas for 20
minutes prior to irradiation in order to degas oxygen, as it is thought to compete as an electron
scavenger, and improve photoreduction.®* The inert Ar gas purge continued throughout the
duration of the deposition. The TiO2/HOPG sample in the aqueous CuCl, solution was irradiated
with ultraviolet (UV) light (mercury xenon arc lamp) with a wavelength of 365 nm for 6 hours.
Samples were washed in HPLC grade water, dried using nitrogen gas, and stored in a desiccator

prior to characterization.



1.2.3 Characterization

X-ray photoelectron spectroscopy (XPS) measurements were performed using an AXIS
Supra photoelectron spectrometer (Kratos Analytical) equipped with a monochromatic Al Ka
source (1486.6 eV). High resolution C1s, O1s, Cu2p and Ti2p core level spectra were recorded
with an analyzer pass energy of 20 eV. All survey spectra were recorded with a pass energy of
160 eV. All recorded spectra were calibrated to the Cls peak appearing at 284.4 eV,
corresponding to graphitic carbon of HOPG.*** Scanning electron microscopy (SEM)
measurements were performed using a FEI Magellan 400 XHR SEM equipped with a
monochromated FEG source at an acceleration voltage of 10 kV, probe current of 50 pA and
working distance of ~4 mm. Prior to SEM imaging, all samples were plasma treated using an in
situ plasma cleaner that uses an ambient air plasma to lay down oxygen radicals on the sample
surface in order to prevent the formation of hydrocarbon contamination during imaging.** Local
chemical state analysis was performed using the energy-dispersive X-ray spectrometer (EDS)
(Oxford silicon drift detector, 80 mm?) in the SEM at an acceleration voltage of 25 kV, probe
current of 0.2 nA, and a working distance of ~4 mm. Atomic force microscopy (AFM)
measurements were performed on an Anton-Paar Tosca 400 AFM in tapping mode using
commercially available silicon cantilevers (Arrow-NCR-10, NanoWorld) with a spring constant

of 42 N/m and a resonance frequency of 285 kHz.
1.3 Results and Discussion

1.3.1 Fabrication and characterization of TiO, nanoparticles
The TiO, nanoparticles grown using PVD can have either a high or low density of
nanoparticles depending on the pretreatment of the HOPG substrate. For a low density of

nanoparticles, the HOPG substrate is placed directly into the PVD chamber after cleaving. In this



instance, the TiO, nanoparticles grow preferentially along the naturally occurring step edges of
HOPG to form linear arrays (Figure 1.1 A,B). Upon substrate heating, the Ti adatoms become
mobile and move towards defect sites on the HOPG substrate, in this case the step edges, in

order to nucleate.®

Flgurel 1 SEM |mageo |Oznanopart|cles (A) at the step edges of HOPG with (B) magnlfled
image and (C) at a high density of nanoparticles with (D) magnified image.

To obtain a high density of TiO, nanoparticles, the HOPG substrate is plasma treated
using a low energy Ar plasma (8 W, 160 mTorr) for 20 minutes using either a Tergeo Plasma
Cleaner (PIE Scientific) or a PC 2000 plasma cleaner (South Bay Technology, Inc.) after
cleaving. This plasma treatment creates multiple defects on the HOPG substrate that act as

nucleation sites for the mobile Ti atoms. It is presumed that the step edges of the HOPG substrate



Frequency

are broken up by the Ar plasma as the TiO; nanoparticles don’t appear to align in any particular
order on the plasma treated substrate. The plasma treatments results in a high density of TiO;

nanoparticles that are 15-20 nm in diameter on the surface of HOPG (Figure 1.1 C,D).
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Figure 1.2: SEM image of TiO, nanoparticles at a QCM deposition of (A) 6.2 nm and (B) 11.8
nm. Histograms (C) and (D) are the nanoparticle diameter distribution for the SEM images in (A)
and (B) respectively.

The size of the nanoparticles deposited can be controlled relatively well by adjusting the
amount of TiO, deposited. In Figure 1.1, the QCM recorded that the amount of TiO, deposited

was 9.2 nm and the average nanoparticle diameter was between 25-40 nm for the linear arrays, as

measured from the SEM images using ImageJ. The high density nanoparticles that had 6.2 nm



and 11.8 nm amount of TiO, deposited, as measured by QCM, had corresponding average
nanoparticle diameters of 17 and 24 nm, respectively. The SEM images comparing the
nanoparticle size and corresponding histograms are shown in Figure 1.2, where the diameter

measurements and histograms were recorded from the SEM images using ImageJ. Adjusting the

Figure 1.3: TEM image of TiO; nanoparticls on a carbon E grid owing rutile TiO,
nanoparticles. Inset is the fast Fourier Transform (FFT) patterns of TiO2 nanoparticle.*®

parameters during PVD, such as substrate temperature and amount of deposited material, allows
us to control the size and crystallinity of the TiO, nanoparticles. The HOPG substrate was held at
770°C throughout the deposition and the sample was further annealed for 2.5 hours after
deposition in order to form rutile TiO, nanoparticles. The crystallinity of the nanoparticles was
confirmed via transmission electron microscopy (TEM) (Figure 1.3) where the inset of the
2D-FFT shows diffraction spots indicating distances of 0.29 and 0.31 nm, which corresponds to

the (001) and (110) interplanar spacing of rutile TiO, (110), respectively.*



The chemical composition of the synthesized TiO, nanoparticles was analyzed using

X-ray photoelectron spectroscopy. The high resolution Ti2p spectra in Figure 1.4 shows the

Ti2p
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Figure 1.4: Ti2p XPS spectra of TiO, nanoparticles showing the formation of stoichiometric
TiO2 with the Ti2p3/2 peak located at 459.07 eV.

formation of stoichiometric TiO, nanoparticles with the Ti2pz, and Ti2py, peaks located at
459.07 and 464.84 eV, respectively. The Ti2ps;, binding energy is characteristic of TiO, which
can range from 458.5 and 459.2 eV and the splitting (ABE) between the Ti2p3, and Ti2py, peak
is 5.77 eV, where TiO, is reported to have a peak splitting value of 5.54 eV.*"* Figure 1.5
shows the AFM images of the linear and high density TiO, nanoparticles and corresponding line
scan profiles. The linear and high density TiO, nanoparticles were found to have average heights

of 18 and 6 nm, respectively.
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Figure 1.5: AFM image of (A) linear TiO, nanoparticles with (C) corresponding line scan and

(B) high density of TiO, nanoparticles with (D) corresponding line scan.

1.3.2 Photodeposition and characterization of Cu-based nanoparticles on TiO, nanoparticles
The TiO,/HOPG sample was then submerged in a 3 mM aqueous CuCl, solution and

irradiated with UV light for 6 hours in order to selectively deposit small, Cu-based nanoparticles

onto the TiO, nanoparticles. Previous studies have shown that 3 mM CuCl; in aqueous solution

at a pH of ~3 results in selective deposition of 2-5 nm CuOyx nanoparticles on TiO,



nanoparticles.*®*° At more neutral pH, the hydrolysis of Cu(OH), is predominant and results in
the deposition of large Cu(OH), particles on the surface. The wavelength of UV light used to
irradiate the sample is 365 nm, corresponding to a photon energy of 3.4 eV, which is greater than
the band gap of rutile TiO; of 3.0 eV. This allows for the promotion of an electron (e”) from the
valence band to the conduction band of TiO, where the electron in the conduction band will bind
with the metal ions that are in solution, as shown in the scheme in Figure 1.6. The promotion of
an electron leaves behind a hole (h*) in the valence band. During photodeposition, it has been
found that a sacrificial agent can be used as a hole scavenger that will occupy the holes in the
valence band, suppress recombination of the electrons and holes, and improve

photoreduction.*®

Conduction band
edge
F

=)
Band gap

~3t63.2 eV >\uv light > TiO,

" \@/
Valence band
edge

Figure 1.6: Schematic of photodeposition reaction for the band gap of TiO,. An electron (e) is
promoted from the valence band to the conduction band leaving behind a hole (h*) in the valence
band. The promoted e can then bind with the metal ion in solution.

The addition of various sacrificial agents to the aqueous CuCl; solution studied here were

the following: methanol, acetic acid, formic acid, oxalic acid, sodium acetate, sodium formate,
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and sodium oxalate. The addition of 1% by volume of methanol was used as a standard as
previous studies revealed an increase in the rate and amount of Cu-based nanoparticles deposited
with its addition.*® Studies have investigated these particular organic hole scavengers and found
that the addition of formate results in faster photodeposition.** Our experimental results revealed
that the addition of small amounts of the sacrificial agents added to the CuCl; solution resulted in
significant copper photodeposition. For these solutions, the addition of liquids was 1% by

volume and the solids were added in order to reach a final solution concentration of 3 mM.

Table 1.1: Description of additives used in the aqueous 3 mM CuCl, solutions for
photodeposition.

Solution Additives
1 1% vol. methanol
1% vol. acetic acid
1% vol. formic acid
3 mM oxalic acid
3 mM sodium acetate
3 mM sodium formate

3 mM sodium oxalate

~N[([ojofh~jw|IN

For all of these solutions, the pH was kept at ~3 in order to minimize the hydrolysis of
Cu(OH), formation and the competitive reduction reaction that occurs between Cu®** with H*
ions.***! The summary of the solutions with the amount of sacrificial agent added are recorded in
Table 1.1. The TiO,/HOPG samples were illuminated for 3 hours in all six of the CuCl; solutions
described in Table 1.1, except for the solution with 1% methanol, which was illuminated for 6
hours. For solutions 2-7, the addition of the organic hole scavenger resulted in an increase in the
rate and amount of Cu-based nanoparticles deposited onto the TiO, nanoparticles. Figure 1.7

shows a representative Cu2p XPS spectrum for the 3 mM CuCl, solution containing 3 mM
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sodium oxalate. Initially, the Cu2p spectrum had a large Cu2p peak located at 932.53 eV,

corresponding to Cu,O and smaller peaks located at 933.63 and 934.83 eV,

Cu2p;),

Intensity (Normalized to Ti2p)

950 945 940 935 930
Binding Energy (eV)

Figure 1.7: Cu2ps, XPS spectrum of Cu nanoparticles on TiO, nanoparticles using a
photodeposition solution of aqueous 3 mM CuCl, solution with 3 mM sodium oxalate (A)
initially and (B) after SEM imaging. The y axis is normalized to the Ti2ps;, peak in order to
compare the amount of Cu present on the TiO; nanoparticles.
corresponding to CuO and Cu(OH),, respectively (Figure 1.7 A). However, after exposure to
X-rays and SEM imaging, the amount of Cu,O nanoparticles decreased significantly (seen in
Figure 1.7 B) and relatively equal amounts of Cu,O and Cu(OH), were observed. The shake-up
peaks characteristic of Cu?* species, located at 941.39 and 944.05 eV, were more pronounced in
the spectrum in Figure 1.7 B, indicating oxidation of the Cu,O species.*?

As stated in the Experimental section, the CuO,/TiO,/HOPG samples were exposed to an

in situ plasma treatment in the SEM prior to imaging. The exposure to this plasma treatment,
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which is air based plasma, results in the oxidation of Cu,O nanoparticles on the surface of the
CuO,/TiO,/HOPG substrate. The Cu2p spectrum was normalized to the Ti2ps, peak and it was
found that the initial Cu2p/Ti2p amount for Cu,O was 0.065 and was reduced to 0.035 after SEM
imaging. The XPS data for Solutions 2-7 before and after SEM imaging, is recorded in Tables

1.2 for the acids and Table 1.3 for the bases.

Table 1.2: Cu2p XPS data for the photodeposition of Cu on TiO, nanoparticles with 3 mM
CuCl, solution and the addition of various acids. The addition of acetic, formic and oxalic acids
correspond to Solutions 2-4.

Acetic Acid Formic Acid Oxalic Acid
Species Ratio Initial  |After SEM/XPS| Initial |After SEM/XPS| Initial |After SEM/XPS
Cu,0 Cu2p/Ti2p 0.043 0.029 0.045 0.033 0.063 0.037
Cu(OH), | Cu2p/Ti2p 0.021 0.016 0.016 0.022 0.010 0.033
Total Cu2p/Ti2p 0.101 0.073 0.062 0.054 0.119 0.130

Table 1.3: Cu2p XPS data for the photodeposition of Cu on TiO, nanoparticles with 3 mM
CuCl; solution and the addition of various bases. The addition of sodium acetate, formate and
oxalate acids correspond to Solutions 5-7.

Sodium Acetate Sodium Formate Sodium Oxalate
Species Ratio Initial  |After SEM/XPS| Initial |After SEM/XPS| Initial |After SEM/XPS
Cu,0 Cu2p/Ti2p 0.131 0.103 0.137 0.067 0.116 0.071
Cu(OH), | Cu2p/Ti2p 0.100 0.094 0.032 0.009 0.019 0.051
Total Cu2p/Ti2p 0.382 0.341 0.220 0.233 0.193 0.212

While the rate and amount of Cu-based nanoparticles increased with the addition of the
organic hole scavengers (Solutions 2-7), the addition of these sacrificial agents resulted in the
growth of 200-400 nm Cu-based structures on the surface of the samples (Figure 1.8). These
large structures were not found to be stable as the plasma treatment in the SEM or reduction by
the X-rays produced through XPS analysis resulted in a significant decrease in the amount of
Cu,0 on the samples. For these sacrificial agents, the amount of Cu did not result in selective

deposition onto the TiO, nanoparticles.

13




Figure 1.8: SEM images of Cu/TiO,/HOPG samples after photodeposition of a 3 mM CuCl,
solution with (A) acetic acid, (B) sodium acetate, (C) formic acid, (D) sodium formate, (E)
oxalic acid and (F) sodium oxalate. The deposition of Cu onto the TiO, nanoparticles resulted in
the growth of large, Cu-based structures.
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Solution 1, containing 1% by volume of methanol, was the only solution that resulted in
the growth of small, Cu-based nanoparticles that were selectively deposited onto the TiO,

nanoparticles, however this solution required longer illumination times of 6 hours. Figure 1.9

Cu2p;),
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Figure 1.9: Cu2ps, XPS spectrum of Cu nanoparticles on TiO, nanoparticles using a
photodeposition solution of 3 mM CuCl, with 1% methanol (A) initially and (B) after SEM
imaging. The y axis is normalized to the Ti2ps;, peak in order to compare the amount of Cu
present on the TiO, nanoparticles.

shows the Cu2p XPS spectrum before and after SEM imaging when Solution 1 is used for
photodeposition. The spectrum has two main Cu2p peaks located at 932.20 and 934.51 eV
corresponding to Cu,O and Cu(OH),, respectively. Initially, the Cu(OH), species was more
prevalent with a Cup/Ti2p ratio of 0.092 but, after SEM imaging, was reduced and has a

Cu2p/Ti2p ratio of 0.066. It is thought that the exposure to the plasma treatment in the SEM or

the X-rays during XPS analysis resulted in the removal of some of the Cu(OH); nanoparticles if
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they were adhered to the surface by electrostatic interactions. It has been shown that the
deposition of Cu(OH), particles occurs on a bare HOPG substrate in a 3 mM CuCl; solution with
1% by volume of methanol which confirms the hydrolysis of Cu(OH), in solution and
subsequent deposition. It is thought that during photodeposition, the Cu,O species is obtained by

photoreduction of the Cu(OH), species.
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Figure 1.10: (A) SEM image of Cu/TiO,/HOPG sample using a photodeposition solution of 3
mM CuCl, with 1% methanol. (B) EDS spectra of Cu/TiO; nanoparticle, marked with the blue
box in the SEM image, which confirms the presence of Cu nanoparticles on TiO, nanoparticles.

SEM imaging of the CuO,/TiO,/HOPG sample did not show the formation of large,

Cu-based structures on the surface (Figure 1.10 A). Since both Cu and Ti have similar atomic
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numbers, it is difficult to differentiate between the two species visually by SEM as the two
species have similar contrast. Local chemical analysis by EDS was performed to confirm the
presence of Cu material on individual TiO; nanoparticles (Figure 1.10 B). The Cu La peak is
observed at 0.93 keV and the Ti Ka and Kf peaks are located at 4.51 and 4.95 keV, respectively.
TEM imaging was also performed in order to determine the size of the Cu-based nanoparticles
that were selectively deposited onto the TiO, nanoparticles. TEM imaging shows that initially
(Figure 1.11 A) a thin, amorphous layer of Cu-based material (combination of Cu,O and
Cu(OH),) is formed over the TiO, nanoparticle. After a few minutes of exposure to the TEM

beam, the de-wetting of the film is observed and results in the formation of 2-5 nm sized Cu,O

nanoparticles (Figure 1.11 B) that are selectively located on the TiO, nanoparticles.*®

G

S

Figure 1.11: TEM image of the (A) as obtained Cu/TiO, nanoparticles showing an amorphous
thin layer of Cu,O/Cu(OH); on TiO, nanoparticles and (B) after a few minutes of exposure to the
electron beam showing the formation of 2 nm sized Cu,O nanoparticles on TiO, nanoparticles.*®
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1.4 Conclusion

The fabrication of TiO, nanoparticles at both high and low densities has been realized
using PVD. The size and crystallinity of the nanoparticles is able to be relatively controlled by
adjusting the HOPG substrate temperature and amount of material deposited via QCM. The PVD
parameters used here result in the formation rutile TiO, nanoparticles that are 25-40 nm in
diameter for the low density nanoparticles, or linear arrays, and 15-20 nm in diameter for the
high density nanoparticles. The selective deposition of Cu,0O and Cu(OH), species onto the TiO,
nanoparticles was realized using photodeposition. Various hole scavenging agents were tested
and it was found that the addition of 1% methanol to the aqueous CuCl; solution resulted in an
improved deposition rate with the formation of 2-5 nm diameter Cu-based nanoparticles. This
model catalyst system is able to be rigorously characterized and used in reactivity studies, which

will be discussed later.
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Chapter 2

Thermocatalytic Reactivity of CO, over CuO,/TiO,/HOPG and TiO,/Cu Model Catalysts:
Ambient Pressure XPS Study of CO, Hydrogenation Reaction

2.1 Introduction

Currently, CO, reduction efforts are focused on the development of highly active,
selective, and stable catalysts in three categories: (1) electrochemical, (2) photocatalytic, and (3)
thermal reduction of CO,.? The thermal reduction of CO; is used industrially where a mixture of
synthesis gases (H2/CO,/CO) is passed over a Cu/ZnO/Al,O3 catalyst at elevated temperatures
and pressures.®>® While this catalyst is used on a larger scale for the production of methanol,
there lacks a fundamental understanding of the reaction mechanism of CO, hydrogenation that
occurs over this catalyst, as well as the role of the metal oxide supports and the nature of the
copper species.”>’ %0

It is well established that copper is an important metal for methanol synthesis, however
there remains a debate as to whether copper metal (Cu®) or oxidized copper species (Cu*, Cu*")
are responsible for the high catalytic reactivity. Some researchers have shown that methanol is

113 \while others have

formed on a metallic copper surface and is dependent on its surface area
found that Cu* species results in higher catalytic activity.***> For the electrochemical reduction
of CO,, it has been found that subsurface oxygen is key for improving the adsorption and
subsequent electroreduction on Cu nanocube catalysts.®® Since it is thought that at high
temperatures, CuOy species would reduce to copper metal, the incorporation of metal oxide

supports could supply oxygen to copper which would stabilize the Cu™ species and may improve

adsorption of intermediates or CO, molecules for the thermal reduction process.*’

22



Understanding the role of both the metal and reducible metal oxide supports will enable
insight into the CO, reduction reaction mechanism, as it is likely that CO, reduction occurs at the
interface of these particles.” It is generally thought that hydrogen splitting occurs on the copper
species (either Cu® or Cu*) and CO, adsorption occurs on the surface of the metal oxide supports,
such as TiO,, ZnO and Ce,03.'*?® The interface of the Cu/metal oxide has also been shown to
improve the dispersion of the Cu nanoparticles, which allows for a high density of active sites
and higher surface area.’® The metal oxide supports can act in one or more of the following
ways: (1) structural and morphological modifiers, (2) a reservoir for spillover hydrogen atoms,
which would occur after H, dissociation on Cu, and (3) sites for CO, activation, which is
achieved through either oxygen vacancies at the interface of the metal/metal oxide or through the
encapsulation of Cu nanoparticles by nonstoichiometric oxide.>"%0-33910.24-29

Recent studies using high-resolution transmission electron microscopy (HRTEM) have
shown that ZnOx forms an overlayer on Cu particles for Cu/ZnO catalysts used in methanol
synthesis.?**** This has also been observed for Cu/MoO,, Rh/TiO,, Ni/CeO,, Pt/CeO,, and
Pt/TiO, catalysts under reduction in hydrogen atmosphere.****** This encapsulation of metal
particles may be more common in heterogeneous catalysis than expected as oxides that have low
surface free energy exhibit a tendency to cover metals upon partial reduction,?*>304244
Investigations of different systems containing metal oxides that are either (1) supports for metal
nanoparticles or (2) supported on a metallic substrate will give insight into the role of these
nanoparticles for CO, reduction.

Here we studied the reactivity of model catalysts consisting of CuO,/TiO,/HOPG

(discussed in Chapter 1) and TiO, nanoparticles on a Cu metal substrate under CO, reduction

conditions using ambient pressure X-ray photoelectron spectroscopy (AP-XPS) in an attempt to
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elucidate the reaction mechanism of CO, hydrogenation. The stability and reactivity of these
catalysts was studied as a function of increasing temperature in an atmosphere of CO, and H,
reactant gases. Using AP-XPS, we were able to observe the intermediate formation for various
systems and gain insight into the mechanism of CO, hydrogenation and the importance of the

metal oxide supports.

2.2 Experimental
2.2.1 Fabrication of TiO2/HOPG, CuO,/TiO,/HOPG, and TiO,/Cu samples

The TiO, nanoparticles on HOPG were prepared by PVD on a commercial evaporator
under high vacuum (10 Torr). The HOPG substrate was pretreated with low energy Ar plasma
in order to achieve a high density of TiO, nanoparticles. The HOPG substrate temperature was
held at 770 °C throughout the deposition and further annealed for 2.5 hours after deposition in
order to obtain rutile TiO, nanoparticles. For the CuO./TiO,/HOPG samples studied here, a
photodeposition solution of aqueous 3 mM CuCl, at a pH of 3 with the addition of 1% by
volume of methanol was used. The sample was submerged in this solution and irradiated with
UV light for 6 hours in order to selectively deposit CuOy nanoparticles onto the TiO,
nanoparticles.

For the inverse model catalyst, TiO, nanoparticles are deposited onto a copper metal
surface. The Cu metal was sonicated for 15 minutes in separate solutions of acetone, methanol,
and acetic acid before it was placed into the PVD chamber in order to remove any hydrocarbons
and the native oxide layer. The metal was attached to a piece of HOPG in order to resistively
heat the sample during TiO, deposition. The Cu metal was then heated to 500 °C in order to

remove any adsorbed water. Three separate samples were prepared and the substrate temperature
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during the deposition was reduced to 100, 200 and 300 °C for each sample. TiO, was then
deposited for 10 minutes to achieve a QCM reading of 1 nm and subsequently annealed for 30
minutes. The above samples were characterized using scanning electron microscopy (SEM) and
X-ray photoelectron spectroscopy (XPS) using an FEI Magellan 400 XHR SEM and Kratos Axis

Supra photoelectron spectrometer (Kratos Analytical), respectively, prior to reactivity studies.

2.2.2 Ambient pressure X-ray photoelectron spectroscopy

AP-XPS measurements were performed at the 23-ID-2 (10S) beamline at the National
Synchrotron Light Source Il (NSLS-II) at Brookhaven National Laboratory (BNL). Reactant
gases of CO,, Hy, and O, were used in this study. The samples were mounted on a pyrolytic
boron nitride heater in order to study the reactivity of the samples as a function of temperature.
Prior to analysis, the samples were annealed in ultra-high vacuum (UHV) at 275 °C (550 K) for
15 minutes in order to desorb any water and contamination. The AP-XPS chamber was
backfilled with 100 mTorr of CO, and H, (200 mTorr total) and the samples supported on HOPG
were heated in the temperature range of 300-550 K. The photon energies used for this study were
1120, 870, 685 and 450 eV. The C 1s, Ti 2p, O 1s, Cu 2p, and Cu LMM high resolution spectra
were recorded with a pass energy of 10 eV. All recorded spectra were calibrated to the C 1s peak
appearing at 284.4 eV, corresponding to graphitic carbon of HOPG.*>#®

For the sample consisting of TiO, nanoparticles deposited on a Cu metal substrate, the
AP-XPS chamber was backfilled with equal parts CO, and H, to give a total pressure of 200
mTorr and the substrate was heated in the temperature range of 350-650 K. The high resolution

spectra were acquired at a photon energy of 1170 eV with a pass energy of 10 eV.
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2.3 Results and Discussion

XPS measurements were obtained at different photon energies of 450, 685, 870, and 1120
eV in order to obtain depth profile information of the sample under reaction conditions. The
photon energy (Ep) range corresponds to photoelectron Kkinetic energies (Ex) of approximately
150, 340, and 590 eV for the C 1s and O 1s orbitals (Ex = Ep — Eg, wWhere Eg is the orbital
binding energy). The AP-XPS measurements for all the samples were taken under CO, reduction
conditions by heating the substrate and ramping up the temperature from 300-550 K in an
environment of equal parts CO, and H, reactant gases to give a total pressure of 200 mTorr. The
reaction conditions used during this study are described in Table 2.1. Initially, XPS
measurements were performed in UHV at 300 K (Condition 1) and with the introduction of CO,
(Condition 2) before performing the temperature ramp and the addition of H, gas (Conditions
3-8). The reactant gases were then pumped out and the substrate temperature returned to 300 K
(Condition 9).

Table 2.1: Description of the reaction conditions used in the AP-XPS study of CO,
hydrogenation for various model catalysts.

Condition Gas _E:r?f;r?;e)
1 UHV 300
2 100 mTorr CO, 300
3 100 mTorr CO,, 100 mTorr H, 300
4 100 mTorr CO,, 100 mTorr H, 350
5 100 mTorr CO,, 100 mTorr H, 400
6 100 mTorr CO,, 100 mTorr H, 450
7 100 mTorr CO,, 100 mTorr H, 500
8 100 mTorr CO,, 100 mTorr H, 550
9 UHV 300
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The possible intermediates for the reduction of CO, with the addition of H,O or H, gases
are activated CO, (CO,"), methoxy (O—CHjs), formate (HCOO"), carbonate (COs%), adsorbed CO
(CO™) and water (H,0%), CH,O, CHy, and OH".%3*"% The deconvolution of the O 1s and C 1s
spectra were fitted to account for these intermediates, however, the binding energy of these
intermediates overlaps with peaks that are already present in both the C 1s and O 1s spectra. In
order to account for this, the ratios between the C 1s/Ti 2p and O 1s/Ti 2p peaks are used to
identify specific changes that occur throughout the reaction. The O 1s and C 1s ratios are taken
with respect to the Ti 2p spectrum as the TiO, nanoparticles remain stable under reaction
conditions. For instance, if the Ti** intensity does not change, then the O 1s peak corresponding
to TiO, should not fluctuate as well and any increase in the intensity of that peak would be
indicative of an increase in methoxy (O—CHzs) formation.

Table 2.2: Binding energy positions and components used in the deconvolution of the C 1s and
O 1s high resolution XPS spectra.

Cls O1ls
Position (eV) Component Position (eV) Component
283.9 C-M 530.4 TiO,, Cu,0, O-CHjz
284.5 C=C 531.2 —OH
carbon contamination,
285.0 C-C, O—CHjs, CH, 5324 ] o ad
HCOO', CO;", CO
286.1 CH,O 533.6 H,0™
287.1 C=0, HCOO", CO™ 536.9 CO; (9)
288.5 CO,™
289.7 0-C=0, CO5”
291.2 (m — 7*) transition
293.3 CO, (9)

The deconvolution and components for the O 1s and C 1s spectra are listed in Table

2.2.47°1 Representative O 1s and C 1s spectra at different photon energies with the
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deconvolution is shown in Figure 2.1 for a Cu/TiO,/HOPG sample with a substrate temperature

of 350 K in an environment of 200 mTorr equal parts CO, and H; reactant gases. The CO, gas

phase peak (Figure 2.1A) is more pronounced at lower photon energy, corresponding to the

surface of the nanoparticles, and becomes less prominent at higher photon energies. The C1s

spectrum is dominated by the strong signal contribution from the sp® hybridized carbon in

HCOO-, CO™

HCOO- , CO,, CO,5 %

Cls Ols
450 eV sp? 685 eV - .
CH,, -OCH,4 weSP -O-CHj;, TiO,
CH,0,CO ]

OH-
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Figure 2.1: (A) C 1s and (B) O 1s spectra recorded at various photon energies during the in situ
CO; reduction reaction on a Cu/TiO,/HOPG sample with equal parts CO, and H, (200 mTorr

total) at 350 K.
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graphite and the contribution from carbon contamination. The C 1s deconvolution was
performed by restricting the background, position, energy, and FWHM parameters in order to

compare the fluctuations in the signal contributions of these species and ensure accurate analysis.

2.3.1 TIO,/HOPG sample

The intensity ratio of C 1s(x)/Ti 2p and O 1s(x)/Ti 2p is plotted with respect to the
reaction conditions (detailed in Table 2.1) in Figure 2.2 where (x) refers to the specific
component that is analyzed as seen displayed on the Figure. Initially, gas phase CO, (Figure
2.2A, red curve) is physisorbed on the surface of TiO, nanoparticles and the amount of CO, gas
decreases with increasing substrate temperature and progression of the reaction. While the CO,
gas component decreases, there is an observed increase in the CO3%, HCOO", CO™, and O—CHj
and CHjy curves which indicates that the gas phase CO; is activated on the TiO, nanoparticles.
However, the formation of CO5* is unstable at high temperatures, as seen in the decrease of the
COs* component with progression of the reaction, and may desorb as CO, or further
hydrogenate to HCOO'.

The green curve in Figure 2.2A corresponding to HCOO™ at binding energy 287.3 eV
steadily increases with the progression of the reaction until about 450 K (Condition 6) where it
starts to decrease, indicating that the HCOO™ intermediate may hydrogenate further. The
formation of O—CHj steadily increases as the reaction progresses, as seen by tracking the gold
curves in Figure 2.2A and B. The slow increase in the O 1s/Ti 2p curve for O—CHj is likely a
result of a lack of significant H, dissociation that occurs on the TiO, nanoparticles. This results
in a slight increase of the intensity ratio as the reaction progresses where it is assumed that, with

the addition of more dissociated hydrogen, there would be a sharper increase for this component.
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These results show that TiO, has the ability to dissociate H, however; it is much less prominent

compared to the dissociation that occurs on copper nanoparticles, which will be discussed later.
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Figure 2.2: (A) C 1s(x)/Ti 2p and (B) O 1s(x)/Ti 2p intensity profile evolution as a function of
reaction conditions on TiO,/HOPG sample.” Reprinted with permission from Reference 52.

Copyright 2019 American Chemical Society.

The sharp increase in the CHy and O—CHj3 curve (gold curve in Figure 2.2A) at 285.1 eV
is likely a result of carbon contamination that forms on the surface of the sample since, after the

reactant gases have been pumped out (Condition 9), there is still a significant intensity of that

component that remains. The decrease that is observed is likely a result of the intermediate
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formation and subsequent evacuation after the reactant gases have been pumped out. The
observed formation of O—CHj indicates that TiO, nanoparticles may be used in the reduction of
CO; into methanol via the methoxy (O—CH3s) pathway, although this reaction is slower compared
to the samples that contain copper nanoparticles as a result of less H, being dissociated on TiO,.

XPS spectra of the TiO, nanoparticles initially and after the reaction (Figure 2.3A and B)
show two Ti 2ps, peaks located at 458.0 and 459.4 eV corresponding to oxygen vacancies (Ti**)
and Ti*" species in TiO,, respectively. The Ti 2p spectrum shows that the Ti** species is more
prevalent initially and decreases after heating and reaction with CO, and H; synthesis gases.
Figure 2.4 shows the evolution of the intensity ratio of Ti**/Ti*" species as the reaction
progresses and shows a significant decrease upon introduction of CO, (Condition 2) which
continues to decrease with increasing substrate temperature. It is assumed that the oxygen
vacancies are filled with CO, and then by the intermediate products that are formed upon
introduction of H, gas and as the reaction proceeds.

It is well known that TiO, (110) has three main stable adsorption sites of (1) oxygen
vacancies or surface defects (O,), (2) 5-fold coordinated Ti (Tisc), and (3) oxygen bridging sites
(Op).>® For the samples here, including the ones containing copper nanoparticles, the activation
of CO, at O, sites is confirmed by the presence of Ti®" defects of the TiO, nanoparticles (Figure
2.3). The formation of the CO3” species is likely a result of the bonding of CO, molecules to the
Oy sites however, COs” is unstable at high temperatures and may desorb as CO, or displace to
adjacent Tisc or Oy sites to further hydrogenate. The CO, molecules that are bound through either
the Tisc or O, sites are assumed to be more stable and would further hydrogenate to form HCOO"
and subsequently O—CHjs. The dissociation of H, on TiO; has been suggested to be a result of the

Oy sites in TiO,, however this mechanism is not well understood.>®
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Figure 2.3: Ti 2p XPS spectra of TiO, nanoparticles (A) initially and (B) after CO, reduction
reaction.
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Figure 2.4: Ti**/Ti*" intensity as a function of the reaction conditions described in Table 2.1.
The Ti 2p spectra were recorded at 1120 eV photon energy on a TiO,/HOPG sample.
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2.3.2 Cu/TiO,/HOPG sample

The Cu-based nanoparticles that are deposited onto the TiO, nanoparticles are usually a
combination of Cu,O and Cu(OH), species, as discussed in Chapter 1. However, the strong
X-rays produced at the synchrotron result in the reduction of the Cu(OH), species into Cu,O so
there is only one Cu species present for these samples. In order to obtain reactivity data of copper
metal (Cu®) nanoparticles, the CuO,/TiO,/HOPG samples were heated to 690 K in the UHV
chamber for 15 minutes. The transition from CuOy species to Cu® was confirmed by the Cu
LMM spectrum, as the binding energy of Cu® and Cu,O is essentially the same and the X-ray
induced Auger spectrum (Cu LMM) has very specific peak shapes for the Cu®, Cu* and Cu®*

species (Figure 2.5).>*

Cu LMM

—— Initial
—— Post Anneal

Intensity (arb. units)

T | | | i
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Figure 2.5: Cu LMM spectra of CuO,/TiO,/HOPG sample initially (green trace) indicating the

presence of Cu,O. The sample was annealed at 690 K for 15 minutes in the AP-XPS chamber
(blue trace) and shows the formation of Cu’.

33



The intensity ratio of C 1s(x)/Ti 2p and O 1s(x)/Ti 2p is plotted with respect to the
reaction conditions in Figure 2.6. After the introduction of CO, and H; at 300 K, a small signal
arises from HCOO™ (green curve, Figure 2.6A) at 287.1 eV which then decreases with increasing
substrate temperature. The activated CO, (CO,>) component (teal curve) located at 288.5 eV
remains relatively stable with the progression of the reaction. It is assumed that the initial
increase in HCOO is a result of the spontaneous conversion of CO,” to HCOO". At temperatures

above 450 K, the HCOO' signal decreases (Figure 2.6A) which is consistent with studies that
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Figure 2.6: (A) C 1s(xX)/Ti 2p and (B) O 1s(x)/Ti 2p intensity profile evolution as a function of
reaction conditions on Cu/TiO./HOPG sample.>” Reprinted with permission from Reference 52.

Copyright 2019 American Chemical Society.
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show that HCOO' is unstable at temperatures above 450 K.** HCOO™ and CO™ have the same
binding energy and it is expected that the CO™ contribution would increase at temperatures
above 350 K but, as that is not observed; it is assumed that there is a lack of CO formation on the
Cu/TiO,/HOPG sample. The decreasing signal of HCOO™ at higher temperatures may be
indicative of its subsequent hydrogenation to higher level intermediates, such as CH, or methoxy
(O—CHs).

The formation of COs* (blue curve, Figure 2.6A) located at 289.7 eV reaches a
maximum at 350 K and then proceeds to decrease with increasing substrate temperature. As
discussed previously, the initial formation of COs* is explained by adsorption of CO, to the O,
sites in TiO, nanoparticles which are not stable at high temperatures and could either desorb as
CO, or further hydrogenate to HCOO'. It has been thought that the formation of COs” is
associated with CO, dissociation into CO and COs* but the working conditions in this
experiment are not favorable for this dissociation nor do we observe any CO adsorption in the
XPS measurements.*®

The signal contribution from CH4O (purple curve, Figure 2.6A) at 286.1 eV is not
significant and it is not thought that this intermediate is produced during this reaction. At 285.0
eV, the CHy and O—CHj signals overlap and show an increase with increasing temperature
(Figure 2.6A). It is thought that this is mostly attributed to the formation of O—CH3 as opposed to
CHy since the O—CHj3 O 1s signal increases with increasing reaction temperature as well (Figure
2.6B). These results indicate that CO, activation occurs initially through the formation of the
HCOO' intermediate. The HCOO" is then further hydrogenated to produce methoxy (O—CHz)
likely by a complex pathway that would involve OCH and OCH; intermediates. However, we

did not observe any formation of O—CHj3 via mass spectrometry as the chemisorbed methanol is
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only stable at the surface at low temperatures®® and the produced gas phase is likely under the
detection limit. The formation of CO, CHy, and CHO, which are related to the synthesis of
methane, was also not observed in the mass spectrum as it is likely under the detection limits.

For CO, hydrogenation over the Cu/TiO,/HOPG sample at moderate pressure (< 1 Torr),
we suggest that H, gas dissociates on the surface of the Cu nanoparticles while CO; is activated
at the surface of the TiO, nanoparticles. The primary spillover of atomic hydrogen (H,) from the
Cu nanoparticles then interacts with activated CO, (CO,”) on the surface of TiO, which
produces HCOO™ and subsequently O—CHjs. It is presumed that the methoxy intermediate will

further hydrogenate to form methanol (CH3;OH).

2.3.3 Cu@CuO,/TiO/HOPG sample

The Cu-Cu,0 core-shell (Cu@Cu,0)/TiO,/HOPG sample was formed by the incomplete
annealing of the CuO,/TiO,/HOPG sample and subsequent exposure to oxygen gas for 1 minute
in order to oxidize the outer layer of the Cu-based nanoparticles. The total percentage of oxygen
in these particles in estimated to be below 5%.>? The intensity ratios of C 1s(x)/Ti 2p and O
1s(x)/Ti 2p as a function of reaction condition is shown in Figure 2.7. As the reaction progresses,
there is a significant rise in intensity for the peak attributed to the CHx and O—CH3 species (gold
curve, Figure 2.7A) located at 284.9 eV. This indicates formation of CHy as the O 1s peak
associated with O—CH3 located at 530.5 eV (gold curve, Figure 2.7B) does not show a similar
increase in intensity. This is further evidenced by the rapid decline of this species after the
reactant gases are pumped out and evacuated from the chamber. The incorporation of small

amounts of oxygen at the surface of the Cu nanoparticles leads to a change in reaction selectivity
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and favors the formation of CH, as opposed to CH3OH, which is identified by the presence of the

potential intermediates of CHy and O—CHgs, respectively.
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Figure 2.7: (A) C 1s(x)/Ti 2p and (B) O 1s(x)/Ti 2p intensity profile evolution as a function of
reaction conditions on Cu@CuO/TiO/HOPG sample.® Reprinted with permission from

Reference 52. Copyright 2019 American Chemical Society.

The CH,O species (purple curve, Figure 2.7A) located at 286.0 eV exhibits a similar
evolution in intensity as the CHy species, although on a smaller scale. It is assumed that CH,O is
not very stable and will spontaneously hydrogenate to CHy under the reaction conditions used

here. The curve associated with HCOO™ and CO® components (green curve, Figure 2.7A)
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located at 287.5 eV, show a steady increase with the addition of CO, and H, and reaches a
maximum at 500 K. Since the stability of HCOO™ decreases with increasing temperatures, as
discussed previously, it is assumed that the formation of CO occurs at 500 K. The COs*
component (blue curve, Figure 2.7A) located at 289.5 eV shows a large increase as the reaction
progresses and also reaches a maximum at 500 K. We believe that the TiO, nanoparticle surface
allows for CO, adsorption at oxygen sites, which was discussed previously, resulting in the
formation of CO5*. The COs* formation may be attributed to the association of atomic oxygen
(O,) and CO,, which would result in the formation of stable CO3* species.”

For CO, hydrogenation on Cu@Cu,O/TiO,/HOPG, it is assumed that the surface of the
Cu@CuOy nanoparticles leads to the adsorption and dissociation of both H, to H, and CO, to CO
and O,. The dissociation and spillover of H, and O, is low at room temperature but increases
rapidly with increasing substrate temperature. It is also shown that these nanoparticles are more
favorable to the formation of COs* as opposed to HCOO'. It is assumed that further spillover
hydrogen allows for the hydrogenation of COs* with increasing temperature to CH,O and CHy

and subsequently forms CHa.

2.3.4 CuOITiO,/HOPG sample

The investigation of the reactivity on a sample of Cu,O/TiO,/HOPG, containing fully
oxidized Cu nanoparticles, was carried out under the same reaction conditions as discussed
previously. Figure 2.8 shows the C 1s(x)/Ti 2p and O 1s(x)/Ti 2p intensity ratios as a function of
change in reaction condition for this sample. The CO," species (teal curve, Figure 2.8A) located
at 288.5 eV shows a sharp increase upon introduction of CO, gas and a decrease in intensity ratio

once H; gas is added to the reaction. This shows that there is significant physisorption of CO, at
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300 K which subsequently desorbs in the presence of H, likely due to the weak interaction of
CO; molecules with the surface. However, the CO, gas phase (red curve, Figure 2.8A) located at
293.2 eV shows an increase in intensity upon addition of H, gas. This further shows that the CO,
molecules are desorbed and are no longer activated at the surface as they do not go on to form
intermediates, as seen in the stationary curves of HCOO™ and CO*, COs*, CH,O and O—CHs
(Figure 2.8A and B). This deactivation of CO; is either a result of the little to no activity of Cu,O

nanoparticles and/or the deactivation of TiO, upon addition of Cu,O. The reduction in intensity
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that is observed in some of the curves above 500 K is likely due to the reduction in
contamination in the H, atmosphere.

These results indicate the absence of CO; activation and subsequent hydrogenation at the
surface of the TiO, nanoparticles when Cu,O nanoparticles are added. Experiments made on
Cu,0 nanoparticles supported on HOPG (with no TiO, nanoparticles present) indicates little to
no adsorption of CO;, suggesting that CO, is physisorbed at the surface of TiO, nanoparticles in
the Cu,O/TiO/HOPG sample. This may be due to a lack of charge transfer to the physisorbed
CO; molecules at the TiO, surface where, instead, the charge transfer occurs between the TiO,
and Cu,O nanoparticles which lead to a weak catalyst. The intensity of the CHy species located
at 284.8 eV (Figure 2.8A) shows an increase with increasing substrate temperature in a CO, and
H, atmosphere. However, this is likely due to the formation of carbon at the surface of the
sample as the intensity of this species does not change when the reactant gases are pumped out of
the chamber and the substrate temperature returns to 300 K. The formation of this carbon layer
may be from CO, decomposition or graphene displacement at the surface of the TiO,
nanoparticles as a result of the reaction conditions.

The results from the reaction study indicate that the Cu,O/TiO,/HOPG catalyst is inactive
for CO, hydrogenation, mostly as a result of the introduction of Cu,O nanoparticles. We suggest
that Cu,O does not have the ability to dissociate CO, or H; due to the lack of electron transfer
between the molecules. The activation of CO, at the surface of TiO; is also not observed which
is possibly due to low surface charge densities as a result of charge transfer that occurs between

TiO, and Cu,0 nanoparticles.
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2.3.5 TiO,/Cu metal sample
SEM analysis of the TiO,/Cu samples prepared with substrate temperatures of 100, 200
and 300 °C are shown in Figure 2.9D, E, and F. These SEM images display different

morphologies for the various samples. At 100 °C, the deposited titanium appears to have formed
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Figure 2.9: Ti 2p XPS spectra and SEM images of TiO, nanoparticles on Cu with substrate
temperatures of (A, D) 100 °C, (B, E) 200 °C, and (C, F) 300 °C during PVD.
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a thin film across the Cu substrate and individual particles were not able to be identified whereas
at 200 and 300 °C, distinct particles were able to be observed. At 300 °C, the particles are not as
pronounced as they are on the 200 °C substrate which may be a result of diffusion of the
nanoparticles into the Cu substrate at higher temperatures or a result of the inconsistency of the
deposition during the PVD process. However, the diffusion of TiO, into metallic substrates is
observed for TiO, on a Cu (111) substrate where the formation of a CuTiOx monolayer film was
observed even at 350 K.> The diffusion of the TiO, into the Cu metal substrate would likely
happen faster at higher temperatures and could lead to the observation of less pronounced TiO;
nanoparticles seen at 300 °C (Figure 2.9F).

The high resolution Ti 2p XPS spectra of the TiO,/Cu samples prepared with substrate
temperatures of 100, 200, and 300 °C are shown in Figure 2.9A, B, and C. The Ti 2pas, peaks
located at 458.3 and 459.6 eV correspond to Ti** and Ti*" species (TiO,), respectively. The Ti**
component is more prominent in the spectra indicating the formation of non-stoichiometric TiOx.
This is likely a result of the strong interaction between TiOy and the Cu substrate which may
result in the formation of a CuTiO, alloy.®**® The presence of Ti** indicates the full oxidation of
some of the Ti species to form TiO,, likely located on the surface as opposed to interacting with
the Cu substrate.

The sample prepared with a substrate temperature of 200 °C was taken to perform
ambient pressure X-ray photoelectron spectroscopy studies. The chamber was backfilled with
equal parts CO, and H; to give a total pressure of 200 mTorr and the substrate was heated from
350-650 K. The Ti 2p spectra (Figure 2.10A) show that at 350 K, the particles were mostly Ti%*
species but at 650 K, the majority of the Ti** species is oxidized to form Ti** species in the form

of TiO,. This indicates a separation of the CuTiOy alloy that may occur at high temperatures.
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Figure 2.10: (A) Ti 2p and (B) Cu LMM XPS spectra for TiO,/Cu sample during reaction with
CO; and H, with increasing temperature.

In order to investigate this, the Cu LMM Auger peaks were analyzed as the binding
energy of Cu® is similar to Cu,0, as discussed earlier.>* The Cu LMM peak at 350 K has the
distinct shape of Cu,O species and changes peak shape with increasing temperature (Figure
2.10B). At 650 K, the Cu LMM peak is representative of Cu’, indicating the full reduction of the
Cu substrate at high temperatures. Kim et al. stated that TiO, deposited on a Cu (111) substrate is
reduced due to an electronic effect interaction with Cu,O (111) and forms a CuTiO, layer.>” The
formation of a CuTiOy alloy was observed at low temperatures, seen by the presence of the Ti%*

species, and at higher temperatures there may be a separation in this alloy as the formation of
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TiO, and Cu® is observed. The mechanism of this separation is still being investigated but similar
results have been observed for alloys in reactive environments.*® Figure 2.11 shows SEM images
before and after the reaction with CO, and H, reactant gases and shows changes in the TiO,
particle size and shape, which is likely a result of restructuring of the surface that occurs upon

reduction of the CuTiOy alloy.

Figure 2.11: SEM images of TiOx nanoparticles on Cu metal substrate (A) initially and (B) after
reaction with CO, and H, with increasing temperature in the range of 350-650 K.

2.4 Conclusion

In this Chapter, AP-XPS was used to study various samples consisting of Cu-based
nanoparticles on TiO, nanoparticles on HOPG under CO; reduction conditions by increasing the
substrate temperature and the addition of CO, and H; synthesis gases. It was found that TiO,
nanoparticles on HOPG are capable of producing methanol (CH3;OH), as we observed the
formation of O—CHj intermediates in low amounts. The addition of Cu° nanoparticles results in
more significant O—CHj; formation as the Cu® nanoparticles promote the dissociation of hydrogen
which further reacts with activated CO, (CO,>). When the Cu® nanoparticles are exposed to
oxygen gas, the formation of a CuOy shell over the metallic particles is assumed. The addition of

oxygen leads to a change in the reaction mechanism and the Cu@CuO,/TiO,/HOPG sample is
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active for methane (CH,) formation as we observed the formation of CHy intermediates. Fully
oxidized Cu-based nanoparticles (Cu,0) on TiO, were not found to be catalytically active.

TiO, nanoparticles on a Cu substrate revealed a formation of a CuTiOy alloy at low
temperatures that eventually separated into TiO, and Cu’ species at 650 K. The TiO,
nanoparticles underwent restructuring during this reaction that affected the size and shape of the
TiO, nanoparticles however; this sample did not exhibit any interesting CO, hydrogenation

reactivity.
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Chapter 3

Stability of CuO,/TiO,/HOPG Model Catalysts under Electrochemical CO, Reduction
Conditions

3.1 Introduction

Electrochemical reduction of CO, has gained a lot of attention due to its capability of
storing electrical energy, ability to operate under mild conditions, and reaction tunability, which
enables the formation of different reaction products by adjusting the reaction conditions, i.e.
applied potential or electrode material." Presently, copper has been identified as the most
effective catalyst capable of reducing CO, to multi-carbon hydrocarbons and alcohols at
reasonable Faradaic efficiencies (FE). It has been suggested that this is due to its intermediate
binding strength to CO.*® However, this process requires overpotentials as high as 1 V to
overcome the CO, activation barrier and further hydrogenate adsorbed CO.**™*

Research efforts have been focused on modifying Cu catalysts in order to tune their
selectivity and achieve product formation at lower overpotentials.”*>** It has been proposed that
Cu’" species and subsurface oxygen on polycrystalline Cu could affect the activity and selectivity

of Cu catalysts. Gao et al.*?

studied copper nanocube catalysts with tunable Cu(100) facets and
found that O, plasma treated Cu(100) nanocubes resulted in a higher activity and selectivity for
ethylene compared to untreated Cu(100) nanocubes, highlighting the importance of the role of
oxygen species. Li et al.® reported that the reduction of CO, on Cu,O films results in the
formation of ethylene and ethane whereas polycrystalline Cu produces ethylene and methane.

They also found that the Cu,O films were more resistant to deactivation compared to

polycrystalline Cu electrodes.
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Catalysts consisting of copper on various metal oxide supports, such as TiO,, ZnO and
CeO,, have been extensively studied in the thermal reduction of CO, into methanol.**?! In this
process, it has been shown that Cu/oxide catalysts are more active than Cu catalysts due to the
ability of reducible metal oxides to bind and activate CO,.*>**%? Ti0, is also a widely used
photo- and electrocatalyst for CO, reduction as it has been shown to enhance the catalytic and
Faradaic efficiency and assist in CO, adsorption.**?® Studies of TiO, electrodes in aprotic
solvents have shown that TiO, is capable of binding, reducing, and activating CO, at lower
potentials than are currently required to reduce CO, on Cu metal.??® Investigations of various
metals (such as Cu, Au, and Ag) on CeOy, a reducible metal oxide support, have reported an
enhancement of the CO,RR at higher Faradaic efficiencies and that the metal-metal oxide
interface aids in the stabilization of reaction intermediates compared to the metals by
themselves.?* According to the Pourbaix diagram for copper in aqueous solutions®!, CuOy
substrates would reduce to copper metal under electrochemical CO; reduction conditions. The
addition of a metal oxide support, such as TiO, or ZnO, may help to stabilize Cu™ species which
could aid in reducing the overpotential of this reaction and lead to better catalytic stability.

In order to be commercially viable, electrochemical reduction catalysts need to have high
performance and stability for long-term operation as CO, hydrogenation catalysts are stable over
multiple years.® It has been reported that polycrystalline Cu electrodes deactivate and undergo
catalyst degradation over a short period of time under electrochemical CO; reduction conditions.
However, it has also been reported that modified catalysts did not deactivate as quickly and
showed improved stability over time.>** While there have been numerous research efforts
focused on improving the activity and selectivity of Cu catalysts for electrochemical CO,

reduction, investigations into their structural and chemical stability has received less attention.®3
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Here, we studied the reactivity of model catalysts consisting of CuO,/TiO,/HOPG
(discussed in Chapter 1) under electrochemical CO, reduction conditions in an effort to
investigate its reactivity and stability. The reactivity was investigated using differential
electrochemical mass spectrometry (DEMS) and chronoamperometry and cyclic voltammetry
studies were carried out in order to investigate the catalyst stability. The particle stability studies
on the model catalyst described here highlight the importance of investigations on structural
stability of heterogeneous electrochemical catalysts as this could give insight into catalyst

degradation mechanisms and help mitigate deactivation during CO, electrochemical reduction.

3.2 Experimental
3.2.1 Fabrication of TiO,/HOPG and CuO,/TiO,/HOPG samples

The TiO, nanoparticles on HOPG were prepared by PVD on a commercial evaporator
under high vacuum (10°® Torr). The HOPG substrate was pretreated with either low energy Ar
plasma or placed directly into the chamber in order to achieve high and low density TiO,
nanoparticles on the substrate. The HOPG substrate was heated to 770 °C and held at this
temperature throughout the deposition. The TiO,/HOPG sample was then further annealed at this
temperature for 2.5 hours. The CuO./TiO/HOPG samples were fabricated using a
photodeposition solution of 3 mM CuCl, at a pH of 3 with the addition of 1% methanol. The
sample was submerged in this solution and irradiated with UV light for 6 hours in order to
selectively deposit CuOy nanoparticles onto the TiO, nanoparticles. The Cu/HOPG samples were
prepared by plasma treating the HOPG substrate and immersing it in a 3 mM CuCl; solution with

1% methanol at pH of 7 for 6 hours.
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3.2.2 Electrochemical reactivity and characterization

The samples were characterized using X-ray photoelectron spectroscopy (XPS, Kratos
Axis Supra), atomic force microscopy (AFM, Anton-Paar Tosca 400) and scanning electron
microscopy (SEM, FEI Magellan 400 XHR). The cyclic voltammetry and chronoamperometry
measurements were performed in a one compartment, three-electrode cell using a Gamry Series
G 300 potentiostat in a 0.1 M KHCO3 (ACS Reagent, >99.7%, Sigma-Aldrich) electrolyte
solution saturated with CO, (99.999% purity, AirGas). This was obtained by bubbling CO, gas
into the electrolyte solution for 15 minutes until a pH of 6.8 was achieved, indicative of
saturation of CO,. The CuO,/TiO,/HOPG sample was affixed to a sample holder that exposed a
fixed area of 200 mm? of the sample surface to the solution and was used as the working
electrode. A carbon rod was used as the counter electrode with a saturated calomel reference
electrode. The CVs were run at a scan rate of 10 mV/s with 1 mV steps for 30 cycles ranging
from 0 to -1.30 V vs SCE. All measured potentials vs SCE in this study have been converted into
the reversible hydrogen electrode (RHE) scale using the Nernst equation where E°ce has a value

of 0.241 V at 25°C.

3.2.3 Differential electrochemical mass spectrometry (DEMS)
The principles of DEMS and its applications to electrochemical surface science have
been previously discussed and reviewed.**** The instrumentation and setup used for DEMS

analysis has also been recorded and detailed previously®*®

and only aspects related to the
analysis of the CuO,/TiO, nanoparticles on HOPG samples is described here. A three electrode

setup was used with Ag/AgCl (1 M KCI) as the reference electrode and a Pt wire counter
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electrode. The working electrode consisted of Cu nanoparticles on TiO, nanoparticles oriented
on a highly oriented pyrolytic graphite (HOPG) substrate.

Four samples were analyzed using DEMS: HOPG, TiO, nanoparticles on HOPG,
CuO,/TiO,/HOPG and Cu/TiO,/HOPG. The HOPG substrate was used as a control and the TiO;
nanoparticles on HOPG was used to confirm no electrochemical reactivity in the absence of Cu
nanoparticles. Initially the Cu-based nanoparticles on TiO, are CuOy species so the
Cu/TiO,/HOPG sample was annealed prior to electrochemical analysis in order to reduce the
copper oxide species to metallic copper. The annealing temperature ranged from 650-750 K but,
since the heating was not in situ, it is presumed that some CuOy species were present due to the
exposure of Cu nanoparticles to atmosphere. The samples were submerged into a 0.1 M KHCO3
solution saturated with CO, by purging with high-purity gas. The pH of the solutions was
initially at 8.2 and dropped to 6.8 upon saturation of the CO, gas. The samples were then held
at -1.2 V vs RHE for 600 s while the reaction products were monitored using an HPR-20
quadrupole mass spectrometer (Hidden Analytical, Warrington, England). The samples were
held at -1.2 V vs RHE for 180 s prior to mass spectrometry collection in order to clean the

sample of any hydrocarbon contamination.

3.3 Results and Discussion

As discussed in Chapter 2, these model catalysts are active for the thermal reduction of
CO; to either methanol or methane, depending on the chemical state of the Cu metal or lack
thereof (in the case of the TiO,/HOPG sample which was active for the formation of methanol).
The activity of these model catalysts was studied using DEMS in an effort to observe the

products formed during electrochemical reduction of the CuO./TiO,/HOPG and TiO,/HOPG
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catalysts. For DEMS analysis, methane (CH,4, m/z=15), ethylene (C,H4, m/z=26), and alcohols
(m/z=31) were monitored using mass spectrometry and the ion currents were plotted as a
function of time. It was found that both the Cu/TiO,/HOPG and CuO./TiO/HOPG samples
showed catalytic activity towards the formation of methane but not for the formation of ethylene
or alcohols (Figure 3.1). This result is consistent with the expectation for Cu nanoparticle based
catalysts with the small nanoparticle sizes that are present in these samples.” The HOPG sample
was used as a control so product formation was not expected and the TiO2 nanoparticles by

themselves were not shown to be active for CO, reduction under the conditions studied here.

CHs ~ Cu/TiO2/HOPG
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Figure 3.1: Differential electrochemical mass spectrometry (DEMS) preliminary data for
Cu/TiO2/HOPG, CuO,/TiO»/HOPG, TiO,/HOPG and HOPG samples during CO; reduction.

While these model catalysts have shown to be active for electrochemical and thermal
reduction of CO,, their stability during these processes differs as the CuO./TiO,/HOPG catalyst
is stable under thermal reduction conditions but exhibited changes in the nanoparticle
morphology under electrochemical reduction. Figure 3.2 shows SEM images of the
CuO,/TiO,/HOPG and TiO,/HOPG samples before and after DEMS analysis. From the SEM
images, it is shown that after DEMS analysis (Figures 3.2B and D), it appears that the particles

coalesce under strong reducing potentials and features of the individual particles become more
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Figure 3.2: SEM images of TiO,/HOPG initially (A) and after DEMS analysis (B). SEM images
of CuO/TiO,/HOPG sample initially (C) and after DEMS analysis (D).

Table 3.1: Description and experimental conditions of samples analyzed.

Sample No. Description Experiments performed
. 30CVcyclesin 0.1 M
1 CuO,/TiO, NPs KHCO, with N,
. 30CVcyclesin0.1 M
2 CuO,/TiO, NPs KHCO, with CO,
Chronamperometry -
3 CuO,/TiO, NPs | increasing from -0.66 V to
-0.91 Vvs RHE
Chronamperometry -
4 TiO, NPs increasing from -0.66 V to
-0.91 Vvs RHE
. Chronamperometry - held at
> 10z NPs -0.91 V vs RHE for 3 hours
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difficult to distinguish. From these images, it is unclear whether the nanoparticles deform and
coalesce or if the “webbing” features are a result of contamination.

In an effort to investigate the stability of this catalyst and determine the origin of the
nanoparticle movement and deformation, electrochemical reactivity studies were performed. The
prepared samples and the experimental conditions that were studied and reported are recorded in
Table 3.1. After initial XPS analysis, which will be discussed next, the samples were exposed to
a mild surface cleaning using the in situ plasma cleaner in the SEM and images were taken at
multiple marked locations on the sample surface. Marking the sample with a scratch on the
surface enables direct comparisons of specific nanoparticles before and after electrochemical
treatment in order to identify particle movements and any change in particle shape. SEM images
of the CuO,/TiO, nanoparticles show a high density of nanoparticles on the HOPG surface,
similar to those discussed in Chapter 1. The TiO; nanoparticles here are roughly 15 nm in
diameter and the Cu-based nanoparticles supported on the TiO, nanoparticles are about 2-5 nm
in diameter, as shown with TEM in previous work and discussed in Chapter 1.

Table 3.2: XPS data for Samples 1 and 2 giving the approximate amounts of Cu and Ti species
on TiO, nanoparticles and HOPG substrate.

After SEM After CV
Sample Species Ratio Initial imaging/before [cycles/ before| After both
CVcycles |SEM imaging
Total amount | Cu2p/Ti2p 0.61 0.43 0.36 0.36
Total amount| Ti2p/Cls 0.31 0.34 0.45 0.37
1 Cu,0 | Cuzp/Tizp 0.09 0.10 0.10
Cu(OH), Cu2p/Ti2p 0.52 0.34 0.26
Total amount | Cu2p/Ti2p 0.71 0.43 0.32 0.29
Total amount| Ti2p/Cls 0.31 0.34 0.39 0.37
2 Cu,0 | Cuzp/Tizp 0.12 0.10 0.10
Cu(OH), Cu2p/Ti2p 0.59 0.33 0.19
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Initial XPS analysis confirms the formation of stoichiometric TiO, nanoparticles with a
Ti2ps, peak at ~458.8 eV and the presence of Cu nanoparticles on TiO, nanoparticles with
Cu2ps,; peaks at ~932.3, 934.5, 939.4, 943.4 eV which correspond to Cu,0O, Cu(OH), and the
two shake-up peaks characteristic of Cu®* species.*® From the high resolution XPS spectrum of
each element, the ratio of the integrated peak areas was used to determine the approximate
amount of material on the sample. As seen in Table 3.2, for Samples 1 and 2, the initial

Cu2p/Ti2p ratios are 0.61 and 0.71 and the initial Ti2p/C1s ratios are 0.31 for both samples.
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Figure 3.3: Cu2ps, XPS spectra of CuO,/TiO, NPs (A) initially and (B) after SEM imaging and
in situ air plasma treatment. XPS spectra are normalized to the Ti2ps, intensity.

Following SEM imaging, the samples were again analyzed via XPS to determine if the
mild oxygen plasma treatment in the SEM resulted in any change in the amount or chemical

species of the TiO, and CuOx nanoparticles. Initially, XPS analysis of both samples showed that
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there was more Cu(OH), present compared to Cu,O (Figure 3.3A). However, after SEM
imaging, the distribution became more even between the two chemical species (Figure 3.3B).

It is also worth noting that the Cu2p/Ti2p ratios for Samples 1 and 2 have decreased after
initial SEM imaging, as seen in Table 3.2. After the first XPS analysis and SEM imaging, the
Cu2p/Ti2p ratio is 0.43 for both Samples 1 and 2, corresponding to a decrease of 29% and 39%,
respectively. This decrease could be attributed to the loss of Cu(OH), particles that were formed
during the photodeposition process that were deposited on the HOPG substrate. Previous studies
show that Cu(OH), nanoparticles, formed through the dissolution of CuCl; in H,0O, are deposited
onto the HOPG surface in the absence of TiO, nanoparticles.* These particles could be adhered
to the HOPG surface by electrostatic interactions and may have been removed by the oxygen
plasma treatment in the SEM or by the X-ray beam during XPS analysis.

The specific loss of Cu(OH), nanoparticles is supported by the ratio between the Cu2ps/,
peak for each Cu species, Cu(OH), and Cu,O, compared to the Ti2ps;, peak. As seen in Table
3.2, the initial Cu2p/Ti2p ratio for Cu(OH), and Cu,O was 0.25 and 0.09, respectively and after
initial SEM imaging the Cu2p/Ti2p ratio for Cu(OH), and Cu,O was 0.18 and 0.10, respectively.
The same trend is observed for Sample 2 where the approximate amount of Cu(OH), decreases
compared to the amount of Cu,O, which stays fairly consistent before and after initial SEM
imaging.

In an effort to observe chemical changes to the nanoparticles in situ, cyclic voltammetry
studies were performed for various CuO,/TiO,/HOPG and TiO,/HOPG samples. However,
specific reduction events associated with TiO,, Cu, and HOPG were difficult to distinguish as the
reduction potentials for these events were similar or tended to overlap with the reduction of

residual oxygen that may be present in solution. The plasma treatment on the HOPG substrate
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also added another layer of complexity to the cyclic voltammetry analysis. For these reasons,
individual reduction events were not able to be distinguished. However, the CV cycles did
provide useful insight on the catalyst stability and ability to bind CO,. Cyclic voltammetry scans
were performed for the same sample in a 0.1 M KHCO3 solution purged with N, gas and then
with the addition of CO,. The working electrode setup was shown to have slight variation in the
current when changing between different samples so by keeping the same sample on the
electrode, small variations in the CV cycles with and without CO, could be observed. Figure 3.4
shows the CV scans for the CuO,/TiO,/HOPG, Cu/HOPG, and TiO,/HOPG samples. It is shown
that, after the addition of CO,, there is an observed increase in the current which is indicative of

CO; activation on the catalyst surface.
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Figure 3.4: CV scans of the same samples of (A) TiO,/HOPG and (B) CuO/TiO2/HOPG in 0.1
M KHCO; solutions with N, and then with the addition of CO,. Inset in (B) is CV trace for
CuO,/TiO,/HOPG in N3 enlarged for detail.

Cyclic voltammetry studies were then performed for Samples 1 and 2 in order to

determine the stability of the catalyst after an extended period of time. The CVs were run for 30

cycles for a total time of ~2 hours (see Experimental Section for parameters) ina 0.1 M KHCO3;

60



solution purged with N, for Sample 1 and saturated with CO, for Sample 2. For Samples 1 and 2,
the CV scans ranged from 0 to -0.57 V vs RHE and 0 to -0.66 V vs RHE, respectively, in order
to avoid production of H, gas from the hydrogen evolution reaction, which is observed at more
negative potentials (as seen by the sharp current decrease for the red trace in Figure 3.4B). The
CV scans quickly stabilized after the 6™ scan and 12" scan for the Sample 1 and 2, respectively
(Figure 3.5). The changes in the current during the CV scans indicated that the surface of the

sample was physically or chemically changing under these conditions.
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Figure 3.5: Cyclic voltammetry scans for CuOy/TiO,/HOPG samples in 0.1 M KHCOj solution
(A) purged with N, gas for 20 minutes prior to scan and (B) saturated with CO, gas. Each sample
was scanned for 30 cycles. The Figures selected cycles 1, 6, 12, 18, 24 and 30 as representative
of the total cycles recorded.

After the 30 CV cycles, SEM analysis showed that there was no significant nanoparticle
movement observed (Figure 3.6). XPS analysis showed that while the amount of TiO,
nanoparticles did not change significantly after electrochemistry, the Cu2p/Ti2p ratio decreased
by 16% and 26% for Samples 1 and 2, respectively, indicating a loss of copper signal for both of

the samples. Table 3.2 shows that the Cu2p/Ti2p ratio before electrochemistry was 0.43 for both

Samples 1 and 2 and after 30 CV cycles it was reduced to 0.36 and 0.32, respectively. Other
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studies have shown that Cu-based nanocubes and nanoparticles undergo significant morphology
and size changes under electrochemical CO; reduction conditions. It has been reported by Jung

et al.®°

that 20 nm Cu,O nanoparticles fragmented into 2-4 nm Cu-based particles under CO,
reduction conditions after 10 hours and Grosse et al.** reported that Cu nanocubes underwent
roughening and loss of crystal facets, loss of Cu atoms at edges and corners and reduction of
CuOy species under CO; reduction conditions. Based on these studies, it is likely that the CuOy

nanoparticles may be decreasing in size or undergoing particle loss during electrochemical

reduction, which would account for the decrease in Cu2p/Ti2p ratio.

Figure 3.6: SEM images of Cu/TiO; NPs (A) before and (B) after 30 cyclic voltammetry cycles.
The highlighted boxes represent movement of specific particles where, after cyclic voltammetry,
the Cu/TiO, NPs start to agglomerate together.

After 30 CV cycles, there was an increase in the Cls species located at 284.9, 286.0,
288.7 eV which correspond to sp®, C—0, and O—C=0 species, respectively (Figure 3.7). The
presence of these species on the sample surface is likely a result of either the deposition of
bicarbonate (HCO3") and/or CO, (aq) or a result of carbon corrosion. However, after SEM
imaging, the carbon species are reduced and resembles the Cls spectrum before

electrochemistry, indicating that the increase in the carbon species was a result of surface
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contamination and was not chemically bound to the surface or the result of a change in the

HOPG substrate.
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Figure 3.7: C1s spectra (A) initially, (B) after 30 cyclic voltammetry cycles, and (C) after SEM
imaging with an in situ air plasma treatment of a CuO,/TiO,/HOPG sample highlighting the
evolution of carbon contamination in the sample.
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Intensity (Normalized to C1s)

The Ti2p XPS spectrum did not indicate a significant change in the chemical species
after cyclic voltammetry. A small amount of Ti** is observed at 457.5 eV which has previously
been shown to be located on the surface of the TiO, nanoparticles.** It is noted that the amount
of Ti*" did not increase significantly after electrochemical reduction (Figure 3.8A and B). TiO; is
readily oxidized in the atmosphere and the formation of Ti** after electrochemical reduction

would likely not be observed since XPS analysis was performed ex situ.
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Figure 3.8: Ti2p and Cu2ps;, XPS spectra of CuO,/TiO,/HOPG nanoparticles (A, C) initially
and (B, D) after 30 CV cycles.

On the other hand, the Cu2p XPS spectrum did show a change in the chemical species
after 30 CV cycles where one main copper peak located at 933.8 eV was observed which
corresponds to CuO (Figure 3.8D) indicating the oxidation of the Cu,O and Cu(OH),
nanoparticles (Figure 3.8C). The samples were then analyzed via SEM and exposed to the in situ
air plasma treatment. After SEM imaging, the Cu2p spectra for both samples showed a

distribution between the Cu species with peaks at 932.7 and 934.5 eV, corresponding to Cu,O
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and Cu(OH),, respectively. The reduction of CuO to Cu0 is likely due to the exposure to X-
rays, electron beam or plasma treatment that would induce chemical reduction, as it has been
shown that CuO is reduced to Cu,O under sputtering conditions.”? The total amount of Cu
nanoparticles on TiO, nanoparticles remained relatively stable after SEM imaging as seen in the
Cu2p/Ti2p ratio, which was 0.36 and 0.29 for Samples 1 and 2, respectively.

Electrochemical CO; reduction experiments performed in 0.1 M KHCO; solution
saturated with CO, typically occur at more negative electrochemical potentials of around -1.1 V
vs. RHE.?® In an effort to investigate the threshold of nanoparticle stability, new CuO,/TiO,
nanoparticles and TiO, nanoparticle samples, Samples 3 and 4, respectively were held at
constant potentials, in a 0.1 M KHCOj3; aqueous solution saturated with CO,, for one hour
starting at -0.66 V vs RHE and increasing in -0.05 V increments until it reached a final potential
of -0.91 V vs RHE. After each -0.05 V increment, SEM images of specific nanoparticles on the
samples were obtained in order to track movements in the nanoparticles or changes in
morphology of the sample surface that occur at each potential. It has been reported that at lower
potentials, as low as -0.75 V vs RHE, there is observed product formation during CO,RR so
investigating the stability of these particles over a range will help give insight into whether these

particles would be stable for prolonged periods of time during CO,RR.***3

After electrochemical treatment, XPS analysis of Samples 3 and 4 showed a loss in the
amount of Cu on the TiO; nanoparticles, consistent with what was observed for Samples 1 and 2,
accompanied by a decrease in the number of TiO, nanoparticles on the HOPG substrate. As seen
in Table 3.3, for Sample 3 the Cu2p ratio initially was 0.39 and after electrochemical processing
was 0.25, accounting for a 36% loss in Cu amount with no change in the Cu chemical species.

However, it appears that the Cu,O nanoparticles had a larger decrease than the Cu(OH),
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nanoparticles after electrochemical treatment with a decrease in amount of Cu by 67% for Cu,0O

and 24% for Cu(OH), based on the Cu2p/Ti2p ratios in Table 3.3.

Table 3.3: XPS data for Samples 3 and 4 giving the approximate amounts of Cu and Ti species
on TiO; nanoparticles and HOPG substrate.

Sample Species Ratio Initial After
chronoamperometry

Total amount | Cu2p/Ti2p | 0.39 0.25

Total amount| Ti2p/Cls | 0.56 0.50

3 Cu,0O Cu2p/Ti2p | 0.09 0.03

Cu(OH), Cu2p/Ti2p | 0.29 0.22

4 | Totalamount| Ti2p/Cls | 0.46 0.36

XPS analysis showed that, after electrochemical treatment, the Ti2p/C1s ratio decreased
by approximately 10% and 20% for Samples 3 and 4, respectively. The loss in the amount of
TiO, could be due to loss of material or could be a result of the particles agglomerating together
and reducing the Ti2p signal in XPS, as SEM and AFM data show particle agglomeration and an
increase in TiO, particle heights. It was also observed that the mobile TiO, nanoparticles are
decreasing in size after electrochemical reduction. Diameter measurements of individual
particles in SEM images show that some of the TiO, nanoparticles undergo a slight decrease in
diameter upon agglomeration, as will be discussed later.

Figure 3.9 shows SEM images of Sample 4, consisting of TiO, nanoparticles, initially
and after electrochemical treatment. Note that these images are of the same area of the sample,
with the blue box highlighting one of the TiO, particles in each image for a frame of reference.
The SEM images in Figure 3.9 show that, at more reducing electrochemical potentials, ~30% of

the nanoparticles move and begin to agglomerate with neighboring particles. The particles that
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move leave behind “shadow” features in the SEM images are where a moved nanoparticle was
previously located. The particle agglomeration was unusual since previous studies have shown
that these samples are thermally stable at temperatures up to 550 K in vacuum for extended
periods of time and do not undergo agglomeration.* It is worth noting that the particle
agglomeration occurs at electrochemical potentials where hydrogen production would occur. It is
possible that the production of hydrogen may be dislodging some of the TiO, nanoparticles from

the HOPG substrate resulting in agglomeration.

Figure 3.9: SEM comparison of the same location of TiO, nanoparticles (A) before and (B) after
being held at reducing electrochemical potentials ranging from -0.66 V to -0.91 V vs RHE for 6
hours total. The blue box highlights the same particle in both SEM images as a frame of
reference for comparison.

While agglomeration of TiO, nanoparticles under these conditions is not well known,
Huang et. al.** has shown that 16 nm Cu-based nanocubes undergo nanoclustering into dendritic
morphologies after exposure to reducing potentials of -1.1 V vs RHE for 1 hour, in the same
solution studied here, where they report that the applied negative potential is the main driving
force in the observed morphological changes. The applied negative potential could also induce

mobility of the TiO, nanoparticles but the exact mechanism of the movement of some of the

nanoparticles observed here is not well understood.
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Figure 3.10 shows SEM images at a 45° and 40° tilt before (Figure 3.10A) and after
electrochemical treatment (Figure 3.10B), respectively. Initially, the TiO, nanoparticles are
attached to the surface of the HOPG substrate but after being held at reducing electrochemical
potentials, it is apparent that the surface is covered in raised mounds that have a darker contrast
in the SEM imaging compared to the TiO; nanoparticles. Based on this image, the “shadow”
features in Figure 3.9B are attributed to these raised mounds and that the difference in contrast
between the “shadows” and the HOPG substrate in the SEM image could be a result of a change

in height.
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Figure 3.10: SEM images of TiO, nanoparticles (A) initially with the sample tilted and imaged
at a 45° angle. SEM images of TiO, nanoparticles (B) after electrochemical treatment with the
sample tilted at a 40° angle.

To gain more insight into the nature of the “shadow” particles in the SEM images, we
have obtained AFM images of the nanoparticles on samples with high densities of nanoparticles
(such as those associated with the SEM images in Figure 3.9). However, with the high density of
nanoparticles, it is difficult to fully resolve individual nanoparticles in the AFM images. In an
effort to investigate the “shadow” features, a sample with a lower density of TiO, nanoparticles,

grown only along the step edges of HOPG, was held at a constant potential of -1.01 V vs RHE in

0.1 M KHCOj; solution saturated with CO, for 2 hours and analyzed via SEM and AFM. TiO,
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nanoparticles grown along the step edges of HOPG have a much lower particle density,
compared to particle growth on a plasma treated HOPG substrate, which allows for better
separation of the particles in the AFM imaging. The lower density of TiO, nanoparticles also
makes it possible to differentiate between the TiO, nanoparticles and “shadow” features in the
AFM scans by analysis of the height differences and comparison with SEM images.

Line profile scans of the AFM images in Figure 3.11 shows that the as prepared TiO,
nanoparticles were ~15-20 nm in height initially. After electrochemical treatment, some of the
TiO;, nanoparticles measured ~5 nm in height while most of the others were in the 20-30 nm
range. Figure 3.11D shows the AFM scan of the TiO, nanoparticles after electrochemical
treatment and Figure 3.11B shows the SEM image of the same area scanned in the AFM image
for comparison. The inset in Figure 3.11B is of a select area where the contrast and brightness of
the image was enhanced in order to better observe the “shadow” features. The very small bright
spots in the SEM image and inset in 3.11B are a result of damage to the HOPG substrate by the
cantilever tip as a result of AFM imaging. Studies we have done on bare HOPG have shown
these AFM damage features as well. SEM imaging shows that the ~5 nm high particles observed
in AFM, as seen in the line scan of Figure 3.11F, actually correspond to “shadow” features that
have been previously observed in the SEM images shown in Figure 3.9. This indicates that these
“shadows” are indeed raised features on the HOPG substrate surface that have been substantially
reduced in height from the particle that was in the same spot prior to the electrochemistry.
However, it is unclear whether these “shadows” are a result of deformation of the HOPG
substrate or a result of a thin layer of TiO, that remains on the HOPG substrate when the TiO,
nanoparticle has moved to attach to a neighboring particle. The TiO, nanoparticles are grown by

PVD but it is not well understood exactly how the nanoparticles are attached to the HOPG
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Figure 3.11: SEM and AFM images of TiO, nanoparticles grown along the step edges of HOPG
(A,C) initially and (B, D) after being held at -1.01 V vs RHE for 2 hours. The SEM image shown
in (B) is of the area scanned in the AFM image (D). Inset in (B) enhanced the brightness and
contrast in order to better distinguish between the “shadow” features and nanoparticles. The
arrows in (C) correspond to the location of the line scan (E) that shows the TiO, nanoparticles
are ~20 nm in height. The arrows in (D) correspond to the location of the line scan (F) where the
5 nm high feature at 0.8 um represents the height of the “shadow” feature seen in the inset in (B).
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surface. More specifically, while it is likely, it is not known for certain if the Ti impinging on the
surface bonds with carbon at defects in the HOPG substrate and forms a Ti-C layer before the
TiO, nanoparticle grows. If an interfacial layer of Ti-C forms at the HOPG/nanoparticle
interface, it is possible that the “shadow” that remains behind when a TiO, nanoparticle moves is
the Ti-C interfacial layer.

The SEM images seen in Figure 3.9 show that, in the same area, there are about ~200
TiO; nanoparticles initially and, after electrochemical reduction, there are ~170 distinguishable
nanoparticles, per manual counting. The observed loss of ~15% of TiO, nanoparticles may
explain the decrease in the Ti2p/C1ls ratio in the XPS analysis however, individual diameter
measurements of various particles shows that the particles that moved have slightly decreased in
diameter. The decrease in the amount of TiO, on the HOPG substrate could be a combination of
some particle loss, agglomeration and decrease in diameter of the particles that have moved. The
individual diameter measurements also show that the size of the particles that don’t move
remains roughly the same before and after electrochemical treatment.

Figure 3.12 shows SEM images of the same area of Sample 4, TiO, nanoparticles,
initially and after electrochemical treatment. Various particles are numbered in the Figure and
individual diameter measurements of these particles and “shadows” are recorded in Table 3.4.
These measurements show that the particles that do not move, such as particles 1 and 2, remain
roughly the same size after electrochemical treatment with a 1.8% and 1.5% decrease in
diameter, respectively. However, particles that do move, such as particles 7 or 8, show a slight
decrease in size after electrochemical treatment with a 19.7% and 17.3% decrease in diameter,
respectively. It is also worth noting that the “shadow” left behind by a moved particle is larger in

lateral dimension than the particle that occupied that space originally. Specifically, the shadow
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Figure 3.12: SEM imaged of TiO, nanoparticles (A) before and (B) after electrochemical
treatment. Individual particles are numbered and their diameter measurements are recorded in
Table 3.4.

Table 3.4: Individual particle diameter measurements taken from Figure 3.12.

Initial After electrochemical treatment

Location| Description | Diameter (nm) | Description | Diameter (nm)
1 TiO, particle 28.3 TiO, particle 27.8
2 TiO, particle 335 TiO, particle 33.0
3 TiO, particle 15.7 TiO, particle 15.8
4 TiO, particle 20.5 TiO, particle 21.6
5 TiO, particle 16.5 Shadow 25.9
6 TiO, particle 23.8 TiO, particle 22.8
7 TiO, particle 17.8 TiO, particle 14.3
8 TiO, particle 12.7 TiO, particle 10.5
9 TiO, particle 24.4 Shadow 31.6
10 Shadow 29.3
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left behind when particle 5 moved has an area 1.6 times larger than the original particle and the
shadow of particle 9 has an area 1.3 times larger than the original particle. While it is possible
that the “shadows” could be attributed to the deformation of the carbon substrate under
electrochemical conditions, the HOPG substrate itself was stable at the reducing electrochemical
potentials used, as seen in AFM analysis. Both a freshly cleaved HOPG substrate and an HOPG
substrate exposed to Ar plasma treatment were held at -0.91 V vs RHE for 3 hours and
subsequent AFM analysis indicated no obvious changes in the height or morphology of the
surface. Thus it is most likely that the “shadows” observed in the SEM images taken after
electrochemical reduction are the residual of the particle that moved or the Ti-C interfacial layer,
as described previously.

AFM analysis on Sample 5, consisting of a high density of TiO, nanoparticles, initially
showed an average particle height of approximately 6 nm, as seen in Figure 3.13. After being
held at -0.91 V vs RHE for 3 hours, SEM images revealed formation of “shadow” features and
the particles underwent significant movement. It is important to note that Sample 5 was held
at -0.91 V vs RHE initially, unlike Samples 3 and 4 that were ramped up to achieve a final
voltage of -0.91 V vs RHE from a starting point of -0.66 V vs RHE. This distinction is
noteworthy because the movement of nanoparticles does depend on a combination of the
strength of the potential applied and the time held at those potentials. Sample 5 was initially held
at -0.91 V vs RHE for 1 hour whereupon slight particle movement was observed but not as
significant as was expected based on the SEM images of Samples 3 and 4 at that potential.
Sample 5 was then subsequently held at -0.91 V vs RHE for an additional 2 hours where

significant particle movement was observed after this total time, as seen in Figure 3.13B.
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Figure 3.13: SEM and AFM images of TiO, nanoparticles (A, C) before and (B, D) after being
held at -0.91 V vs RHE for 3 hours. Histograms show the particle height distribution of the AFM
images for the TiO, nanoparticles (E) initially and (F) after electrochemical treatment.
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AFM analysis of this sample after electrochemical treatment gave an average particle
height of approximately 20 nm. Figure 3.13 shows the AFM height view images before and after
electrochemical treatment and it is apparent that, after being held at a reducing electrochemical
potential, fewer particles are observed in the same size area. This is likely a result of the inability
of the cantilever to distinguish individual nanoparticles that have agglomerated together, as the
tip is not sharp enough to differentiate between particles at such close distances.

The histograms in Figures 3.13E and 3.13F show the distribution in heights for each
AFM image. Initially, the histogram shows that the heights of the nanoparticles exhibit a
relatively narrow height distribution with about 56% of the nanoparticles being approximately 6
nm in height with some particles being slightly larger or smaller by about 2 nm. However, the
histogram of the AFM image after electrochemical treatment indicates significant growth in the
particle heights and a much broader height distribution after electrochemical reduction. About
40% of the particles are either 20 or 22 nm in height with the remaining nanoparticles varying in
size from 6 to 34 nm. The lack of uniformity in the sample heights is consistent with what is
visually observed in the SEM images where areas of particle agglomeration appear after being
electrochemically reduced.

Based on the SEM and AFM data, it is apparent that the particle agglomeration that
occurs during electrochemical reduction results predominantly in vertical growth of the particles
as opposed to horizontal growth. The SEM images in Figure 3.13 clearly show particles stacked
on top of one another as well as “shadow” features that are seen across the surface. This is also
supported by the change in the heights as seen in AFM analysis where, initially, the average
particle height was 6 nm which increased to approximately 20 nm after electrochemical

treatment. The histogram after electrochemical treatment showed a small amount of particles
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with 6 nm in height. This implies that the heights of all of the particles have increased as
opposed to just the particles that have agglomerated together. However, it is difficult to look at
height changes in individual particles in order to get a clearer idea of what may be attributing to
the height difference. From Figure 3.10, we see that, after electrochemical treatment, raised
mounds appear across the surface of the sample. The AFM and SEM images in Figure 3.11 show
that these raised mounds can be assigned to the “shadow” features that are observed in the un-
tilted SEM images after electrochemical treatment. However, Figure 3.10 also shows raised
mounds with particles situated atop of them which would differ from the “shadow” features but

result in an increase in the height of all the particles after electrochemical treatment.

3.4 Conclusion

The investigation of nanoparticle stability of this CuO./TiO,/JHOPG model catalyst is
crucial to understand its viability in the electrochemical reduction of CO,. At reducing
electrochemical potentials, lateral movement of a small number of the nanoparticles (~30%)
results in vertical growth of the neighboring nanoparticles. The potentials applied are in the
range where hydrogen production is expected to occur and it is possible that the production of
hydrogen bubbles would lead to an increase in the mobility of TiO, nanoparticles on the HOPG
surface, but the detailed mechanism remains unclear. The stability of the nanoparticles is
influenced by a combination of total time of exposure and the strength (more negative) of
reducing potential applied where the nanoparticles may be stable at more negative potentials but
would undergo agglomeration over time. XPS analysis shows that the amount of copper on the
TiO, nanoparticles decreases after electrochemical reduction but it is expected that it would

remain a viable catalyst despite the reduction in the amount of copper. The DEMS preliminary
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studies show that these model catalysts are active for the electrochemical reduction of CO; and
merit further investigation into their reactivity to see if any product formation is observed at

lower potentials, as the TiO, nanoparticles are expected to help reduce the overpotential

currently required for CO, reduction on copper metal.
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Chapter 4

Synthesis and Characterization of ZnO Nanoparticles Supported on HOPG and Silicon

4.1 Introduction

Heterogeneous catalysts have been widely investigated for the conversion of CO, into
value adding chemicals, such as methanol (MeOH) or methane (CH,). Industrially, thermal
reduction of CO, is used on a larger scale to produce methanol.™® This process requires a
mixture of synthesis gases (H,/CO,/CO) to be passed over a Cu/ZnO/Al,O; catalyst at elevated
pressures (50 to 100 bar) and temperatures (200 to 300 °C).>*® However, the active site of this
catalyst has been a subject of debate as researchers seek to understand the role of ZnO in the
promotion of methanol production.

Some reports claim that ZnO acts as a physical spacer between the copper nanoparticles
in order to help disperse the Cu phase and results in a high surface area of Cu in industrial
catalysts.? Other studies suggest a synergistic effect between the ZnO and Cu nanoparticles that
would result in catalyst stabilization through strong metal support interactions (SMSI).” With this
synergy, ZnO could act as a structural modifier, hydrogen reservoir, direct promoter for bond
activation, or form a ZnCu alloy.>”** Kattel et al. has shown that ZnCu alloy undergoes surface
oxidation under thermal CO, reduction reaction conditions which results in the formation of ZnO
and Cu which facilitates methanol synthesis via formate intermediates.?

The debate of the role of ZnO in this process highlights the need for fundamental
investigations on the reaction mechanism for CO, hydrogenation. This could be achieved by
studying a model catalyst system consisting of Cu/ZnO nanoparticles, similar to the studies

performed for the Cu/TiO, system discussed in Chapters 1 and 2. The two common approaches
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to preparing Cu/ZnO catalysts are either: 1) wet chemistry techniques such as sol-gel or
coprecipitation or 2) vacuum-based techniques such as atomic layer deposition (ALD) or
chemical vapor deposition (CVD).”>?° However these techniques have their drawbacks as wet
chemistry techniques result in samples that have a wide range of surface sites making
characterization difficult and CVD processes often result in surface contamination problems
through reactions with the precursor ligands.

In this Chapter, the synthesis of ZnO nanoparticles has been attempted using physical
vapor deposition (PVD) as this process has resulted in the formation of well-defined and
crystalline TiO, nanoparticles in past studies.?*# The growth of ZnO by PVD has been reported
and typically results in the formation of a thin film or nanowires/rods of ZnO.?? In this study,
we have attempted to deposit ZnO nanoparticles on an HOPG or Si substrate and subsequent
photodeposition and stability studies have been carried out. The growth of ZnO nanostructures is
reported as well as the various conditions used to optimized the PVD process in order to achieve
small (5-10 nm) ZnO nanoparticles with a high density on the substrate surface for fundamental

CO, reduction studies.

4.2 Experimental

ZnO nanoparticles were grown on either an HOPG or silicon (Si) substrate by PVD on a
commercial evaporator (Edwards 306A Coating System) under vacuum. The HOPG and Si
substrate were either placed into the chamber as is or pre-treated using oxygen (O,) or argon (Ar)
plasma. The HOPG substrate was resistively heated between two copper rods and held at various
substrate temperatures. The Si substrate was placed on a stainless steel heater that is heated

resistively using copper rods and tungsten wire.
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The ZnO nanoparticles were prepared by thermal evaporation of a zinc (Zn) metal shot
(1-6 mm, Puratronic, 99.9999% metals basis, Alfa Aesar) in an alumina ceramic coated tungsten
crucible. The ceramic coated tungsten crucible was resistively heated above the evaporation
temperature of Zn in order to sublimate to the vapor phase. The oxidation of the ZnO particles
was performed either in vacuum or with the addition of O; gas to the PVD chamber. The amount
of ZnO deposited is monitored using a quartz crystal microbalance (QCM). The samples were
characterized using scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy
(XPS) using an FEI Magellan 400 XHR SEM and Kratos Axis Supra photoelectron spectrometer

(Kratos Analytical), respectively.

4.3 Results and Discussion
4.3.1 Argon plasma on HOPG

For the deposition of ZnO nanoparticles, the HOPG substrate was placed directly into the
PVD chamber without plasma pre-treatment to determine if ZnOx nanoparticles would form
along the step edges of HOPG, similar to what was observed for PVD of TiO; nanoparticles. The
HOPG substrate was heated to 60 °C due to the high mobility of the ZnOy nanoparticles, as will
be discussed later. The Zn metal was deposited for 10 minutes and the sample was further
annealed at 60 °C for 30 minutes after deposition. SEM imaging showed the formation of square
and hexagonal structures that were ~200-350 nm in diameter (Figure 4.1A). Figure 4.1B shows
an area where it appears the ZnOy nanoparticles are aligned along the step edges of HOPG.
Synthesis of ZnO by PVD has been shown to result in the formation of nanowires or nanorods
with a hexagonal shape.?* % This is similar to what is observed here although the ZnO, deposited

does not result in long nanowires or rods, compared to literature reports of ZnO nanowires that
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vary from 20-80 um in length.”**" From Figure 4.1C and D, the SEM image of a separate
sample with a large agglomeration of ZnO nanoparticles is taken at a 45° tilt. The formed ZnOy
structures are roughly 150-250 nm in height, as measured using ImageJ, and some nanostructures

appear plate-like.

Figure 4.1: SEM images of (A, B) ZnO nanoparticles aligned along the step edge of HOPG and
(C,D) a large agglomeration of ZnO nanoparticles taken at a 45° tilt.

Figure 4.2A and B shows the Zn2p and Zn LMM XPS spectra that confirms the presence
of ZnO species with a Zn2p3, binding energy of 1022.12 eV and Zn LMM Kinetic energy of
987.5 eV. The binding energy difference between ZnO and Zn metal in the Zn2p spectrum is less
than 1 eV so the Zn LMM X-ray induced Auger peak is used for assigning information about the
oxidation state of the Zn species.** ZnO and Zn metal have a difference of 4 eV in the Zn LMM

spectrum. XPS analysis on single crystal ZnO was performed for comparison purposes and
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shown in Figure 4.2C and D with a Zn2ps, peak at 1022.22 eV and Zn LMM peak at kinetic
energy of 988 eV. It is shown that the line shape of the Zn LMM peak of the synthesized sample

IS representative of ZnO, as seen in Figure 4.2B and D.
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Figure 4.2: High resolution Zn2p and Zn LMM XPS spectra of (A, B) ZnO nanoparticles on
HOPG and (C, D) single crystal ZnO.

However, the formation of ZnOy along the step edges of HOPG under these conditions
could not be replicated as subsequent samples prepared using these conditions did not show any
ZnOy formation via XPS. Survey spectrum of three separate samples prepared under these

conditions did not show the presence of ZnO as there were no Zn2p or Zn LMM peaks detected.
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For TiOo/HOPG samples, the HOPG substrate is pretreated with low energy Ar plasma, which
creates defect nucleation sites on the HOPG surface and results in the formation of a high density
of TiO, nanoparticles. With this in mind, the HOPG substrate was treated with low energy Ar
plasma prior to PVD in an effort to create high density ZnO nanoparticles.

Initially, the HOPG substrate was treated with low energy Ar plasma at 9 W with a
pressure of 200 mTorr for 25 minutes which resulted in the formation of large agglomerations of
hexagonal ZnO nanostructures that are 250-350 nm in diameter and small ZnO nanoparticles that
are 3-4 nm in diameter (Figure 4.3A and B). This sample also had a distinct blue coloring on the

substrate surface, seen in the inset of Figure 4.3B, indicating the formation of large amounts of
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Figure 4.3: SEM images of ZnO nanoparticles on HOPG (A) on a sample that had deposition of
large amounts of ZnO resulting in a blue coloring on the sample surface (seen in the inset) and
(B) formation of 3-4 nm ZnO nanoparticles. SEM images of a separate sample prepared under
the same conditions that had (C) less hexagonal ZnO structures on the surface and (D) deposition

of 5 nm diameter ZnO nanoparticles.
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ZnO as ZnO is blue gray in color. Indeed, Figure 4.3A shows the formation of clusters of large
ZnO nanostructures across the surface of the HOPG substrate, which is likely causing the
observed blue gray color observed on the sample. However, another sample under the same PVD
and plasma treatment conditions also showed the formation of the hexagonal ZnO structures but
at a much lower density on the surface (Figure 4.3C). This sample also had ZnO nanoparticles
that were 5-10 in diameter deposited on the surface (Figure 4.3D). The inconsistency in the two
depositions is in stark contrast to what is observed for the deposition of TiO, nanoparticles. The
melting point for zinc metal (420 °C) is much lower than Ti metal (1,660 °C) which results in a
rapid deposition. The time for the deposition of zinc is about 10 minutes whereas the Ti
deposition is 1.5 hours. The rapid deposition of zinc makes it difficult to control the size and
amount of nanoparticles that are deposited.

The Ar plasma treatment was varied for longer and shorter time periods to determine if
the time of exposure to the plasma influences the size of the nanoparticles grown on HOPG.
HOPG substrates were exposed to Ar plasma at 9 W and 200 mTorr for 10, 35, and 60 minutes
and the zinc deposition was carried out under the same PVD parameters described above with a
substrate temperature of 60 °C and subsequent 30 minute anneal after deposition. Figure 4.4
shows the various samples under these plasma conditions where all samples showed the
formation of large, hexagonal ZnO structures across the sample surface as well as the formation
of small ZnO nanoparticles, which varied in diameter according to the time of plasma exposure.
The samples exposed to Ar plasma for 10 and 60 minutes had less nanoparticle density and small
particle sizes (3-4 nm) compared to the samples exposure to Ar plasma for 25 and 35 minutes,
which had nanoparticles that were 5 nm in diameter. This indicates the plasma treatment of the

substrate has an effect on the size of the nanoparticles deposited.
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energy Ar plasma for (A) 10 min, (B) 25 min, (C) 35 min, and (D) 60 min.

4.3.2 Substrate temperature on HOPG

It was found in the previous section that the exposure to low energy Ar plasma for 25
minutes resulted in the formation of large, hexagonal ZnO structures but also smaller
nanoparticles on the surface that are 5 nm in diameter. In an effort to form larger particles, the
temperature of the substrate during deposition was varied in order to determine if the ZnO
nanoparticle mobility would increase with increasing substrate temperature and result in the
formation of larger nanoparticles. The substrate temperatures studied were: 25 (room
temperature, no heating), 100, 200, 600, and 800 °C. Table 4.1 details the substrate temperatures

used and the XPS Zn2p/Cl1s ratio of these samples.

88



Table 4.1: XPS analysis detailing the Zn2p/C1s ratio of ZnO nanoparticles on HOPG deposited
at various substrate temperatures.

Substrate Ratio
Temperature (°C) Zn2p;, area Clsarea Zn2p/Cls
25 (room) 473.56 5710.20 0.0829
60 4996.62 6035.49 0.8279
100 49914.13 60446.31 0.8258
200 751.10 6197.45 0.1212
600 248.37 57177.72 0.0043
800 319.95 68924.33 0.0046

The samples with substrate temperatures of 600 and 800 °C had a very small Zn2ps, peak
which resulted in a low Zn2p/C1s ratio of 0.004 for both samples. The XPS data shows that the
amount of ZnO deposited on the HOPG substrate at temperatures over 100 °C is very low.
During PVD, it is not clear whether zinc is initially deposited as a metal and oxidized on the
HOPG substrate to form ZnO nanoparticles or whether ZnO nanoparticles are deposited onto the
substrate directly after being oxidized in the PVD chamber. The melting temperature for zinc is
420 °C whereas the melting temperature of ZnO is 1,975 °C. Therefore, the substrate
temperatures here would not result in desorption of ZnO nanoparticles. It is possible that zinc
metal is formed on the HOPG substrate initially and oxidized during annealing as there is very
little to no zinc observed with substrate temperatures higher than 400 °C. The sample with a
substrate temperature of 200 °C showed a small amount of ZnO formed with a Zn2p/C1s ratio of
0.1212 but substrate temperatures lower than 100 °C were shown to have the largest amount of
ZnO nanoparticles. However, the substrate that was not heated during deposition showed little
ZnO formation with a Zn2p/C1s ratio of 0.0829 indicating the importance of substrate heating
for the nanoparticle mobility.

SEM imaging of the samples with substrate temperatures less than 100 °C reveals the
formation of very small ZnOx nanoparticles that are <5 nm in diamter (Figure 4.5A-C). Most of
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Figure 4.5: SEM images of ZnO nanoparticles eposited on Ar plasma treated HOPG with
substrate temperatures of (A) room temperature with no heating, (B) 60 °C, and (C) 100 °C.

the samples revealed the formation of the larger, hexagonal ZnO nanostructures on the surface
which is likely formed during the agglomeration of small ZnO nanoparticles or are zinc metal
flakes deposited on the substrate surface. EDS analysis on the larger hexagonal structures
revealed the presence of zinc with Ka and La peaks located at 8.6 and 1.0 keV, respectively
(Figure 4.6). In contrast with the XPS results, XRD analysis shows the presence of mainly Zn
peaks at 36.33°, 39.06° 43.23° and 54.51° diffraction angles which correspond to the (0,0,2),
(1,0,0), (1.0.1) and (1,0,2) planes of the hexagonal close packed structure of zinc metal,
respectively (Figure 4.7). The peak at 36.33° also corresponds to the (1,0,1) plane of ZnO but as
this overlaps with the peak for zinc metal and no other ZnO peaks were observed, it was
determined the nanoparticles were metallic zinc. Since XRD is more of a bulk technique

compared to XPS, it is possible that only the surface of the Zn nanoparticles is oxidized to ZnO.
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Figure 4.6: (A) SEM images of ZnO nanoparticles on HOPG showing the formation of large,

hexagonal structures and (B) EDS analysis of the hexagonal structures confirming the presence
of zinc material.
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Figure 4.7: XRD analysis of a ZnO/HOPG sample showing the phases of zinc metal present in
the sample.
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This could explain the lack of ZnO formation observed during deposition of substrates with
higher temperatures where Zn would not adhere to the HOPG substrate above 420 °C.

It was found that the deposition of zinc with a substrate temperature of 60 °C resulted in
the formation of large amounts of ZnO material and the amount of ZnO deposited decreases with
increasing substrate temperature (Table 4.1). The Zn metal and ZnO species appear to be more
mobile compared to TiO, nanoparticles and crystallize at lower temperatures. While the HOPG
substrate needed to be held at temperatures of 770 °C for rutile TiO, formation, the crystalline
ZnO nanoparticles formed at lower substrate temperatures. It is possible that the mobility of the
ZnO nanoparticles is so great at higher temperatures that the nanoparticles do not bind as well to
the HOPG substrate or move off of the substrate and attach to the copper rods that are used for
substrate heating. It was determined from this study that a substrate temperature of 60 °C would

work best for the resulting ZnO depositions.

4.3.3 Oxygen plasma on HOPG

Varying the Ar plasma treatment times and the substrate temperature did not have a large
effect on the size of the ZnO nanoparticles deposited as expected. Since Ar plasma is inert,
pre-treating the HOPG substrate with more reactive plasma, such as oxygen, may result in better
binding and nucleation of the deposited Zn material. The use of oxygen plasma on HOPG may
result in reactive defect sites that have some residual oxygen located on the surface which may
change the size and shape of the ZnO nanoparticles deposited.** Before deposition, the HOPG
substrate was exposed to the in situ plasma cleaner in the Magellan SEM that uses air plasma.
Initially, three substrate temperatures of 25, 60, and 140 °C were tested in order to confirm that

60 °C is the optimum substrate temperature. It was found that, after deposition, the 25 °C
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Figure 4.8: SEM images of ZnO nanoparticles on HOPG that was treated with O, plasmé prior
to deposition. ZnO deposition was performed with substrate temperatures of (A, B) 25 °C, (C, D)
60 °C, and (E, F) 140 °C.

substrate had very small ZnO nanoparticles (Figure 4.8 A, B) while the 140 °C sample did not
have any small nanoparticles but rather had groupings of large particles that oriented on defects
(Figure 4.8 E, F). This indicates that the ZnO nanoparticles have high mobility and resulted in

the formation of small nanorods. The 60 °C substrate showed the formation of both small and

larger nanoparticles but also showed signs of the high nanoparticle mobility. From Figure 4.8C
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and D, it is shown that the larger nanoparticles move across the surface and form through the
agglomeration of the smaller nanoparticles, as seen by the drag marks devoid of nanoparticles.
This further supports the high mobility of the nanoparticles on the surface of HOPG with a
substrate temperature of 60 °C.

The in situ plasma cleaner in the SEM has a fixed power and exposure time so
subsequent oxygen plasma studies were carried out on a different plasma cleaner (South Bay
Technology) in an oxygen gas atmosphere, as opposed to ambient air. In order to determine the
optimum plasma parameters, powers of 20, 50, and 100 W were tested at a pressure of 200
mTorr O, for 2 minutes. Since oxygen plasma is more reactive than argon plasma, the time of
exposure to the plasma was significantly shorter in comparison. The HOPG substrate was held at
60 °C during deposition and further annealed for 30 minutes, as previously discussed. The SEM
images of these samples shows that, at 50 W, the ZnO nanoparticles were 5-10 nm in diameter
and had a high density of nanoparticles across the HOPG surface (Figure 4.9B). The 20 W
sample (Figure 4.9C) had small, dendritic like nanoparticles whereas the 100 W sample had
better defined nanoparticles that were 3-4 nm in diameter (Figure 4.9A).

The O, plasma at 50 W produced slightly larger, 5-10 nm nanoparticles compared to the
argon plasma, which resulted in nanoparticles that were <5 nm in diameter. The time of exposure
to the plasma treatment was then investigated with O, plasma at 50 W and 200 mTorr and
exposure for 15 seconds, 2 minutes, and 5 minutes. The 15 s plasma treatment resulted in the
formation of very small nanoparticles on the HOPG surface whereas the 5 minute exposure
produced larger but more dendritic like nanoparticles at the longer exposure time (Figure 4.9D,

E). From this, it was determined that pre-treating the HOPG surface with O, plasma at 50 W in a
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pressure of 200 mTorr for 2 minutes would result in the formation of well-defined ZnO

nanoparticles with a high density.

Figure 4.9: SEM images of ZnO nanoparticls deposite on HOPG treated with O, plasma with
a pressure of 200 mTorr for 2 minutes at (A) 100 W, (B) 50 W, (C) 20 W. SEM images of ZnO
nanoparticles deposited on HOPG treated with O, plasma at 200 mTorr and 50 W for (D) 5 min

and (E) 15s.
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4.3.4 Annealing conditions

Adjusting the substrate temperature during deposition did not lead to a significant change
in the ZnO nanoparticle size and shape even with the oxygen plasma treatment. The annealing
conditions of the sample were then investigated to determine the effect on the nanoparticle size
and shape and in an effort to obtain highly oxidized ZnO nanoparticles. The depositions for each
sample were carried out at a substrate temperature of 60 °C with either no anneal or a 30 minute
anneal at substrate temperatures of 60, 70, or 90 °C (Figure 4.10). The sample with no anneal had
nanoparticles that were similar in size to the sample annealed at 60 °C but the nanoparticles were

not as well defined and appeared more dendritic like. The samples that were annealed for 30
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minutes at 70 and 90 °C looked similar to the sample annealed at 60 °C and there were no major
differences in the nanoparticle size which shows that the substrate temperature adjustment during
anneal did not have a significant effect.

Reports on the synthesis of ZnO nanoparticles typically use an oxygen rich environment
for deposition as opposed to the vacuum conditions used here.?® In order to see the effect the
atmosphere had on the deposition and annealing conditions, various studies looked at annealing
in either air or oxygen. In one instance, the HOPG substrate was not annealed in vacuum after
deposition but annealed for 40 minutes at 60 °C after the chamber had been vented (and reached
atmospheric pressure of 760 Torr). Another sample had a 30 minute anneal in vacuum followed
by a 40 minute anneal after the PVVD chamber had been vented with a substrate temperature of 60
°C. Both of these instances did not yield any significant visual or chemical changes to the
nanoparticles.

An oxygen gas line was then affixed to the PVD chamber in order to add high purity
oxygen gas during the deposition or annealing steps. In one instance, the sample substrate was
heated to 60 °C in an oxygen atmosphere with a chamber pressure of 0.18 Torr, as opposed to
2x10® Torr, during the deposition. However, this did not result in any deposition of ZnO
material which may be due to the increased pressure in the PVD chamber. The oxygen gas line
did not have a precise valve to input the O, gas which resulted in a high chamber pressure during
deposition. It is possible that Zn metal or ZnO in the vapor phase may not have reached the
HOPG substrate due to the inelastic collisions with the oxygen atoms. At this pressure, the
inelastic mean free path may have been shorter than the distance between the crucible and
sample substrate. Typical deposition methods with an oxygen atmosphere have a steady flow of

an inert carrier gas through a tube furnace where the sample distance is close to the crucible. It is
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possible that for our PVD process, the substrate may need to be moved closed to the crucible to

achieve successful depositions in an oxygen environment.

4.3.5 Deposition on Si wafer

The ZnO nanoparticles on the HOPG substrate did not undergo significant changes
despite all of the adjustments during deposition and anneal. Deposition on a silicon (Si) substrate
was then investigated in an effort to determine substrate effects on ZnO nanoparticle formation.
The silicon wafer was cut using a diamond scribe into 10 x 10 mm pieces and sonicated in
separate solutions of acetone and isopropyl alcochol for 10 minutes prior to being placed into the
PVD chamber. Both n- and p-type silicon wafers were used although this did not seem to impact
the nanoparticle deposition. The Si wafers were heated on a stainless steel heater to 60 °C during
deposition and then further annealed for 30 minutes. The Si wafers were pretreated with either
argon or oxygen plasma in order to determine the effect of plasma on the deposition.

The Si substrate was exposed to low energy argon plasma of 9 W with a pressure of 200
mTorr for 25 minutes, as previously discussed. This led to a deposition of large, hexagonal ZnO
structures across the Si surface. With HOPG as a substrate, the ZnO material formed small
nanoparticles on the surface with large, hexagonal structures deposited irregularly across the
surface. With the Si substrate, there is no observed small particle formation and there are large,
hexagonal ZnO structures on the surface, as seen in Figure 4.11A and B. However, these
particles have a low density on the surface compared to the high density of TiO, nanoparticles on
HOPG. The ZnO nanoparticles formed range between 120-300 nm in diameter. As can be seen

in Figure 4.11A, there are also areas on the Si substrate that resulted in agglomeration of the ZnO
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nanoparticles, indicating the high mobility of the nanoparticles on the Si substrate, similar to

what was observed on HOPG.

Fiure 4.11: SEimag ofn anopartile on a Si substrate with (A, B) Ar plasma at 200
mTorr and 9 W for 25 minutes and (C, D) O, plasma at 200 mTorr and 50 W for 2 minutes.

The oxygen plasma on Si yielded similar results to the argon plasma with no major
notable differences (Figure 4.11C, D). The oxygen plasma used was 50 W with a pressure of 200
mTorr for 2 minutes, as was previously discussed. The Si substrates with the oxygen and argon
plasma treatment were able to be reproduced multiple times which indicates that these conditions
are optimal to produce ZnO nanoparticles with the current PVD setup. However, the ZnO
nanoparticles were much larger than desired so methods to control the nanoparticle size and

density would need to be developed in the future. XPS analysis confirmed the presence of ZnO

with a Zn2p peaks located at 1022.40 and 1045.56 eV corresponding to a ABE of ~23 eV which
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is characteristic of ZnO.?® EDS analysis of the hexagonal structures on the Si substrate show the

presence of zinc Ko and La peaks located at 8.6 and 1.0 keV, as seen in Figure 4.12.
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Figure 4.12: (A) SEM image of hexagonal ZnO nanoparticles on a Si substrate with (B) EDS

analysis confirming the presence of zinc on the hexagonal structure.

4.3.6 Photodeposition and Stability Studies

As discussed in Chapter 1, photodeposition is used to selectively deposit metal

nanoparticles onto metal oxide nanoparticles. This is achieved by submerging the metal oxide

nanoparticles in a metal salt solution and irradiating the solution with UV light at a wavelength

greater than the band gap of the metal oxide, in this case ZnO. The band gap of ZnO is reported
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Intensity (arb. units)

to be ~3.37 eV, similar to the band gap of TiO, of 3.0 eV.** The photodeposition of various
metals on the ZnO nanoparticles on HOPG was investigated by submerging the ZnO/HOPG
samples in an aqueous solution of 1.0 uM K,PtCl, for 4 hours. However, XPS analysis after
photodeposition did not reveal any Pt or Zn species present, as seen in Figure 4.13. As can be
seen in the Figure, prior to photodeposition, there was a large Zn2p peaks which are not present
after photodeposition. The Pt4f;;, peak is located at 74 eV which shows no significant increase

after photodeposition (Figure 4.13B).
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Figure 4.13: Survey and Zn2p XPS spectra of ZnO on HOPG (A, C) before and (B, D) after Pt
photodeposition showing the removal of ZnO material.

In order to determine the stability of the hexagonal ZnO structures under UV light, a new
ZnO sample was submerged in deionized water and irradiated with UV light for 4 hours. After
this allotted time, SEM images showed that the ZnO nanoparticles appeared to be coated with
another substance (Figure 4.14B-D). However, point identification with EDS confirmed that only
zinc was present, indicating that the ZnO nanoparticles are likely decomposing under these

conditions (Figure 4.14E).
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Figure 4.14: SEM images of large ZnO nanostructures (A) initially and (B-D) after
photodeposition of 1.0 uM aqueous K,PtCl, solution. (E) Subsequent EDS analysis of the blue
box highlighted in (D) shows that the particles on the ZnO hexagonal structure consists of only
zinc material indicating the decomposition of this structure.

As the nanoparticles were unstable in aqueous solutions, another photodeposition attempt
was carried out by submerging the sample in a 0.14 mM K,PtCl, solution in ethanol and
irradiated with UV light for 1 hour. XPS analysis did not show the deposition of a significant
amount of Pt species but some of the ZnO species remained on the surface. The Zn2p/C1s ratio

before photodeposition was 0.87 and was 0.35 after photodeposition. This decrease may be
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attributed to the removal of the larger hexagonal structures as SEM imaging did now show
significant changes to the smaller ZnO nanoparticles on the surface. SEM imaging showed that
the smaller nanoparticles were stable after photodeposition and EDS confirmed small amounts of
Pt deposited (Figure 4.15C) and stability of ZnO species (Figure 4.15D). It is shown that the

small nanoparticles on the HOPG surface are stable when ethanol is used as a solvent although a
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Figure 4.15: SEM images of ZnO nanoparticles on HOPG (A) initially and (B) after
photodeposition in 0.14 mM K,PtCl, solution with ethanol as a solvent. (C) Subsequent EDS
analysis of the area highlighted in the blue box in (B) that shows the formation of Pt species. (D)
EDS analysis of the area highlighted in the pink box in (B) that shows the presence of zinc
species and no Pt deposition.
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significant amount of Pt species was not deposited. The parameters for photodeposition on these
samples would need to be further investigated and may benefit from using a non-aqueous
solvent.

Table 4.2: XPS analysis of a sample of ZnO nanoparticles on an HOPG substrate that was

heated in a temperature ramp from 60 to 350 °C. The sample was held at each temperature for 1
hour in order to determine the stability of the samples with increasing temperature.

Anneal Ratio
Temperature (°C) Zn2pzp, area Cls area Zn2p/Cls
60 4996.62 6035.49 0.8279
120 4224.44 7342.86 0.5753
215 4793.65 7171.93 0.6684
260 4565.91 7239.65 0.6307
300 3948.85 7757.02 0.5091
350 1757.65 8107.09 0.2168

The larger ZnO nanoparticles were also not stable when annealed at higher temperatures.
Some of the ZnO nanoparticle samples were annealed in an oxygen atmosphere or vacuum at
high temperatures after deposition in order to observe the effect on the ZnO chemical species and
nanoparticle size and shape. While this did not result in significant changes to the small
nanoparticles, it was observed that the large, hexagonal ZnO nanostructuress appeared to degrade
at higher temperatures. For one of these samples, a temperature ramp was performed where the
substrate was heated in a temperature range of 60-350 °C and held at each temperature for 1
hour. Table 4.2 shows the Zn2p/C1s ratio taken from XPS data which shows a decrease in the
amount of zinc with increasing substrate temperatures. SEM images shown in Figure 4.16C
shows that the hexagonal ZnO nanoparticles appear to be more transparent and the formation of
holes in the nanoparticles is observed. However, there was no obvious change to the smaller

nanoparticle size or shape (Figure 4.16B, D). The PVD parameters for ZnO nanoparticles would
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need to be modified in order to control the size and shape of the smaller nanoparticles that are
observed on the HOPG substrate and hinder the formation of the large, hexagonal ZnO

nanoparticles, as these are not stable at higher temperatures or in aqueous solution/UV light.

o
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of ZnO nanoparticles (A, B) initially and (C, D) after the temperature
ramp and final substrate heating to 350 °C showing the instability of the hexagonal ZnO
nanoparticles.
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4.4 Conclusion

The deposition of ZnO nanoparticles on either an HOPG or Si substrate was attempted in
this Chapter. Investigations on the substrate temperature during deposition, plasma treatment,
annealing conditions, and different substrates were carried out and resulted in the formation of
both small nanoparticles and large nanostructures of ZnO. XRD analysis showed that Zn was the

predominant species while XPS analysis revealed ZnO was the main species present on the
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samples indicating the surface oxidation of these nanoparticles. Photodeposition on ZnO/HOPG
samples showed that the large, hexagonal ZnO nanostructures were not stable in aqueous
solution or under UV irradiation. However, the smaller nanoparticles formed on HOPG were
stable although a significant amount of Pt was not deposited on the nanoparticles. The hexagonal
nanostructures were also shown to be unstable at higher temperatures and the degradation of
these structures was observed in SEM and XPS. Future synthesis parameters for the ZnO
nanoparticles would need to be modified in order to obtain nanoparticles with a more uniform

size, shape, and density.

4.5 Future Directions

The oxygen gas line that was equipped to the PVD chamber was not capable of being
pumped out, meaning that there was likely air getting into the chamber instead of pure oxygen
gas. The gas valve was a needle valve which is not ideal for regulating small amounts of gas. In
the future, a stainless steel oxygen gas line that is capable of being pumped out and baked with a
more precise leak valve, could be beneficial in the attempts to deposit ZnO nanoparticles in an
oxygen atmosphere, aiding in nanoparticle oxidation. The distance between the substrate and the
crucible should also be altered as this has shown to result in significant changes in the deposition
of TiO, nanoparticles and could help to deposit more ZnO nanoparticles or a thin film.

The Si substrate did not show the formation of small nanoparticles on the surface but
there were numerous larger ZnO nanostructures that may be useful for future studies. Cleaning
the Si substrate with HF and annealing at high temperature would result in a well ordered 7x7 Si

surface, which may be useful in controlling the density of the ZnO nanoparticles as opposed to
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the plasma treatment on the substrate. Different plasma treatments than the ones studied here
could also be investigated in order to determine its effect.

It may be possible to use metal oxide nanoparticles as a base for the ZnO nanoparticle
growth. Specifically, perform the ZnO PVD on a sample of TiO, nanoparticles on HOPG where
the TiO, nanoparticles may act as sites for particle nucleation, similar to the defects on the
HOPG substrate formed from the plasma treatment. TiO, nanoparticles may be useful as seeding
particles in order to control the size and density of the ZnO nanoparticles deposited. This could
be achieved through deposition of (1) a thin film of TiO, using an e-beam evaporator or (2) TiO,
nanoparticles using PVD as described in Chapter 1. The above suggestions may be helpful in the
future synthesis of ZnO nanoparticles.

During photodeposition, it was shown that the large ZnO nanostructures were not stable
under UV light or in aqueous solutions. Future attempts may benefit from the use of a
non-aqueous solvent in order to selectively deposit metal nanoparticles on the metal oxide
nanoparticles. The UV light parameters could also be adjusted by shining the light at a shorter
wavelength than was used here in order to be significantly higher in energy than the band gap of
ZnO. The wavelength used here was greater than the band gap of ZnO but was close enough that
the successful promotion of the electron from the valence to the conduction band may not have

occurred.
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Chapter 5

Depth and pH Dependent Changes in the Solvation of Various Solutes in Aqueous Solution
at the Liquid/Vapor Interface Probed by Liquid-Jet X-ray Photoelectron Spectroscopy

5.1 Introduction

Solvation effects in aqueous solutions can have a significant effect on the chemical
reactivity, particularly for hydrogen bonding solutes. Recent experimental developments have
enabled the analysis of the electronic structure of aqueous solutions through the use of liquid-jet
X-ray photoelectron spectroscopy (LJ-XPS).*® Liquid-jet XPS is used to probe the local
chemical environment, electronic structure and local hydrogen bonding structure of solutes in
solution by analyzing core-level chemical shifts and changes in peak profiles due to
intermolecular interactions with surrounding water molecules.®*”® In particular, the shifts in the
core-level binding energies can be related to changes in the solvent configuration which can vary
between the liquid/vapor interface and the bulk of the solution.**°

Detailed information on the electronic properties of liquids can provide an important
benchmark for molecular dynamics (MD) simulations. Computational modeling of liquid
solutions has a high computational complexity and often requires hundreds of atoms in order to
account for the dynamic structure of the liquid environment.* The combination of MD
simulations, electronic structure calculations (e.g. ab initio MD) and experimental liquid-jet XPS
data, can be used to understand, in detail, the solute/solvent interactions that lead to measured
changes in the solute electronic structure.>**™* This detailed information can provide insight into
many chemical processes, as has been demonstrated in the case of the reactivity of atmospheric

aerosols and hydrogen bonding at the molecular level.**>*
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Acetic acid, sodium acetate, and acetamide are C, solutes that have two distinct carbon
bonding environments which lead to distinct C1ls binding energies. Glycinamide and
4-aminopyridine are organic solutes that have distinct carbon and nitrogen bonding
environments, leading to well separated N1s and C1s peaks. The change in the difference in
binding energy (ABE) for these carbon and nitrogen environments is related to the distribution of
electrons in the molecule and can be related to the interactions with the water solvent. For
example, by studying the ABE between the carboxyl and methyl carbons from the interface to
the bulk of the solution, information about changes to the solvation and electronic structure of
these solutes as a function of depth into the solution can be elucidated. The pH dependence of
these organic solutes was also investigated to observe changes in the solvation interactions for
the protonated and deprotonated solutions.

In this Chapter, various concentrations of these solutes in aqueous solutions are
investigated using liquid-jet XPS in order to study the solvation induced changes in the
electronic structure of these solutes from the surface to the bulk and as a function of pH using
synchrotron radiation. These investigations will give insight into solvent effects for molecular
solutes that reside at or near the liquid/vapor interface of the solution. The studies here provide
experimental data that, coupled with MD and electronic structure calculations, can provide

information of the hydrogen bonding of water molecules to these solutes.

5.2 Experimental

Photoemission measurements were performed from a 25 pm diameter liquid vacuum jet
on the SOL®PES experimental setup’ at the soft X-ray U49-2-PGM-1 beamline at the BESSY II

synchrotron facility in Berlin, Germany. The flow rate of the jet was 0.6 mL/min with a jet
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temperature of 15 °C. Under operating conditions, the pressure in the analysis chamber was
~2x10™ mbar. The high resolution C1s, N1s and O1s spectra were recorded at 50 eV pass energy
and 25 meV step size. The exit slit size was varied with each change in photon energy to
maintain a beamline resolution of ~300 meV. This allows for the observation of small binding
energy shifts as the FWHM and shape of the C1s peaks at different photon energies did not vary
greatly. For one of the 1.0 M aqueous acetic acid solutions (denoted as ‘run 2’), the exit slit was
kept at 80 um for the recorded spectra so the energy resolution of the beamline fluctuated with
increasing photon energy which resulted in a fluctuation of the FWHM values. However, this
fluctuation did not seem significant as the ABE values for the solution measured here were
similar to the 1.0 M acetic acid solution with the beamline resolution kept at 300 meV.

The photon energies used were varied for each subshell to obtain information at
photoelectron kinetic energies (KE) ranging from 140-700 eV.***" Investigating the range of
kinetic energies gives depth profile information of the solution going from the surface (140 eV)
to the bulk (700 eV). For most of the C1s spectra reported here, photon energies of 430, 610, and
820 eV (photoelectron kinetic energies of 140, 320, and 530 eV) were studied. The N1s spectra
were recorded at photon energies of 550, 725, and 100 eV (photoelectron kinetic energies of 145,
320, and 595 eV). All spectra were calibrated to the Ol1s peak of liquid water at 538.0 eV.
Details on the electronic structure of the solute were obtained through analysis of the difference
in the change in binding energy (ABE) values for the Cls and Nls spectra. By using the
experimental difference in binding energy value as a measure of the impact of the solvent
interactions on the solute electronic structure, we avoid the need to determine the absolute
binding energy at high accuracy as that may be impacted by small amounts of charging of the

liquid.

113



The aqueous solutions were prepared from sodium acetate, acetic acid, acetamide,
4-aminopyridine (Sigma Aldrich), and glycinamide hydrochloride (Alfa Aesar) diluted in
deionized water. Various solution concentrations were prepared and the pH adjustments were
made with either sodium hydroxide (NaOH) or hydrochloric acid (HCI). The pH measurements
were done using a calibrated pH meter (Greisinger GPH 114, calibrated with buffers of pH 4.0,

7.0 and 10.0 accordingly) equipped with a GE 114 electrode.

5.3 Results and Discussion

The following studies were carried out by tuning the X-ray wavelength (photon energy)
in order to obtain depth profile information for these solutions. Increasing the excitation photon
energy (hv or PE) results in an increase of the kinetic energy (KE) of the emitted photoelectrons.’
This is related through the equation: KE = hv — BE, where BE corresponds to the binding energy
of the orbital. For instance, XPS measurements of the C1s orbital taken at a photon energy of
430 eV results in the emission of C1s photoelectrons with kinetic energies of 140 eV. The probe
depth of the experiment is related to the inelastic mean free path (IMFP) of the ejected electrons
as they leave the sample. Figure 5.1A illustrates that at lower Kinetic energies, the inelastic mean
free path (IMFP) is shorter meaning that only electrons that are closer to the interface could
escape into vacuum whereas at higher kinetic energies, electrons from the bulk of the solution
are able to be analyzed.?

Olivieri et al. performed studies using the NIST database for the Simulation of Electron
Spectra for Surface Analysis (SESSA) in order to determine quantitative estimates on the XPS
experimental probe depth as a function of photoelectron KE for various solutions. The

information depth (ID) of XPS measurements is directly related to the IMFP by the following
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equation: ID = Acosa (1 —0.787w) In [;Pl, where A is the IMFP, a is the photoelectron

1-(350)
emission angle with respect to surface normal, P is a percentage of the detected signal and ® is
the measure of the strength of elastic-scattering effects on photoelectron trajectories.’® Through
their calculations, it was found that at kinetic energies of 65 eV, the information depth of the
XPS measurements is ~1.50 nm whereas at kinetic energies of 800 eV, the information depth is
~7.90 nm for a solution of pure water (Figure 5.1B).° From this study, it is shown that by
changing the X-ray wavelength (photon energy), XPS information of the solution at the interface
and bulk can be obtained. In the experiments described here, XPS spectra were obtained for
various solutions with in the kinetic energy range of 140 to 700 eV, with IDs that are roughly 2.4
and 6.8 nm™®, respectively, in order to obtain depth profile information on the electronic structure

changes in solution.
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Figure 5.1: (A) Depiction of escape of electrons from the solution at both low and high kinetic
energies illustrating the elastic and inelastic scattering effects. Reprinted with permission from
Reference 2. Copyright 2011 American Chemical Society. (B) Information depth with kinetic
energy for 95% of the detected XPS signal. Reprinted with permission from Reference 19.
Copyright 2017 Royal Society of Chemistry.
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5.3.1 Acetic acid

Figure 5.2 shows the C1s spectra of 3.0 M aqueous acetic acid and gas phase acetic acid
taken at a photon energy of 430 eV (KE = 140 eV) which corresponds to the surface of the
solution. For the gas phase spectrum, the liquid jet is retracted away from the synchrotron beam
so only the surrounding gas phase is ionized. The gas phase peak is easily distinguishable in the

aqueous spectrum at 430 eV but the gas phase shoulder becomes less pronounced when probing
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Figure 5.2: Cls photoelectron spectra of 3.0 M aqueous acetic acid and corresponding gas
phase.

deeper into the solution, at photon energy of 820 eV (KE = 530 eV). The binding energies and
ABE values for the acetic acid solutions are recorded in Table 5.1. In the gas phase spectrum, the
methyl and carboxyl peaks are located at 291.869 and 295.705 eV, respectively, for the 3.0 M
aqueous acetic acid solution. The C1s liquid peaks at 290.394 and 294.329 eV correspond to the
methyl and carboxyl carbons, respectively. The separation between the methyl and carboxyl C1s
liquid peaks (ABE) at 430 eV, was 3.935 and 3.896 eV for the 3.0 and 1.0 M acetic acid

solutions, respectively which is consistent with the separation of 3.88 eV seen by Ottosson et al.
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for 1.0 M aqueous acetic acid.?’ The gas phase peaks that are seen in the liquid acetic acid

spectrum are slightly shifted to ~291.483 and ~295.327 eV for the methyl and carboxyl peaks.

Table 5.1: Binding energy and ABE values for the liquid and gas phase Cls peaks of various
acetic acid solutions over a range of photon energies.

Liquid Gas

. Photon | BE carboxyl | BE methyl BE carboxyl | BE methyl
solution | Ve | vy y ) y ABE ) y ) y ABE
430 294.329 290.394 3.935 295.327 291.483 3.844
30M 610 294.359 290.385 3.974 295.459 291.633 3.826
820 294.148 290.144 4.004 295.214 291.306 3.908
gas phase 295.705 291.869 3.836
430 294.395 290.499 3.896 295.319 291.519 3.800
1.0M 610 294.720 290.794 3.926 295.619 291.972 3.647
run 1 820 294.542 290.610 3.932 295.501 291.715 3.786
gas phase 295.555 291.725 3.830
430 294.359 290.469 3.890 295.244 291.493 3.751
10M 570 294.432 290.521 3.911 295.346 291.612 3.734
run 2 700 294.425 290.491 3.934 295.479 291.582 3.897
840 294.114 290.178 3.936 295.078 291.392 3.686
990 294.275 290.311 3.964 295.318 291.547 3.771

The ABE values for the liquid phase, gas phase (aq) and gas phase peaks for the 1.0 and
3.0 M solutions are plotted as a function of photon energy in Figure 5.3. The aqueous gas phase
spectra for the 3.0 M solution varies with the change in photon energy. This is likely a result of
the fit of the aqueous gas phase peaks as it is more difficult to discern these peaks in the liquid
spectrum at higher photon energies. It is not expected that the gas phase spectra would exhibit a
ABE as a function of increasing photon energy. As seen in Figure 5.3, at a photon energy of 430
eV, the ABE value for the 3.0 M aqueous gas phase peaks aligns with the gas phase spectra for
both the 1.0 and 3.0 M solutions, which is expected.

Figure 5.3 also shows that the ABE for the 3.0 M liquid phase peaks follows a linear
trend and the ABE values are increasing by ~35 meV with increasing photon energy. The

increase in ABE values for the 3.0 M aqueous solution from the surface to the bulk implies that
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the electronic structure changes as a function of depth of the solution. However, the 1.0 M liquid
phase peaks have a ABE value of 30 meV initially and increases by 6 meV going further into the
bulk of the solution. The magnitude of the ABE difference going further into the bulk of the
solution for the 1.0 M aqueous acetic acid solution varies between two different runs. LJ-XPS
measurements of a different 1.0 M aqueous acetic acid solution exhibited a linear increase in the

ABE going from the surface to the bulk of the solution with a larger magnitude.
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Figure 5.3: Recorded Cls change in binding energy (ABE) values shown as a function of photon
energy for the various acetic acid solutions.

The 1.0 M Liquid Phase run 2’ trace in Figure 5.3 shows a linear increase of the ABE
values with increasing photon energy and the binding energy and ABE values for this solution
are recorded in Table 5.1. Specifically, this solution shows an increase of 25 meV going from a
photon energy of 570 eV to a photon energy of 840 eV, compared to the 6 meV increase seen at

similar photon energies for a different 1.0 M aqueous acetic acid solution. This difference in

magnitude may be attributed to the slight fluctuations of the liquid jet that would lead to a shift in
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the binding energy spectrum or could be a result of the dynamic nature of the solvation of the
acetic acid molecule. As will be discussed later, it is shown that the 1.0 M acetic acid solution
acts more ‘bulk-like’ at kinetic energies of 280 eV (or photon energy of 570 eV) or higher.

The change in magnitude of the ABE values may be a result of the different solvation
configurations that are occurring and averaged over the time of measurement. The magnitude
difference of the increase in the ABE is unclear but the increase in the ABE values as we probe
deeper into the solution is important to note as this is representative of a change in the solvation
configuration that occurs from the surface to the bulk of the solution. It is interesting to note that
the ABE values at photon energies of 430, 610 and 820 eV of the 3.0 M solution are larger
compared to those of the 1.0 M solution (Table 5.1). This indicates a concentration dependence
of the electronic structure changes which would need to be investigated further with theoretical
calculations.

In order to obtain depth profile information of a 1.0 M aqueous acetic acid solution, C1s
and O1s spectra were recorded at the same kinetic energies. The C/O ratio was obtained by
fitting the C1s and O1s XPS spectra at different photoelectron kinetic energies (140-700 eV) and
was corrected for the energy-dependent electron analyzer sensitivity, photon flux, and the

photoionization cross section.”> The C/O ratio was calculated using the following equation:

Cls area
C __ Cis flux+C1s cross section

O1s area where the flux =

O1s flux*01s cross section

mirror current (nA)*exit slit (um)
10

and the

photoionization cross section values were obtained from literature.?> The Ol1s area was
calculated from the O1s peak of water.

Figure 5.4 shows the measured C/O ratios as a function of kinetic energy for a 1.0 M
acetic acid solution. From these calculations, the C/O ratio at 140 eV photoelectron kinetic
energy (KE) is ~2.5 which is due to surface segregation of the acetic acid molecules. The surface
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Figure 5.4: Measured C1s and O1s photoemission signals as a function of kinetic energy for 1.0
M aqueous acetic acid.

segregation of acetic acid molecules has been seen in other studies and it has been shown that the
degree of protonation of acetic acid at the surface of a liquid solution is near complete.? At 280
eV KE, the C/O ratio drops to ~0.20 which is similar to the ratio in the bulk of 0.12, taken at 700
eV KE. This suggests that the acetic acid solution becomes more bulk like at Kinetic energies of
280 eV and higher. Since the calculated C/O ratio includes both the methyl and carboxyl carbon,
the carbon behaves as a 2.0 M solution (two carbon molecules for each acetic acid molecule) and
the oxygen would correspond to 55.5 M solution (the concentration of water). This would give
an expected bulk ratio of 0.036 which is a factor of about 3.5 lower than the measured C/O ratio
of 0.12 in the bulk of the solution. However, this difference may be due to the photoionization
cross section values as the data was extrapolated from literature and may not be accurate values

for the photon energies used in this study.
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From these results, it is shown that the solvation of acetic acid is changing going from the
surface to the bulk of the solution. The surface segregation of acetic acid molecules may result in
less solvation at the surface whereas the acetic acid molecule would become more hydrated in
the bulk of the solution, which would result in the changes in the electronic structure we observe
in the ABE values. Acetic acid has three locations where hydrogen bonding can occur where
water would act as a donor at the carboxyl oxygen and hydroxyl oxygen or an acceptor at the
hydroxyl hydrogen. Theoretical calculations have shown that the hydrogen bonding of acetic
acid with water molecules is likely to occur through the carboxyl oxygen and hydroxyl hydrogen
where water acts as both a donor and acceptor.”>** Previous studies by our group on the
electronic structure change of acetic acid using liquid jet AP-XPS and theoretical calculations
show that the number of solvent molecules needed to reproduce an experimental ABE shift of
3.76x0.17 eV is only one water molecule which is hydrogen bonded through the hydroxyl
hydrogen. The addition of more water molecules leads to an increase in the ABE so it is likely
that the acetic acid molecules are becoming more solvated in the bulk of the solution compared

to the surface.

5.3.2 Sodium acetate

The binding energy and ABE values for the sodium acetate solutions are recorded in
Table 5.2. From this Table, it is shown that the C1s spectrum for 2.5 M aqueous sodium acetate
solution at photon energy of 430 eV has the methyl and carboxyl carbon peaks located at
290.013 and 293.458 eV, respectively. At 430 eV, the ABE between the methyl and carboxyl
peaks is about 3.445 eV, consistent with the separation of 3.46 eV in acetate seen by Ottosson et

al.?° Figure 5.5 shows the ABE of the 2.5 and 1.0 M solutions and their duplicate runs that were
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Table 5.2: Binding energy and ABE values for various concentrations of aqueous sodium acetate
and their duplicate runs over a range of photon energies.

i Photon | BE carboxyl | BE methyl
Solution energy (eV) (eV) (eV) ABE
25 M 430 293.458 290.013 3.445
r.un 1 610 293.623 290.149 3.474
820 293.575 290.070 3.505
25 M 430 293.458 290.016 3.442
r.un 9 610 293.483 290.008 3.475
820 293.513 290.031 3.482
10M 430 293.384 289.925 3.459
r;m 1 610 293.565 290.069 3.496
820 293.482 289.957 3.525
10M 430 293.529 290.076 3.453
r;m 9 610 293.528 290.043 3.485
820 293.602 290.096 3.506
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Figure 5.5: Recorded Cls change in binding energy (ABE) values shown as a function of photon
energy for the various aqueous sodium acetate solutions.
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plotted as a function of photon energy. As seen in the Figure and Table, the Cls ABE values
increases by about 30 meV with increasing photon energy, i.e. when probing further into the bulk
of the solution. The 2.5 M sodium acetate solution second run had an initial increase in the ABE
of 30 meV but did not increase significantly going from 610 to 820 eV.

Similar to the case with acetic acid, this change in magnitude may be a result of
fluctuations of the liquid jet or a consequence of the dynamic nature of the solvation since a
separate run for 2.5 M sodium acetate showed an increase of 31 meV going from photon energy
of 610 eV to 820 eV. While the difference in magnitude would need to be further explored, it is
important to note that the ABE is increasing going from the surface to the bulk of the solution.
This increase in separation is representative of perturbations in the electronic structure of the
carbons going from the surface to the bulk of the solution which indicates changes in the
solvation configuration at the interface versus the bulk.

Theoretical calculations have suggested that acetate forms around 3 or 4 hydrogen bonds
on each oxygen atom, where water acts a donor, which would require upwards of 6 water
molecules to achieve the first hydration shell.®®?" Previous studies by our group on the
electronic structure change of acetate using liquid jet AP-XPS and theoretical calculations show
that the number of solvent molecules needed to reproduce the observed experimental binding
shift of ~3.45 eV is closer to 20 water molecules. The higher number of solvent molecules
required in the first solvation shell may be attributed to the electrostatic interactions in the ionic
system.

Zhang et. al. performed ab initio molecular dynamics simulations on the effect the
rotation of the methyl group in acetate has on the solvation shell formation and found that the

rotation of the methyl group controls the structure and dynamics of the first hydration shell of
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acetate.® It was shown that the change in the dihedral angle of acetate directly affects the
hydrogen bonding that occurs at the oxygen species in the carboxylate group.?® The rotation of
the methyl group could affect the amount of water molecules required for the first solvation shell
in acetate. While our results cannot detail the exact mechanism of hydrogen bonding, it is clear
from our results that the solvation configuration of acetate changes from the surface to the bulk

of the solution.

5.3.3 Acetamide

Acetamide, derived from acetic acid, contains an amide group and previous liquid-jet
XPS studies on nitric acid solutions®* have shown that the liquid N1s spectra is sensitive to
changes in its chemical environment. Studying the changes in both the C1s and N1s spectrum of
aqueous acetamide solutions would enable further insight into the solvation and hydrogen
binding of this solute. Figure 5.6A shows the C1s spectrum for 2.0 M aqueous acetamide
solution at pH of 4.78 at photon energy of 430 eV. The C1s peaks at ~290.710 and ~293.899 eV

corresponds to the methyl and amide carbon. Figure 5.6B shows the 2.0 M N1s spectrum at
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Figure 5.6: (A) Cls XPS spectrum recorded with 430 eV photon energy and (B) N1s XPS
spectrum at various photon energies for 2.0 M aqueous acetamide solution.
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different photon energies where the nitrogen peak appears at 405.565 and 405.206 eV at 550 and
1000 eV photon energy, respectively. It is worth noting that this shift in N1s binding energies
occurs for both acetamide solutions at low pH where the ABE between 550 and 1000 eV was 359

and 303 meV for the 2.0 and 1.0 M solutions, respectively, as seen in Table 5.3.

Table 5.3: Recorded Cls and Nls binding energy and ABE values over a range of photon

energies for the acetamide solutions at various concentrations and with a change in pH.

Cls N1s
. Photon BE amide | BE methyl Photon BE NH,
Solution energy (eV) (eV) (eV) ’ ABE energy (eV) (eV)

20M 430 293.499 290.310 3.189 550 405.165
oH 4.78 610 293.519 290.306 3.213

820 293.487 290.245 3.242 1000 404.806

10M 430 293.381 290.191 3.190 550 405.081
oH 4.79 610 293.469 290.257 3.212

820 293.423 290.181 3.242 1000 404.778

20M 430 293.931 290.746 3.185 550 405.579
oH 11.07 610 293.932 290.722 3.210

820 294.039 290.828 3.211 1000 405.340

This binding energy shift suggests a change in the solvation at the interface and the bulk
of the solution for the nitrogen species. Previous studies have shown that similar binding energy
shifts from the interface to the bulk occur for the HNOj; species in nitric acid and MD
simulations have shown that this is a result of a change in the solvent configuration, specifically
increased hydrogen bonding of HNOj at the surface versus the bulk.*> However in the case of
HNO3, the hydrogen bonding would occur at the oxygen site and not the nitrogen species. In the
case of acetamide, theoretical calculations have shown that the oxygen site is preferable for
hydrogen bonding but hydrogen bonding also occurs at the nitrogen species where water acts as
an acceptor and bonds through the proton on the nitrogen species, not directly on the nitrogen

atom itself.” The binding energy shift to a lower value in the bulk of the solution is likely a
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result of the increase in electron density on the nitrogen species as a result of hydrogen bonding
with water.

For the 2.0 M aqueous acetamide solution at pH of 11.07, the C1s peaks for the methyl
and amide carbon are located at 290.726 and 293.931 eV, respectively, at photon energy of 430
eV. It is notable that, at high pH, the amide carbon shifts to a higher binding energy by about 32
meV. The amide carbon in the low pH solution is resonance stabilized between the oxygen and
amine species which increases its electron density and results in a shift to lower binding energy.
The amide carbon at high pH is not resonance stabilized so the binding energy is shifted higher
as a result of less electron density around the carbon species. The N1s spectrum for the 2.0 M
aqueous acetamide solution at pH 11.07 has peaks located at 405.579 and 405.340 eV at photon
energies of 550 and 1000 eV, respectively. As seen in the solutions at low pH, the nitrogen
species experiences a shift to a lower binding energy from the surface to the bulk of the solution
of about 239 meV. This shift is less pronounced in the high pH solution but it is still a large
decrease in binding energy which may be a result of the increase in hydrogen bonding
interactions that might occur in the bulk of the solution for the —NH, group.

The ABE values between the Cls peaks for the acetamide solutions are plotted as a
function of photon energy in Figure 5.7 and recorded in Table 5.3. As shown in the Figure and
Table, for the 1.0 and 2.0 M acetamide solutions at pH of ~4.8, the ABE values are essentially
the same and increase linearly by about 25 meV with increasing photon energy. The 2.0 M
acetamide solution at pH 11.07 did not follow this same linear trend, with the ABE increasing by
25 meV going from 430 to 610 eV but remains constant at 820 eV. However, it is unclear if this
is due to a change in the solvation with an increase in the pH of the solution. As seen in the ABE

values for acetic acid and sodium acetate, some runs experienced a small increase in magnitude
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going from 610 to 820 eV photon energies of 6-7 meV. The changes in magnitude may be a
result of fluctuations of the liquid jet or a consequence of the dynamic nature of the solvent
interactions. Since only one run was recorded for the 2.0 M acetamide at a high pH, we cannot

comment on whether a greater increase in magnitude would be observed for duplicate runs.
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Figure 5.7: Recorded Cls change in binding energy (ABE) values shown as a function of photon
energy for the various aqueous acetamide solutions.

It is interesting to note that the change in pH did not significantly affect the ABE values
at 430 and 610 eV photon energies. As can be seen in Figure 5.7 and Table 5.3, the ABE values
for all three solutions at these photon energies are relatively consistent. From this information, it
can be deduced that the solvation configuration of acetamide is changing as a function of depth
for the solutions at low pH and the solution at high pH exhibits a change in solvation from the
surface further into the solution. The N1s spectrum for the three solutions shows a shift to lower

binding energy going from the surface to the bulk of the solution which implies a change in
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solvation configuration for the nitrogen species. This observed shift is lower in magnitude for the
high pH solution with a shift to lower BE of ~240 meV whereas the low pH solutions recorded a

shift to lower BE of 359 and 303 meV for the 2.0 and 1.0 M solutions, respectively.

5.3.4 Glycinamide hydrochloride
The chemical structure of glycinamide hydrochloride in acidic and basic solutions is

shown in Figure 5.8. The protonated nitrogen species is found on the amine end of the molecule
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Figure 5.8: Glycinamide hydrochloride structure in acidic and basic aqueous solutions.

due to its higher basicity and the hydrogen bonding of the water molecule is expected to occur on
the amide oxygen. Figure 5.9 shows the C1s spectra for both the protonated (pH 4.98) and
deprotonated (pH 10.2) aqueous glycinamide solutions. For the deprotonated C1s spectra, the
C1s peaks located at 291.345 and 293.621 eV correspond to the amine (C,) and amide (C,)
carbon, respectively. The binding energy and ABE values for both the protonated and
deprotonated aqueous glycinamide C1s spectra are recorded in Table 5.4. At photon energy of
430 eV the separation between the C1s peaks is 2.276 eV for the deprotonated solution. Going
further into the bulk of the solution, or higher photon energy, the ABE increases to 2.313 eV.
This 37 meV increase indicates a change in the solvation configuration going from the surface to
the bulk of the solution.

In the protonated solution, the C1s peaks are located at 291.680 and 293.586 eV for the

amine and amide carbon, respectively. As seen in Figure 5.9, the amine C1s peak shifts to a
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Figure 5.9: C1s spectra of (A) deprotonated and (B) protonated aqueous glycinamide solutions.

The deprotonated and protonated solutions have a pH of 10.2 and 4.98, respectively.

Table 5.4: Recorded Cls binding energy and ABE values at various photon energies for the
protonated and deprotonated aqueous glycinamide solutions.

Solution ens:'gif‘zgv) BE C, (eV) | BE C, (eV) ABE
. 430 293586 291.680 1.906
oM 498 610 293691 291.764 1.927
820 293573 201,664 1.909

10M 430 293.621 291.345 2276
pH 10.20 820 293.569 2901.256 2.313

higher binding energy of 291.680 eV, which is likely a result of the positively charged nitrogen
species pulling electron density away from the carbon species and resulting in a shift to higher
binding energy. The shift to higher binding energy results in a ~400 meV decrease in the

separation of the C1s peaks. The binding energy of the amide carbon does not change with pH
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which is expected since the amide nitrogen species is not thought to protonate at high pH. Figure
5.10 shows the ABE of the Cls and N1s peaks as a function of photon energy for the protonated
aqueous glycinamide solutions. For the 0.5 M solution at photon energy of 430 eV, the ABE of
the C1s peaks is 1.906 eV (Table 5.4 and Figure 5.10). This separation increases by 21 meV at

photon energy of 610 eV and then decreases in the bulk of the solution (photon energy 820 eV)

by 18 meV.
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Figure 5.10: Change in binding energy (ABE) values as a function of photon energy for the N1s
and C1s XPS spectra for the protonated aqueous glycinamide solutions.

The differences in the peak separation with photon energy may be a result of the
conformational changes of protonated glycinamide in solution. Kinser et al. performed ab initio
studies on protonated glycinamide and found that isomer 1A, shown in Figure 5.11, is the most
stable.®* This stabilization is due to the intramolecular hydrogen bond from the protonated amine

group to the oxygen atom, which is a better hydrogen bond acceptor than the amide nitrogen.® It
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is possible that the conformation of protonated glycinamide is changing in the solution which
would lead to the observation of the increase and decrease in the ABE between the two Cls
peaks in the XPS spectra. The hydrogen bonding between the amine and oxygen atom would
draw electron density away from the two carbon species and result in a shift to higher binding

energy, which is observed at 610 eV photon energy (Table 5.4).
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Figure 5.11: Reported conformers of glycinamide in acidic and basic solutions. Conformer 1B
is considered the stable conformer in basic solutions.

However, the switching of the conformers in solution is happening on a time scale that is
faster than the XPS analysis would be able to capture. With this in mind, the change in binding
energy observed may be a result of intermolecular hydrogen bonding, as opposed to
intramolecular bonding. The intermolecular hydrogen bonding may be a result of a change in
solvation configuration with solution depth as the binding of water molecules to the solute may
differ at the surface versus the bulk. Hydrogen bonding with water molecules is preferred at the
amide oxygen species but could also bond with the NH, or NH3" groups, which would result in
binding energy shifts of the C1s spectrum.®*% For the results reported here, the C1ls spectrum
has similar ABE at the surface and bulk (photon energies of 430 and 820 eV) but varies in
between (photon energy of 610 eV). The differences in the binding energy changes may also be a

result of fluctuations of the liquid jet during analysis. Further analysis with theoretical
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calculations would be required in order to elucidate the origin of the binding energy changes

observed here.
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Figure 5.12: N1s spectra of (A) deprotonated and (B) protonated aqueous glycinamide solutions.

The deprotonated and protonated solutions have a pH of 10.2 and 4.98, respectively.

Table 5.5: Recorded binding energy and ABE values at various photon energies for the N1s XPS
spectra in both the protonated and deprotonated aqueous glycinamide solutions.

Solution | _noton | BENHs |0 i evy|  aBE
energy (eV) (eV)
0.5 M 550 406.972 405.062 1.910
oH 4.98 725 406.990 405.079 1.911
1000 406.743 404.704 2.039
10M 550 406.869 404.947 1.922
oH 4.98 725 406.728 404.815 1.913
1000 406.842 404.887 1.955
1.0M 550 404.976
pH 10.20 1000 404.865
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Figure 5.12 shows the N1s spectra for the 1.0 M protonated and deprotonated solutions.
Table 5.5 details the binding energy and ABE for the Nls spectra of the protonated and
deprotonated glycinamide solutions. For the protonated solution, there are two distinct N1s peaks
that occur at 404.947 and 406.869 eV which correspond to the amine and amide nitrogen species,
respectively. Figure 5.10 shows the separation of the nitrogen peaks in the protonated solution as
a function of photon energy. For both the 0.5 and 1.0 M protonated solution, the ABE at 550 and
725 eV remains constant and then increases significantly at 1000 eV. When the photon energy is
increased from 725 to 1000 eV, an increase in the ABE of 128 and 42 meV for the 0.5 and 1.0 M
protonated solutions, respectively, is observed. The deprotonated solution shows a single
nitrogen peak in the N1s spectrum that occurs at 404.865 eV, consistent with the amine nitrogen.
The oxygen atom on the amide nitrogen is expected to draw electron density away from the
amide nitrogen species which would result in a higher binding energy shift for the N1s peak.
However, we only observe one nitrogen peak in the XPS spectrum. Since the amide nitrogen is
resonance stabilized, the electron density increases which would result in a shift to lower binding
energy. It is possible that the resonance effect offsets the pull of electron density towards the
oxygen species which would result in a single nitrogen peak. This may also be due to the change
in conformation that occurs for the deprotonated glycinamide in aqueous solution.

The two stable conformers of glycinamide discussed in literature are shown in Figure
5.11.3% DFT studies performed by Li et al. have shown that the 1IB conformer is the more
stable conformer in the aqueous and gas phase.***° The hydrogen bonding that occurs between
the amide and amine nitrogen species may result in an increase in their electron density and
result in a shift to higher binding energy. It is possible that, due to this intramolecular bonding,

there is only one peak visible for the nitrogen species in the N1s XPS spectra. However, the

133



binding energy change as a result of the intramolecular binding may not be as significant as what
is observed experimentally. The observation of one N1s peak in the deprotonated solution is
interesting as the amide NH; group is resonance stabilized and is not expected to have the same
binding energy as the amine group. Further investigations with theoretical calculations would

need to be performed in order to determine the origin of the binding energy shift.

Cls Nls

ABE =1.82 eV B

NH,

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

IRARA RN NN RN RN RN R RN R R R R R RN R R

ABE =2.01 ¢V

294 292 290 288 286 284 282 280 408 406 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV)

Figure 5.13: (A) C1s and (B) N1s XPS spectra of solid glycinamide hydrochloride powder. C;
and C, refer to the amine and amide carbon species, respectively.

Solid glycinamide hydrochloride powder was analyzed in a UHV XPS system in order to
compare the BE differences in solid and aqueous phase. The Cls and N1s XPS spectrum and
binding energy values for the glycinamide hydrochloride powder are shown in Figure 5.13 and
Table 5.6. The Cls peak separation in the solid sample was 1.82 eV, which is an 86 meV
decrease compared to the separation of the 0.5 M protonated solution with a ABE of 1.906 eV.
The opposite effect was observed for the N1s spectra where the solid sample had a separation of
2.01 eV, about a 100 meV increase compared to the protonated aqueous phase ABE of 1.910 eV
at the interface of the solution. The separation between the nitrogen peaks in the powder sample

is comparable to the separation that is seen in the bulk of the 0.5 M protonated solution where, at
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photon energy of 1000 eV, the ABE of the two Nls peaks is 2.039 eV. The difference in the
separation of the C1s and N1s peaks is likely due to the solvation changes that occur in aqueous

solution.

Table 5.6: Recorded Cls and Nls XPS binding energy and ABE values for glycinamide
hydrochloride powder. The ABE between the liquid and solid phase peaks is shown for

comparison.

Cls N1s
BE (eV) ABE jiquid-solid) BE (eV) ABE (jiquid-solid)
(eV) (eV)
286.61 5.09 399.80 5.15
288.43 5.18 401.81 5.09
ABE 1.82 2.01

The C1s peaks for the amine and amide carbons were found at 286.61 and 288.43 eV for
the solid sample and at ~291.7 and ~293.6 eV for the aqueous solution, respectively. The C1s
peaks in the aqueous phase were located 5.09 and 5.19 eV higher for the amine and amide
carbons, respectively, compared to the solid sample. The same trend was observed for the
nitrogen peaks where the N1s peaks for the amine and amide nitrogen species were found at
399.80 and 401.81 eV for the solid sample and ~405.0 and ~406.8 eV for the aqueous phase,
respectively. In the aqueous phase, the N1s peaks were located at 5.15 and 5.09 eV higher for the
amine and amide nitrogen species, respectively, compared to the solid sample.

The difference in the locations of the binding energy peaks between the solid and
aqueous phases is expected since the reference points differ between the two phases. For solid
and liquid samples, the binding energy values are referenced with respect to the Fermi level and
vacuum level, respectively. The difference between the Fermi and vacuum levels is the work
function of the solid material. The ABE for the liquid and solid Cls and N1s XPS peaks are
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recorded in Table 5.6 and have an average value of 5.13 eV, which would be characteristic of the

work function of the glycinamide hydrochloride powder.

5.3.5 4-aminopyridine

The chemical structure of 4-aminopyridine is shown in Figure 5.14. Studies have shown
that the mono-protonation of 4-aminopyridine occurs on the ring nitrogen species and
di-protonated species are only stable in strongly acidic solutions.**** The carbon species are
labeled as C;, C, and Cz which correspond to the benzene, amine and pyridine carbons,
respectively. Figure 5.15 shows the C1s spectrum for 0.5 M aqueous 4-aminopyridine for both
the protonated (pH 2.17) and deprotonated (pH 11.31) solutions. The binding energy and ABE
values for the deprotonated and protonated solutions are recorded in Tables 5.7 and 5.8,
respectively. The deprotonated C1s spectra peaks located at 289.686, 290.575 and 291.297 eV
correspond to the Cy, C, and Cj3 carbons, respectively. For the protonated solution, the peaks in
the C1s spectra located at 289.887, 291.126 and 291.652 eV correspond to the C;, C,, and C3

carbons, respectively.

NH

Figure 5.14: Structure of 4-aminopyridine with benzene (C;), amine (C,), and pyridine (Cj)
carbon species labeled.
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Figure 5:15: Cls spectra of (A) deprotonated and (B) protonated aqueous 4-aminopyridine
solutions. The deprotonated and protonated solutions have a pH of 11.3 and 2.17, respectively.
C1, Cy, and Cj; refer to the benzene, amine, and pyridine carbons, respectively.

Upon protonation, the C; carbon experiences a slight shift of about 100 meV to higher
binding energy. Due to the resonance stabilization of the C; carbon, it is not expected that this
species would have a significant binding energy shift upon protonation, especially since the
protonation would affect the nitrogen species. On the other hand, the amine (C,) and pyridine
(C53) carbon species exhibit a shift of about 500 and 300 meV, respectively, to a higher binding
energy upon protonation. This could be due to the di-protonation of the nitrogen species, which
would pull electron density away from the carbons and result in a shift to higher binding energy.
It is also possible that the mono-protonated 4-aminopyridine could be resonance stabilized where

both nitrogen species would carry some charge.** This stabilization of the mono-protonated

species could also result in the observed shifts seen in the C1s spectra.
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Figure 5.15 shows that there are 3 peaks in the C1s spectra located at 293.617, 296.430,
and 497.601 eV corresponding to the shake-up peaks associated with the C;, C,, and C3 carbons,
respectively, in the deprotonated solution. The shake-ups peaks shift with respect to the binding
energy shifts of their carbon counterparts with a change in pH. In other words, the ABE between
the shake-up peaks and its associated carbon species does not significantly change with a change
in pH (seen in Tables 5.7 and 5.8). The shake-up peaks for the C, and Cs carbons in the

protonated solution became difficult to distinguish as these peaks overlap (Figure 5.15B).
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Figure 5.16: N1s spectra of (A) deprotonated and (B) protonated aqueous 4-aminopyridine
solutions. The deprotonated and protonated solutions have a pH of 11.3 and 2.17, respectively.
N; and N, refer to the pyridine and amine nitrogen species, respectively.
The binding energy shift upon protonation is also observed for the nitrogen species.

Figure 5.16 shows the N1s spectra for the 0.5 M aqueous 4-aminopyridine for both the

protonated and deprotonated solutions. The deprotonated solution has N1s peaks located closer
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together at 404.048 and 404.886 eV which correspond to the pyridine (N;) and amine (Ny)
nitrogen species, respectively. The protonated solution has two distinct nitrogen peaks located at
404.579 and 405.810 eV which are attributed to the pyridine and amine nitrogen species,
respectively. Upon protonation, the pyridine and amine nitrogen species exhibit a shift to higher
binding energy of about 500 and 900 meV, respectively. While the mono-protonated structure
would have some charge on the NH, group through resonance, it would be a minor resonance
structure and would not be as easy to distinguish by binding energy shifts in the XPS spectrum
since it would occur on too fast of a time scale. Therefore, the distinct binding energy shifts for
both of the nitrogen species observed here indicates the di-protonation of 4-aminopyridine in the
acidic solution.

The shake-up peak associated with the =—n* transition of the pyridine nitrogen species is
located at 408.644 eV for the deprotonated solution, which is 4.596 eV higher in binding energy
than the N1s pyridine peak located at 404.048 eV. Upon protonation, the pyridine shake-up peak
is shifted to a binding energy of 410.735 eV, which is at a binding energy that is 6.156 eV higher
than the pyridine N1s peak located at 404.579 eV. This shift can be explained by the change in
electron density with protonation. The electron donating NH, group in the deprotonated structure
adds electron density to the ring structure and is also resonance stabilized. Since this molecule is
di-protonated in the solution used here, the NH3" group would pull electron density away from
the ring structure and can no longer take part in resonance stabilization. This loss of electron
density to the ring structure results in a shift of the m—n* transition shake-up peak to higher
binding energy, which is observed here.

The C1s and N1s spectra were taken at various photon energies in order to obtain depth

profile information. The ABE between the carbon and nitrogen peaks at various photon energies
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for the deprotonated solution is recorded in Table 5.7. As can be seen in the Table, for the

deprotonated solution, the ABE for the carbon species at 610 eV was higher than at the interface

Table 5.7: Recorded binding energy and ABE values at various photon energies for the Cls and
N1s XPS spectra of the deprotonated (pH 11.3) aqueous 4-aminopyridine solution.

Cls N1s
e nz:‘;;o(zv) 430 610 820 550 725 1000
C, 289.686 | 289.804 | 289.724 N, 404048 | 404050 | 403.830
C, 200575 | 290.697 | 290.606 N, 404886 | 404.904 | 404.664
Binding Cs 201297 | 291.467 | 291.333
Energy (eV) | shake-upC; | 293.617 293.721 shake up Ny 408.64 408.77 408.37
shake-up C, | 296.430 | 296.360 | 296.428
shake-up C; | 297.601 296.979 297.545
ABE (eV) | (C,&Cp) | 0889 0.893 0.882 (N, & Ny) 0.838 0.845 0.834
ABE (eV) | (C,&Cy) | 0722 0.770 0.727  |(Ny & shake up)| _ 4.596 4.708 4.544
ABE (eV) | (Ci&Cy) | 1611 1.663 1.609

or bulk of the solution. This may indicate a change in solvation configuration or could be
fluctuations that are a result of the resonance stabilized structured. The N1s species in the
deprotonated solution also exhibits this trend where the ABE is higher at 725 eV compared to
550 or 1000 eV photon energies. Theoretical and experimental studies have investigated the
solvation of 2- and 3-aminopyridine and it was found that water molecules are likely to bond at
the pyridine nitrogen species and form a water dimer structure around the ring.**" The change
in solvation as a function of depth may reflect changes in the binding of the water molecules to
4-aminopyridine, whether through the nitrogen or carbon species; however, theoretical
calculations would need to be performed in order to elucidate the solvation mechanism.

The depth profile measurements for the protonated solution exhibits a more linear trend.
Table 5.8 shows that for the Cls spectra, the ABE is increasing going from the surface to the
bulk when comparing the ABE between the amide and pyridine carbons and between the

benzene and pyridine carbons. The ABE for the N1s species is slightly increasing going from the
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surface to the bulk of the solution which indicates a change in the solvation configuration, which
may be similar to the solvation as discussed above, although molecular dynamics simulations
would need to be carried out in order to understand how the protonated species influences the
solvation.

Table 5.8: Recorded binding energy and ABE values at various photon energies for the Cls and
N1s XPS spectra of the protonated (pH 2.17) aqueous 4-aminopyridine solution.

Cils N1s
Photon
Energy (eV) 430 610 820 550 725 1000
C, 289.887 289.828 289.852 N; 404.579 404.554 404.312
C, 291.126 291.059 291.082 N, 405.810 405.789 405.551
Binding Cs 291.652 291.624 291.691

Energy (eV) | shake-up C; | 294.042 293.712 293.692 shake up Ny 410.735 410.639 410.680

shake-up C, | 296.949 296.878 296.944

shake-up C; | 297.731 297.860 297.794

ABE (eV) | (C1&C)) 1.239 1.231 1.230 (N; & N,) 1.231 1.235 1.239
ABE (eV) | (C,&Cy) 0.526 0.565 0.609 [(N; & shake up)| 6.156 6.085 6.368
ABE (eV) | (C1&Cy) 1.765 1.796 1.839

5.4 Conclusion

Liquid-jet XPS was used to study the change in solvation configuration as a function of
depth and pH for various solutes in aqueous solutions. The ABE value between the carbon or
nitrogen peaks provides insight into perturbations in the electronic structure of these solutes in
solution. The photon energy was varied using synchrotron radiation in order to obtain
information on the ABE at the interface versus the bulk of the solution and with a change in
solution pH. It was found that for almost all of the solutes studied, there were observed changes
in the ABE values at the interface compared to the bulk, indicating a change in the solvation
configuration presumably due to the hydrogen bonding with water. While the ABE values can

show that the solvation is changing, molecular dynamics and electronic structure calculations are
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needed in order to fully understand the hydrogen bonding mechanism and elucidate the number

of water molecules in the solvation shells.
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APPENDIX A

Solid State Sample Holder with Heating Capabilities for AP-XPS

The lab-based ambient pressure X-ray photoelectron spectrometer (AP-XPS) instrument
is used for the studies of liquid solutions. The current set up uses a liquid jet that is generated by
an HPLC pump and passed through a 20 pm glass capillary. In order to perform AP-XPS
experiments similar to the model catalyst reactivity studies conducted at the synchrotron, where
gas is added to the chamber and the sample is heated in a temperature ramp, a gas manifold was
set up on the main chamber. A solid sample holder was designed and fabricated in order to heat
the nanoparticle (either TiO, or ZnO) samples and conduct AP-XPS experiments in the lab.

Detailed images of the sample holder are shown in Figures A.1 and A.2. The sample
holder consists of a 304 stainless steel block with dimensions of 13L x 14W x 20H mm. Oxygen
free high conductivity copper was used to create the copper bar and plate. The copper braiding
for heating was silver soldered onto the fabricated copper plate. Macor spacers were placed
between the copper plate and stainless steel block connections for thermal insulation (Figure A.2
A). Tungsten wire is placed through two slits on the macor front plate (that holds the sample) and
the wires are bent and positioned between the copper plate and bar (Figure A.2 B). The sample is
placed on the macor plate and fastened with molybdenum bars and screws across the top and
bottom. A K type thermocouple is placed between the sample and macor plate in order to record
the substrate temperature.

The block set up is screwed into a stainless steel rod that is attached to a rotary
manipulator in order to rotate the sample in the chamber (Figure A.3 C). The braided heating
wires are attached to a copper rod (Figure A.4 A) with a copper tube and screws. The copper rod

extends outside the vacuum setup in order to attach connections to the voltage supply box for
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substrate heating (Figure A.3 A). The thermocouple attachments located next to the copper rod
also extend outside the vacuum set up and are connected to a thermocouple thermometer.

The braided heating wire connected to the copper rod is the length of the rotary
attachment (Figure A.3 C). The smaller section of braided heating wire soldered to the copper
plate was connected to the longer heating wire using a copper tube and screws in order for easier
removal of the block for sample exchange (Figure A.4 B). The sample is then able to be heated
in the AP-XPS chamber with the introduction of reactant gases in order to obtain reactivity data
for thermal reduction in the lab. Blueprints and dimensions of the sample holder are included in

Figures A.5, A.6, and A.7.

Figure A.1: (A) Front, (B) side angled, (C) top angled view of the stainless steel block with the
copper plate and bars attached. Image (A) and (B) show the two tungsten wires that are located
on the white, macor plate that are responsible for substrate heating.
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Figure A.2: (A) Bottom and (B) side view of the stainless steel block with the copper plate and
bars attached. Image (A) highlights the macor plate that is situated between the copper plate and
stainless steel block and the macor front plate where the sample is held between the molybdenum
bars and heated with the tungsten wires.
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Figure A.3: (A) Side view of the set up with the copper heating rods and thermocouple
attachments. (B) View of the components outside the vacuum chamber with the manipulator,
T-shaped attachment and the rotary manipulator. (C) Full set up of the T-shaped attachment and
rotary arm with block and heating and thermocouple wires attached.
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Figure A.4: (A) Thermocouple and heating wire attachment. (B) Detailed image showing the
copper wire heating attachments. The heating wires are screwed into a copper tube for easy
removal. (C) Front and (D) side views of the sample heater attached to the rotary manipulator
with a sample affixed on the macor plate. The thin wires in (C) are the K type thermocouple
wires that will go between the sample and the macor plate in order to read the temperature.
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Figure A.5: Blueprint and dimensions of the stainless steel block designed using AutoCAD
Mechanical software.
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Figure A.6: Blueprint and dimensions of the copper plates and bars designed using AutoCAD
Mechanical software.
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Figure A.7: Blueprint and dimensions of the macor plates designed using AutoCAD Mechanical

software.
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