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ABSTRACT

Throughout the past few decades, advancements have been made in altering
monometallic materials through addition of a second metal to create a bimetallic material
that displays enhanced properties over its monometallic components and optimized
attributes toward the intended application. However, a lack of fundamental understanding
of the interactions between the two metals and between the metals and their environment
can hinder the process of designing enhanced functional materials with desirable
properties. In this work, careful analysis of model catalysts and metal-organic
frameworks (MOFs) is performed in ultrahigh vacuum, and evaluation of the catalytic
activity of the catalysts and electronic properties of the MOFs establishes a relationship
between the interactions of the bimetallic materials and their properties. Platinum-
rhenium surfaces on diverse supports including TiO,, HOPG, and Pt(111) are
investigated for the effect of differences in their composition and morphology on their
catalytic activity for the water-gas shift (WGS) reaction, as well as their potential for
oxidation. Catalysts consisting of Pt with subsurface Re are found to have enhanced
activity over Pt alone regardless of the support being used. However, clusters on the TiO,
support have greater activity overall, indicating the oxide support plays a role in
facilitating the reaction. The oxidation of Re is enhanced in the presence of Pt on all

supports, and is attributed to greater dispersion when Re is intermixed with Pt.
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The electronic properties of copper-containing MOFs are studied by
transmetallating a second metal into the framework, including cobalt, rhodium, iron,
manganese, ruthenium, or nickel to form a bimetallic MOF. Alternate secondary building
units (SBUs) of monomeric M-HHTP, dimeric M,-BTC and pentameric Ms-NIP metal
centers are used with the monometallic and bimetallic MOFs to fully investigate the
parameters that influence their electronic properties. The bimetallic CuCo-BTC and
CuRh-BTC MOFs exhibit more density of states (DOS) near the Fermi edge (Er) than the
monometallic Cu-BTC MOF, demonstrating the influence of incorporating a second
metal into the framework. However both the monometallic and bimetallic MOFs using
the HHTP ligand all have greater DOS near Er than the Cu-BTC MOF; and the Cu-NIP
and CuRh-NIP also show enhanced DOS near Ep, suggesting the ligand plays an
influential role in determining the DOS as well. Thin MOF films of Cu-BTC grown via
dip-coating demonstrated successful transmetallation with Co to produce bimetallic
CuCo-BTC films with controllable Co concentration based on immersion time and
temperature. Films maintained a uniform coverage of the substrate and crystalline

structure upon initial growth and after undergoing transmetallation.
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CHAPTER 1
INTRODUCTION

1.1 Bimetallic Materials

The study of bimetallic materials for fine tuning electronic and structural
properties has been a source of interest for decades. The combination of two or more
metals to form alloys, core-shell particles, or complex heterometallic structures has vastly
expanded the pathways for designing functional materials. Their potential has flourished
in a magnitude of applications ranging from catalysis' and electronics™ to gas storage™®
and biomedical applications.”® Many bimetallic systems exhibit superior properties over
their monometallic counterparts.” Differences in performance for bimetallic materials
from their individual components can be attributed to one of, or a combination of, three
effects: 1) changes in electronic structure (ligand effect); 2) unique geometric
arrangement of atoms (ensemble effect); or 3) separate, yet concurrent contribution from
each metal toward the function of the material (bifunctional effect)."”"'° In order to isolate
and understand these effects, different strategies of material preparation from ultrahigh
vacuum (UHV) metal deposition to wet chemistry synthesis techniques have allowed
careful adjustments of particle size, material composition, and structural orientation. The
key to utilizing these materials in real-world applications is having fundamental
knowledge of their morphology and structure, and evaluating how their properties behave

and change in different environments. Establishing a basic understanding of bimetallic
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systems paves the way for designing rational materials that possess the desirable
characteristics and functionality that are sought after.

Bimetallic nanoparticles are highly studied for their application in catalysis based
on their proven ability to enhance catalytic activity, improve selectivity, and extend the
lifetime of the catalyst.'"'? Platinum (Pt) based catalysts have been the focus of many
studies due to their common use in hydrogenation, oxidation, and hydrogenolysis
reactions.'” Interest in the addition of rhenium (Re) to Pt catalysts has attracted
substantial attention since the first industrial use of Pt-Re bimetallic catalysts in naptha
reforming in the 1960’s."*'* This bimetallic system has opened up many avenues of
exploration related to the role of Re in catalytic reactions pertaining to its oxidation state
and electronic interaction with Pt, as well as the influence of the catalyst support on the
metal cluster morphology, composition, and reactivity.'*'

Metal-organic frameworks (MOFs) are another class of materials that have
tunable properties. Most recently, the ability to synthesize MOFs containing more than
one metal has become an innovative topic of research. MOFs can be defined as solid
materials made up of hybrid organic-inorganic components. Clusters of metal nodes are
connected by organic linkers that combine to form an extended, crystalline framework
with inner porosity.”** The incorporation of a second metal into the MOF framework
while retaining porosity and crystallinity is not trivial, but it has proven to be
successful.”?* Among the long list of applications that are relevant to bimetallic MOFs,
one novel objective of incorporating a second metal into the framework is to obtain
desirable electronic behavior. Metal node engineering and framework topology tailoring

can alter the electronic properties of the MOF; shifting the originally insulating material
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to exhibit intrinsic semiconducting behavior.”’ Bimetallic semiconducting MOFs that are
able to retain their porosity and crystallinity have potential to advance supercapacitor’’
and thermoelectric®' technologies, and improve current materials used in sensors®> and
catalysis.> >’
1.2 Catalysis and Surface Science

Catalysis is the phenomenon by which a reaction is accelerated by lowering the
activation energy barrier between reactants and products. A catalyst material is used to
alter the reaction pathway, but is not consumed in the reaction. By providing an
advantageous energy pathway, catalysts improve process economics in terms of
productivity and energy consumption.’® Catalysis is very important to society, namely for
its vital role in growing, manufacturing, and converting food,’” products,*® and energy.*’
Catalysis-based industries contribute to more than 35% of the global GDP,* and it has
been estimated that ~90% of chemical products are derived in some manner from
catalytic processes.’’ Some of the most important catalytic processes in industry take
place via heterogeneous catalysis; this involves a solid catalyst with reactants and
products in the gas or liquid phase. With efforts to reduce fossil fuel use, new catalysts
are continually being developed to efficiently convert renewable resources such as
biomass into fuels and fine chemicals.**** Typically, heterogeneous catalysts used in
industry consist of metal particles dispersed on a high surface area support.”> From an
economic standpoint, this is a convenient way to enable the greatest amount of active
sites accessible for reaction using minimal material. However, this creates a catalyst that
is 1ll defined and difficult to control, complicating studies intended for designing new and

better catalysts. Since reactions in heterogeneous catalysis take place at the surface
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interface between catalyst support and reactant molecules, techniques in surface science
have been developed to reduce the complexities of the catalytic system and gain a
fundamental understanding of how the catalyst operates.

Surface science is a very valuable approach to studying complex systems related
to catalysis. The aim of using surface science is to fundamentally understand the
relationship between atomic level structure of a catalyst surface and its catalytic
performance.”® By constructing model catalysts, the surface under study can be
“simplified” and controlled. Typical model catalysts employ a single crystal support that
has been well defined. The metals under investigation are then deposited on the support
in a systematic way in order to study metal cluster structure, surface composition in
bimetallic systems, and adsorption behavior that correlates to the catalytic activity.!’
Conducting studies with high resolution at the molecular and atomic scale typically
requires a very clean environment and low gas pressures to eliminate contamination or
interference from gas molecules. Many surface science techniques that operate in vacuum
(and recently in near ambient pressure) have been developed that use photons, electrons,
ions, and atoms as probes to uncover the atomic and electronic structures of surfaces and
the nature of their chemical bonding with molecules.* Uncovering these phenomena can
effectively guide the design of catalysts with greater activity, better selectivity, and
longer lifetimes.

1.3 Motivation

Bimetallic materials are continuously developed and implemented all over the

world in everyday life. From the catalytic converters in motor vehicles for reducing toxic

gases, to sensing devices in thermostats used in homes. Understanding their atomic and
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electronic structure is the foundation for designing materials to fit specific needs and
improve systems in current applications. An array of surface science techniques are used
in this work to study bimetallic systems in ultrahigh vacuum (UHV) including X-ray
photoelectron spectroscopy (XPS), infrared reflection absorption spectroscopy (IRAS),
scanning tunneling microscopy (STM), temperature programmed desorption (TPD), and
low energy electron diffraction (LEED). The Pt-Re bimetallic system is studied
specifically for its superior activity over monometallic Pt systems in the water-gas shift
(WGS) reaction. Upon addition of Re to the Pt catalyst, the morphology, composition,
and activity of bimetallic clusters have been investigated in previous work on an oxide
support of TiO,.""?' The work presented here expands on those results to understand the
role of the support in influencing the catalytic activity, morphology, and composition of
monometallic and bimetallic Pt and Re clusters. Supports of highly oriented pyrolytic
graphite (HOPG) and a Pt(111) single crystal are used to decouple metal-metal
interactions from metal-support interactions in the WGS reaction. The surface science
techniques mentioned above are used to obtain comprehensive knowledge of the catalyst
structure and composition in UHV. A microreactor coupled to the UHV chamber is used
to bridge the pressure gap between the surface analysis in UHV and catalytic activity at
atmospheric pressures. The design of the reactor allows samples to be analyzed before
and after reaction without exposure to air, which is pertinent to understanding changes in
structure or oxidation state caused by the reaction. The catalytic activity of many
heterogeneous reactions that use the Pt-Re system, including the WGS reaction, depends
on the oxidation state of the metal particles. Since Pt-Re catalysts are exposed to

oxidizing environments in reactions such as aqueous phase reforming (APR) and
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deoxydehydration of glycerol,**” this work also seeks to understand the extent of Re
oxidation in different systems. Re is oxidized at elevated temperatures and pressures in
the microreactor, with and without the presence of Pt, as well as on three different
supports (TiO,, HOPG, and Pt(111)) to understand the influence of metal particle and
support interactions on its oxidation state.

Metal-organic frameworks (MOFs) have emerged as very versatile materials,
especially those containing more than one metal in their framework. Bimetallic MOFs are
investigated in this work for the capacity to tune their electronic structure upon
incorporation of a second metal and using various organic ligands in the framework.
Copper MOFs constructed from Cu acetate and assorted linkers of BTC (BTC =
benzenetricarboxylate), NIP (NIP = 5-nitroisophthalate) and HHTP (HHTP =
2,35,6,10,11-hexahydroxytriphenylene) are transmetallated with cobalt, rthodium, iron,
manganese, ruthenium, zinc, and nickel to form bimetallic MOFs. The UHV technique of
XPS can provide information on the density of states near the Fermi level in these
bimetallic MOF materials, offering insight on their insulating or semiconducting
properties. Progressing the use of MOFs in contemporary applications will require a
sufficient means of incorporating MOF materials in solid-state devices. In this work, a
novel procedure for synthesizing bimetallic MOF films is presented. Using a dip-coating
method for achieving step-by-step growth, a monometallic CusBTC, MOF film is grown
on a support without the need for self-assembled monolayers. Transmetallation with Co*"
successfully incorporates Co into the metal nodes with Cu. The amount of cobalt
incorporated can be analyzed using XPS and controlled through the temperature and

length of time used during transmetallation. Grazing incidence wide angle X-ray
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scattering (GIWAXS) shows the crystallinity of the MOF is maintained after
transmetallation, and atomic force microscopy (AFM) exhibits uniform film coverage of
the substrate.

Surface science techniques are used here to provide fundamental information on
bimetallic materials from composition and density of states of thin film metal-organic
frameworks and powders, to morphology, structure, and oxidation state of model Pt-Re
catalysts. The pressure gap between UHV and conventional catalysis is bridged using an
atmospheric microreactor coupled to the UHV chamber to correlate the surface properties
of the model catalyst to its catalytic activity under real reaction conditions. The
fundamental insights gained in this work lay the foundation for designing enhanced

bimetallic materials for catalytic and electronic applications.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
2.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a powerful analytical technique that
can provide an abundance of information over a wide variety of samples. XPS is capable
of identifying all elements (except H and He); it can provide information on the
molecular environment, including oxidation state and bonded atoms; and it can be used
for semiquantitative determination of the elemental surface composition.' X-rays of a
known energy, typically from an Al or Mg source, irradiate the sample; energy from the
X-ray photons is then transferred to core-level electrons in the sample, leading to
photoemission of those electrons into vacuum. Figure 2.1 displays a schematic of a
typical XPS experimental setup. The photoelectrons are collected from vacuum by a
series of lenses, and then pass through a hemispherical analyzer that separates the
photoelectrons based on their kinetic energy before arriving at the detector. The binding
energy (Ep) of the detected electrons can be calculated based on the equation:

Eg=hv— Ex—¢
where Ahv is the incident photon energy, Ex is the kinetic energy of the photoelectron, and
¢ is the work function. The work function is typically related to the spectrometer for
conducting samples, and represents the minimum energy required to eject an electron

from the highest occupied level into vacuum.
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Figure 2.1: Schematic of the equipment and principle of X-ray
photoelectron spectroscopy.

Negatively charged core electrons are bound to the atom by the positively charged
nucleus. The closer the electron is to the nucleus, the more tightly it will be bound,
therefore the binding energy of the electron is specific to the type of atom it comes from.
This makes it possible to identify different elements as well as their chemical
environment based on binding energy shifts. While X-rays can easily penetrate through
hundreds of nanometers of solid material, electrons have a much shorter mean free path,
and can only penetrate ~10 nm." XPS is therefore classified as a surface characterization
technique for analyzing samples.

XPS is also capable of providing information regarding the conductive nature of a
material. Analysis of the valence band spectrum can elucidate the extent of electron
density that resides at or near the Fermi level of a sample. A greater intensity of electron
density at the Fermi level is indicative of a conductive or semiconductive material. Less

intensity near the Fermi level is characteristic of an insulator.
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2.2 Infrared Reflection Absorption Spectroscopy (IRAS)

Infrared reflection absorption spectroscopy (IRAS) allows for identification of
surface species generated by molecular adsorption and surface reactions. It can be
operated in both high and low pressure conditions, and is generally nondestructive toward
the sample. Infrared radiation is directed on the sample at an incident angle, where the
radiation can interact with molecular dipoles on the surface creating vibrational excitation
before being reflected into the detector. These vibrational modes originating from
molecules or functional groups on the surface can be detected and identified. A flat metal
substrate is typically used to achieve specular reflection. The “Surface Selection Rule”
dictates the orientation in which the dipole change must occur in order to be detected
(Figure 2.2a). Incident light parallel to the substrate, denoted as s-polarized, undergoes a
180-degree phase shift upon reflection with the substrate, resulting in a net amplitude of
zero for the incident and emitted electric vectors parallel to the surface. Incident light
perpendicular to the substrate, denoted as p-polarized, has a net radiation amplitude that
is nearly twice that of the incident radiation at the point of contact at the surface.” Thus,

only dipole changes perpendicular to the surface will be observed in IRAS.

a 2 10— b
z
n >
1) Sf o
@ adsorbate g

H’I G2_® metallic 90 8IS 8'0 7l5 7I0
@ |2 substrate Angle of incidence (degrees)

Figure 2.2: a) Schematic of the “Surface Selection Rule” in which dipole changes
perpendicular to the surface are IR active and dipole changes parallel to the surface are
IR inactive.* b) Schematic representation of the variation in band intensity with angle of

incidence.!
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IRAS is particularly powerful in studying adsorbed layers on metal surfaces by
taking advantage of the grazing angle of incident light. The absorption of IR radiation by
the adsorbate overlayer is enhanced at high angles of incidence, maximizing the
reflectance of p-polarized light. Figure 2.2b represents the degree of reflectance achieved
by grazing incidence angle.

For IRAS experiments conducted in this work, the setup allowed for the sample to
remain in UHV while IR measurements were made. A SiC globar and tungsten halogen
lamp provided sources of mid-infrared and near-infrared radiation. The beam traveled
through one BaF, window of the vacuum chamber to reflect off the sample under
analysis, then passed through a second BaF, window before traveling to the external
liquid nitrogen cooled mercury cadmium telluride (LN-MCT) detector. In this manner,
IRAS experiments sensitive to low concentrations of adsorbates could be conducted, as
well as post-reaction evaluation of species remaining on the sample surface. Figure 2.3
shows the portion of the chamber where the sample was positioned to allow the IR beam

to reflect across the surface.
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2.3 Raman Spectroscopy

Raman spectroscopy is a form of vibrational spectroscopy similar to IR
spectroscopy, however Raman bands arise from a change in the polarizability of the
molecule, as opposed to a change in the dipole moment observed with IR." Photons from
the beam of incident light are absorbed by the material and scattered. When a photon
interacts with the electric field of a molecule, an electron is excited to a virtual state
lower in energy than a real electronic transition, and de-excitation results in a change of
vibrational energy. The energy difference between the incident and emitted radiation is
measured to detect molecular vibrations in the sample. In the work here, Raman
spectroscopy was used to identify molecular bonding in bimetallic MOF samples.
2.4 UHV-Coupled Microreactor

The custom built microreactor’ used in this work was designed to bridge the
pressure gap between fundamental surface studies and conventional catalytic
experiments. The microreactor is coupled to the UHV chamber, allowing samples to be
prepared and fully characterized by UHV techniques both before and after reactions
without ever exposing it to air (Figure 2.4). Thus, characteristics such as metal oxidation
state and carbonaceous species can be analyzed by XPS, and post-reaction adsorbates can
be examined by IRAS without influence from air or contamination. The reactor has a
small dead volume (32 cm’) built to house model catalysts with a low number of active
sites in order to maximize sensitivity to the products formed (Figure 2.5). In addition to
operating in flow-through mode (single-pass mode), the reactor can run in recirculation
mode in which the reactants are passed over the catalyst multiple times until a sufficient

concentration of product molecules accumulate to be detected. The system is equipped
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Figure 2.4: Diagram of the microreactor coupled to UHV.
with a gas chromatogram (GC) for product separation and detection by either a thermal
conductivity detector (TCD) or flame ionization detector (FID) for quantitative analysis.
The microreactor is built to withstand heating temperatures up to 190 °C and operate at
pressures of ~ 1 atm. Computer-controlled, automated switching valves initiate injections
to the GC-TCD/FID and refilling of the reactor loop with fresh feed gas in order for

multi-hour experiments to be run reliably without interruption. The design of this

microreactor enabled real, catalytic experiments over model catalysts to be achieved.
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2.5 Scanning Tunneling Microscopy (STM)

In scanning tunneling microscopy (STM), a sharp probe is used to scan across the
sample in raster-fashion to detect changes in the surface structure on the atomic scale.’
STM takes advantage of the quantum mechanical phenomenon of quantum tunneling.
Electron tunneling through vacuum occurs when the tip is brought within a few
angstroms of the sample surface and a voltage difference is applied. In constant current
mode, the tunneling current is measured at each position and the voltage is adjusted to
maintain a set current. Changes in the bias voltage cause the piezoelectric crystal to move
up and down, and the resulting image maps the surface electron density of the sample as
a function of vertical tip displacement (Figure 2.6).® An atomically sharp tip is necessary
to achieve undistorted, high-resolution images. Tips can be made by electrochemical
etching of a tungsten wire using NaOH. Tips can also be conditioned by applying high
voltage pulses between the tip and the sample to draw tungsten atoms towards the apex of

the tip, or to remove contaminants that have adsorbed during scanning.

:i_l‘ Control voltages for piezotube

Tunneling Distance control
current amplifier  and scanning unit

Piezoelectric tube
with electrodes

Tunneling
voltage

Data processing
and display

Figure 2.6: Schematic of the equipment and principle of
scanning tunneling microscopy.®
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STM experiments require a conductive or semiconductive sample for tunneling to
occur between the tip and the sample surface. In this work, STM was used to characterize
the growth of monometallic and bimetallic metal clusters, and study their morphology
with changes in annealing temperature on the support.

2.6 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is another scanning probe technique similar to
STM, however AFM can be used to measure both conductive and nonconductive
samples. AFM does not require a vacuum environment and can be operated in air. Similar
to STM, AFM utilizes a sharp tip to raster across the surface, but instead of measuring
tunneling current, the force between the AFM tip and the sample surface is measured.
The tip is connected to the end of a cantilever; when operated in non-contact mode, the
cantilever oscillates at a given resonance frequency. When the tip comes close to a
feature on the surface, forces from the sample interact with the cantilever, decreasing its
resonance frequency. To maintain a constant oscillation frequency, the distance between
the tip and sample most be adjusted. These height adjustments are used to create a
topological map of the surface.” In the work here, AFM was used to evaluate full surface
coverage, uniformity, and crystallite size of thin MOF films grown on a substrate.

2.7 Low Energy Electron Diffraction (LEED)

Low energy electron diffraction (LEED) can be used to determine the surface
structure of single crystals or an ordered overlayer of films or adsorbates. A beam of low
energy electrons is directed at the surface, and then backscattered onto a series of grids.
Inelastically scattered electrons are filtered out, and those electrons which are elastically

scattered are accelerated towards a phosphor screen creating a diffraction pattern of
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bright spots due to the constructive interference of electron waves representing the
periodicity of the surface being imaged.® The LEED pattern is a representation of
reciprocal space; the distances between adjacent points in the LEED pattern are inversely
proportional to the distances between points in the real surface.

Diffraction patterns can be used to view whether surface structures are ordered or
if they have undergone reconstruction. In this work, LEED patterns were collected to
establish the crystallinity of the TiO»(110) and Pt(111) single crystal substrates used in
experiments (Figure 2.7). It was also used to determine the structure of ZrO; and yttrium-

710, films.

Figure 2.7: LEED patterns of a) TiO»(110)-(1x1) and b) Pt(111).

2.8 Temperature Programmed Desorption (TPD)

Temperature programmed desorption (TPD) is a useful technique for studying the
interaction of reaction gases with solid surfaces. It can be used to evaluate the number of
active sites on a surface, as well as for understanding the mechanisms of adsorption,
surface reaction, and desorption of molecules on surfaces.” The technique requires a mass

spectrometer for detecting molecules and mass fragments after desorption. A TPD
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experiment is conducted by cooling the sample to liquid nitrogen temperatures and
saturating the surface with the gas or vapor of the molecule used in the analysis. The
sample is placed in front of the mass spectrometer and heated at a linear rate. The
desorbed molecules can be detected and quantified by the mass spectrometer. In this
work, desorption as a function of temperature can provide information on the relative
binding strength of molecules to different sites on the sample surface, and the relative

number of adsorption sites in a sample. A typical TPD setup is shown in Figure 2.8."°

I Liquid N, port

Mass Spec Products [
s W

Filament Power
Supply
Doserl/'
P 4 UHYV Chamber

Figure 2.8: Diagram of temperature programmed
desorption setup.'’

2.9 Grazing Incidence Wide Angle X-ray Scattering (GIWAXS)

In a broad scope, small angle X-ray scattering (SAXS) is a powerful technique
that can provide quantitative nanoscale information from a wide range of samples
including liquids, pastes, powders, and films. It can operate in transmission or grazing
incidence mode to measure the spatial arrangement of different interfaces and provide

significant morphological details.'’ In the work done here, the technique was used for
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analyzing thin films, therefore the X-ray beam was directed at an angle of grazing
incidence to increase signal and eliminate the need for an X-ray transparent substrate. In
grazing incidence wide angle X-ray scattering (GIWAXS), the incident beam has an
increased interaction with the surface and the angle can be adjusted to probe only the top
layer (~10 nm) or deeper film thicknesses. The scattered beam is collected by a 2D area

detector; a schematic is illustrated in Figure 2.9.' When the detector is positioned at a

incident
X-ray beam

Figure 2.9: Schematic of incidence, scattering, and detection
using GIWAXS."?

wide angle, information about the crystalline phase of the material can be collected. In
this work, diffraction patterns were used to evaluate the crystallinity or degradation of the

thin MOF films under study.

22

www.manaraa.com



2.10 References

(1)  Vickerman, J. C.; Gilmore, 1. S. Surface Analysis: The Principal Techniques; 2nd
ed.; John Wiley and Sons: Chichester, UK, 2009.

(2) Bverist; Carvalho, L. C. de. X-ray Photoelectron Spectroscopy
https://commons.wikimedia.org/w/index.php?curid=7333849 (accessed May 8,
2019).

(3) Hoffmann, F. M. Infrared Reflection-Absorption Spectroscopy of Adsorbed
Molecules. Surf. Sci. Rep. 1983, 3, 107.

(4) Tegeder, P. Optically and Thermally Induced Molecular Switching Processes at
Metal Surfaces. J. Phys. Condens. Matter 2012, 24, 394001.

(5) Tenney, S. A.; Xie, K.; Monnier, J. R.; Rodriguez, A.; Galhenage, R. P.; Duke, A.
S.; Chen, D. A. Novel Recirculating Loop Reactor for Studies on Model Catalysts:
CO Oxidation on Pt/TiOx(110). Rev. Sci. Instrum. 2013, 84, 104101.

(6)  Schmid, M. Scanning Tunneling Microscopy
https://commons.wikimedia.org/w/index.php?curid=180388 (accessed May 9,
2019).

(7)  Gross, L.; Mohn, F.; Moll, N.; Liljeroth, P.; Meyer, G. The Chemical Structure of
a Molecule Resolved by Atomic Force Microscopy. Sciencee 2009, 325, 1110-
1114.

(8)  Surface Analysis Methods in Materials Science; O’Connor, J.; Sexton, B.; Smart,
R. S. C., Eds.; 2nd ed.; Springer-Verlag Berlin Heidelberg, 2003.

(9)  Ishii, T.; Kyotani, T. Temperature Programmed Desorption. In Materials Science
and Engineering of Carbon; Butterworth-Heinemann, 2016; pp. 287-305.

(10) Temperature Programmed Desorption - Wellesley College
https://www.picswe.com/pics/temperature-programmed-38.html (accessed May 9,
2019).

(11) Feigin, L. A.; Svergun, D. 1. Structure Analysis by Small-Angle X-Ray and Neutron
Scattering; Taylor, G. W., Ed.; Plenum Press: New York and London, 1987.

(12) Perlich, J.; Rubeck, J.; Botta, S.; Gehrke, R.; Roth, S. V; Ruderer, M. A.; Prams, S.
M.; Rawolle, M.; Zhong, Q.; Korstgens, V.; et al. Grazing Incidence Wide Angle
X-Ray Scattering at the Wiggler Beamline BW4 of HASYLAB. Rev. Sci. Instrum.
2010, 87, 105105.

23

www.manaraa.com



CHAPTER 3

WATER-GAS SHIFT ACTIVITY OF PT-RE CLUSTERS AND THE
ROLE OF THE SUPPORT

3.1 Introduction

The field of heterogeneous catalysis has undergone many advances over the years,
especially with the utilization of bimetallic catalysts."™ Bimetallic catalysts have shown
superior catalytic properties compared to their monometallic components by providing
bifunctional sites to catalyze different reaction processes and through electronic
interactions between the metals that lead to unique chemical activity.”’ Lately, bimetallic
catalysts consisting of Pt and Re have become an attractive area of research for their
excellent activity in several reactions relevant to biomass conversion. Aqueous phase
reforming (APR) on bimetallic Pt-Re catalysts have exhibited excellent activity for
converting biomass-derived molecules to fuels and chemicals. APR of glycerol over Pt-
Re catalysts supported on carbon have shown an increase in turnover frequency (TOF)
and longer lifetimes compared to monometallic Pt/C.*'* The increased activity of APR
over Pt-Re/C catalysts has been attributed to decreased CO poisoning due to weaker
binding of CO to the bimetallic surface.”'""'* Alternatively, the superior activity on Pt-Re
catalysts has been explained by enhanced activity for the water-gas shift (WGS) reaction,
which prevents CO poisoning by reaction with water to produce CO and H,."*™'°

Previous investigations of the WGS activity on Pt-Re bimetallic catalysts have

looked into the role Re plays in enhancing activity and extending the lifetime of the
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catalyst."*">™"? Since the breaking of the O-H bond in water is believed to be the rate-
limiting step in the WGS reaction on Pt,*° it has been proposed that ReOy provides the
active sites for water dissociation on Pt-Re catalysts, leading to greater activity.'>'*!”
Hydrogenolysis of glycerol and other oxygenates is another reaction in which bimetallic
Pt-Re catalysts have demonstrated an increased rate of activity over monometallic Pt
catalysts, as well as enhancing selectivity toward internal hydrogenolysis to form higher
value diols.?"** In this process, it has been proposed that ReOy acts as a Bronsted acid site
for dehydrogenation to aldehydes while Pt facilitates the rapid hydrogenation to the
diol.** Other detailed studies investigating the role of Re have determined that CO binds
less strongly to Pt-Re surfaces compared to Pt, and the enhanced activity is attributed to
reduced CO poisoning on the bimetallic surfaces.'">**° Another effect of the addition of
Re to Pt catalysts has been found to result in greater Pt dispersion.”** However, the
support on which the metal particles are being grown has significant potential in
influencing the size, composition, and electronic interactions of the metal clusters.
Metal-oxide supports such as TiO,, CeO,, and ZrO, have commonly been used as
the support for Pt catalysts in the WGS reaction because of their reducible nature and

ability to activate water.**"

It has been reported that TiO, reduction results in the
creation of oxygen vacancies through reduction of the cation (Ti*", x < 4). It has then
been proposed that these oxygen vacancies can form in the WGS reaction by reduction
with CO over Pt/Ti0O,, and serve as activate sites for water dissociation for hydroxyl and
H, formation.'****** Nonetheless, inert supports such as carbon have been utilized with

Pt-Re catalysts in which enhanced WGS reaction rates are attributed not to the support,

but to the Pt-Re interactions upon alloy formation.”'" Even still, consideration must be
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given to how the support may influence the chemical state, composition, and size of the
metal particles. For instance, Re has been reported to interact strongly with oxide
supports, given its oxophilic nature, compared to later transition metals such as Pt.****
Despite the increased interest in Pt-Re particles, only a handful of studies have
specifically investigated their properties on different supports for the WGS

reaction' **%%

, and no direct comparison has been made of the influence Re has on Pt that
may be dependent on the support. There are wide variations in the metal precursors,
Pt/Re ratio, pretreatment conditions, and reaction parameters reported that can influence
different factors such as metal oxidation state or extent of Pt-Re interaction, leading to
conflicting results.'*'>?*** This work builds off our previous investigations on the
growth* and activity” of Pt-Re clusters on TiO,(110) in the WGS reaction by comparing
cluster formation and chemical activity of Pt-Re particles on non-oxide supports. In our
previous work”™*, Re was found to interact strongly with the TiO, support, reducing Ti
at room temperature. Bimetallic clusters of Pt and Re could be grown via either order of
deposition at high coverages (2.0 ML Pt:1.7 ML Re), but the surface composition of the
cluster was dependent on the order of sequential deposition. Using CO as a probe
molecule, temperature programmed desorption (TPD) revealed that Pt deposited on top of
Re, and low coverages of Re deposited on top of Pt, consisted of clusters with ~100% Pt
at the surface. This was expected based on the lower surface free energy of Pt compared
to Re, and the strong interaction of Re with the support. However, at high coverages of
Re deposited on top of Pt, the amount of Re that can diffuse subsurface is kinetically

limited, and the surface consisted of both Re and Pt.*’ For the WGS activity studies of Pt-

Re clusters on TiO,(110), Re was found to be inactive for the reaction, whereas
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bimetallic surfaces of Pt on Re exhibited greater activity for the WGS reaction than pure
Pt.” These bimetallic surfaces were prepared either by a Re core-Pt shell structure of 2
ML Pt deposited on 2 ML Re, or 0.5 ML Re deposited on 2 ML Pt in which the Re
diffused subsurface leaving a layer of Pt on top. Furthermore, bimetallic clusters
containing ReOy proved to have lower activity than Pt-Re clusters containing metallic Re,
ruling out ReOy as an active site for the WGS reaction.”?

In this work, Pt-Re surfaces are prepared on a nonreactive support of highly
oriented pyrolytic graphite (HOPG) and on a Pt(111) single crystal to decouple metal-
metal interactions and metal-support interactions. UHV techniques evaluate the cluster
growth and surface composition, while reactor experiments assess their catalytic activity
for the WGS reaction. A comparison is drawn between these studies and our previous
work on Pt-Re surfaces supported by TiO(110)* in order to understand the influence of
the support on the morphology, composition, and activity of the prepared model catalysts.
Scanning tunneling microscopy (STM) provides information on the cluster size and
bimetallic nature of the clusters, dependent on which support is used. CO TPD
determines the surface composition of the Pt-Re particles and the dependence on metal
deposition order for their bimetallic nature. WGS experiments are carried out in a
specially designed microreactor coupled to the UHV chamber operating at ~1 atm.
Reactor experiments show that activity is lower for clusters grown on HOPG and Pt(111)
than the TiO, support, but that Pt with subsurface Re catalysts produce the greatest
activity regardless of the support being used. The enhanced activity on the TiO»(110)
support is further investigated by studying the relationship between interfacial sites of

Pt/TiO, and TOF as a function of Pt coverage. It is shown that as the ratio of
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perimeter/surface sites increases, the TOF increases at a very comparable rate; thus,
providing insight on the bifunctional nature of the metal-support interface for the WGS
reaction.
3.2 Experimental

Experiments were conducted in two ultrahigh vacuum chambers that have

previously been described. The first chamber™*®

operates at a base pressure < 2 X 107"
Torr and is coupled to a microreactor.’’” It is equipped with a residual gas analyzer
(Stanford Research Systems, RGA 300), a hemispherical analyzer (SPECS EA10) and
Mg/Al Ko X-ray source (Leybold Heraeus, RQ 20/63) for XPS measurements. The
chamber also includes an infrared reflection absorption spectroscopy (IRAS) system
(Bruker, Tensor 27) with external liquid nitrogen-cooled mercury cadmium telluride
(LN-MCT) detector. The second ultrahigh vacuum chamber*®™**° has been described
previously and operates with a base pressure < 2 x 107" Torr. It is equipped with a
variable-temperature scanning tunneling microscope (Omicron VT-25), a hemispherical
analyzer (Omicron EA125) for X-ray photoelectron and low energy ion scattering
spectroscopies, optics for low energy electron diffraction and Auger electron
spectroscopy (Omicron Spec 3), and a quadrupole mass spectrometer (Leybold-Inficon,
Transpector 2) for TPD measurements.

The HOPG supports (SPI Supplies, 10 mm x 10 mm x 1 mm) used in each
chamber were mounted onto a Ta plate using thin Ta foil straps. Before preparing each
sample, the surface of the HOPG support was cleaned by cleaving with adhesive tape.

Clean HOPG was introduced to the vacuum chamber via a load lock cell and transferred

to a sample holder within the chamber after sufficient evacuation of the load lock. For
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each experiment, the HOPG surface was sputtered to create defects for metal nucleation
using Ar" ions at 500 eV and a current of 0.1 pA for 5 minutes. The HOPG support was
then heated by electron bombardment using a tungsten filament positioned behind the
sample plate to 950-1000 K for 12 minutes (3 cycles of 4 min) to remove embedded Ar.
The support temperature was monitored by an infrared pyrometer (Heitronics) and type K
thermocouple spotwelded to the edge of the back plate in the second chamber. The
Pt(111) single crystal (99.999%, Princeton Scientific Corp., 8§ mm diameter, 2 mm
thickness) was mounted by press-fitting two Ta wires into 1.1 mm deep slots cut into the
sides of the crystal. The Ta wires were spot-welded onto a standard Omicron sample
plate with an 8.9 x 8.9 mm’ window so that the back of the crystal could be directly
heated by electron bombardment from the tungsten filament. The rutile TiO,(110) crystal
(Princeton Scientific Corporation, 10 mm x 10 mm x 1 mm) was mounted on a Ta back
plate using thin Ta foil straps. The Pt(111) and TiO, crystals were cleaned by Ar' ion
sputtering at 1 kV for 20 min, followed by annealing to 950-1000 K for 3 min. The
support temperature was monitored by an infrared pyrometer (Heitronics). Metal clusters
of Pt and Re were grown by vapor deposition in both chambers from a Pt rod (ESPI, 2
mm diameter, 99.95%) and a Re rod (ESPI, 2 mm diameter, 99.99%) using a four-pocket
electron-beam evaporator (Oxford Applied Research, EGCO4). Pt and Re metal were
deposited sequentially onto the support surface at a rate of approximately 0.08-0.1
ML/min, with one monolayer (ML) being defined as the packing density of Pt(111) (1.50
x 10" atoms/cm?) or Re(0001) (1.52 x 10'° atoms/cm?). The metal flux was calibrated in
each chamber with a UHV bakeable quartz crystal microbalance (QCM, Inficon, XTM-2)

before deposition. Fresh surfaces were prepared for each experiment.
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Samples were prepared in the first UHV chamber and then directly transferred
into the microreactor without exposure to air. The experiments were conducted in a feed
gas mixture of 3% CO (Praxair)/ 7% H,0O/ 90% He (Airgas, 99.999%) at a flow rate of 60
SCCM determined by a digital flow meter (Agilent Technologies, ADM2000). CO and
He were introduced via independently calibrated mass flow controllers (Brooks, 5850e
and 58501). Water vapor was introduced to the feed gas by a stainless steel vapor-liquid
equilibrator (VLE) consisting of ultrapure liquid water (18.2 MQ resistivity, Barnstead
EasyPure II 7138), with He being the sweep gas. The temperature of the VLE was
controlled by a cooling/heating recirculation bath (VWR), and the concentration of water
vapor was configured using the vapor pressure calculated from the Antoine equation. The
samples were heated in a continuous flow of the feed gas to a temperature of 160 °C at a
rate of 2.0 °C/min by heating tape (Briskheat, BWHD) wrapped around the exterior of
the reactor housing. To ensure uniform heating and cooling, the heating tape was
regulated by a feedback loop on a temperature controller (Auber, SYL-4342P). The
temperature of the sample was measured by a type K thermocouple (Omega, KMQSS-
040G-6) welded into the feed gas inlet close to the surface of the sample. The gas lines
were heated to a temperature of 65 °C using Valco Instruments temperature controllers.
The pressures within the reactor and lines were measured by two capacitance manometers
(MKS Instruments, Baratron 722A), one located upstream of the reactor in the feed gas
line (790-800 Torr) and one downstream of the reactor (770-780 Torr). The reaction was
operated in recirculation mode in which the reactant gases are recirculated over the
catalyst surface once every 2 min, allowing the CO, concentration to increase to a

detectable level during the recirculation period. An in-line gas sample (~1.096 cm®) was
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injected into the gas chromatograph (HP 5890A) equipped with a PoraPLOT Q capillary
column and thermal conductivity detector (TCD) using He as the carrier gas. The initial
oven temperature of the GC was kept at 70 °C for 2 minutes, then increased to 180 °C at
a rate of 15 °C/min and held there for 5 minutes. The detector temperature was
maintained at 200 °C. Automatic injections occurred every 20 minutes and were followed
by refilling the gas sampling loop with fresh feed gas so that the pressure in the reactor
remained unchanged. The activity was recorded for a reaction time of 2 hours. The total
moles of CO, produced was corrected for the loss of CO, during gas injections by
assuming ideal gas behavior. The background activity of the empty reactor and sample
support were found to contribute minor amounts of CO, to the overall activity and were
subtracted from the total activity.

Due to the reactor’s direct coupling to the UHV chamber, XPS measurements
were collected before and after reactor experiments without exposing the sample to air. A
dwell time of 0.2 seconds and step size of 0.025 eV were used for C(1s), O(1s), Re(41),
Pt(4f), and Ti(2p) regions. A survey scan was also collected to ensure there were no
contaminants before or after the reaction.

The second chamber was used to conduct all STM and TPD measurements. STM
experiments were conducted using an Omicron VT-25 collected at constant tunneling
current of 0.1-0.2 nA and a sample bias of +2.3 V with respect to the STM tip. STM tips
were made by electrochemically etching a 0.38 mm diameter tungsten wire in NaOH.
The tips were conditioned by sputtering with Ar’ ions at 3 kV and pulsing to higher
voltages. Cluster heights on HOPG were determined by the manual measurement of 30

clusters; cluster heights of submonolayer Pt coverages on TiO, were determined using an
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in-house program that measured all clusters in a 1000 A x 1000 A region.”'* Cluster
heights are used as a measure of cluster size since the diameters are known to be
overestimated due to tip convolution effects.”* Cluster densities were measured by
counting all the clusters in a 1000 A x 1000 A image.

TPD experiments were carried out by exposing the surfaces to CO (99.998%,
Matheson) via a stainless steel directed dosing tube. A saturation exposure of CO was
achieved by leaking in CO to a pressure rise of 5.0 x 10™° Torr for 3 min. The sample
was heated at a rate of ~2 K/s using an automated ramp program while the temperature
was monitored using a type K thermocouple spot welded to the Ta back plate. During
TPD experiments, the mass spectrometer was linearly translated toward the chamber so
that the sample was positioned ~2 mm in front of a 4.3 mm hole at the end of the tube
(7.6 mm length) attached to the shroud of the mass spectrometer in order to minimize the
detection of products desorbing from the sample holder.

3.3 Results

Monometallic and bimetallic clusters of Pt and Re are studied on a support of
HOPG and a metal single crystal of Pt(111) in order to compare with our previous results
for Pt-Re surfaces prepared on TiO,(110). Experiments are designed so as to understand
the role of metal-support interactions on cluster growth and catalytic activity in the WGS
reaction.

HOPG was chosen as a support to distinguish between possible affects arising
from metal clusters interacting with an oxide support such as TiO,. HOPG has been
reported to have very little or no interaction with metals.”>>® Because of the weak

interaction, metal atoms on HOPG have a high mobility, and form large clusters with low
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cluster densities when metals are deposited on the untreated HOPG surface. However Ar
ion sputtering can be used to introduce defects on the HOPG surface to decrease the
cluster size and increase the cluster density.””®' Figure 3.1 shows STM images of 2 ML
Re and 2 ML Pt on HOPG deposited after sputtering the clean HOPG surface for 5 min at
0.1 pA and 500 eV. In both cases, the metal clusters almost completely cover the surface,
but the average cluster heights are much larger on HOPG compared to the same
coverages on TiOy: 13.7£2.3 A vs. 4.7£1.0 A for Re and 22.3£3.2 A vs. 13.2+2.3 A for
Pt.** When 2 ML Pt are deposited on 2 ML Re, the average cluster height increases to

18.0+2.4 A while the cluster density decreases, indicating that the Pt atoms join existing

AN
v

o
.
w e h .'.‘

TII e X
)

LY

“
")

#
-
»

Figure 3.1: Scanning tunneling microscopy images for the following
metal coverages on HOPG: a) 2 ML Re; b) 2 ML Re +2 ML Pt; ¢) 2
ML Pt; d) 2 ML Pt + 2 ML Re. All images are 1000 A x 1000 A.
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Re clusters to form exclusively bimetallic clusters on the surface. In contrast, when 2 ML
Re are deposited on 2 ML Pt, the lower mobility of Re compared to Pt results in the
formation of new, pure Re clusters. In this case, the cluster density increases after Re
deposition, and the average cluster size decreases.

Surface compositions of the HOPG-supported clusters were probed in CO TPD
experiments. Since CO dissociates on Re but not on Pt, the presence of a high
temperature CO desorption peak from dissociation of CO and subsequent recombination
of carbon and oxygen atoms illustrates the presence of Re at the surface. Figure 3.2
shows the CO desorption profiles of pure 2 ML Pt and 2 ML Re, where only a low
temperature desorption peak around 460 K is observed on Pt, but peaks at 415 K and 845

K are observed on Re. For the exclusively bimetallic 2 ML Re + 2 ML Pt clusters, there
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Figure 3.2: Temperature programmed desorption data
for CO adsorbed at room temperature on various metal
clusters on HOPG.
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is a relatively small high temperature desorption peak which demonstrates that Re is
present at the cluster surface. This behavior is in contrast to 2 ML Re + 2 ML Pt clusters
on TiO,, where the bimetallic clusters have only Pt at the surface;23 the lower surface free
energy of Pt (2.5 J/m”) compared to Re (3.6 J/m?) makes it thermodynamically favorable
for Pt to reside at the surface.®> Although Pt and Re can alloy at all compositions®* and
are likely intermixed in the clusters, given the stronger interaction of oxophilic Re with
Ti0; compared to HOPG it is not surprising that more Re remains at the interface with
TiO,. For the 2 ML Pt + 2 ML Re clusters, there is a substantial high temperature
desorption peak at 740 K, indicating a significant fraction of Re resides at the surface
either from Re atoms that did not diffuse into the Pt clusters or from Re atoms that exist
at the surface of pure Re clusters.

Activity for the WGS reaction (3% CO + 7% H,O + 90% He) is carried out on
pure and bimetallic clusters of Pt and Re in a UHV-coupled microreactor at ~1 atm and
160 °C. At this temperature, cluster sintering should be minimal based on earlier STM
work studying monometallic and bimetallic Pt-Re surfaces annealed to 800 K.* The
occurrence of adsorbate-induced diffusion of Re to the surface during reaction was not
found to take place. Unlike surface aggregation of Pt in Pt-Au® or Re in Pt-Re® in the
presence of methanol or oxygen, the WGS reaction environment is not substantially
oxidizing, and compositional changes are not observed. A comparison of TOFs for the
WGS reaction on HOPG-supported clusters vs. TiO;-supported clusters is shown in
Figure 3.3. The number of sites for each surface was determined by CO desorption
relative to the Pt(111) surface, which has a known surface area by geometry and packing

density. Comparing the pure Pt clusters on HOPG to those on TiO,, the TOF for 2 ML
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Pt/HOPG is only 60% of that for 2 ML Pt/Ti0O,. This result demonstrates that the titania
support plays a significant role in the activity of the Pt clusters for the WGS reaction. For
the Re clusters on both supports, the lack of activity is consistent with Re being inactive
for the WGS reaction.'”® For the 2 ML Re + 2 ML Pt clusters, these surfaces consist of
mainly Pt sites at the surface with Re in the subsurface. On HOPG, the Pt on Re clusters
have a TOF that is 1.4 times higher than Pt alone, and on TiO,, the TOF is 1.7 times
greater. Therefore, in both cases the presence of subsurface Re enhances the activity.
The smaller enhancement on HOPG could be due to the fact that a larger fraction of Re

exists at the cluster surface based on the CO TPD results. The 2 ML Pt + 2 ML Re

2 ML Re+
2 ML Pt
HOPG
1.54
TiO,
.
o 2 ML Pt
= 1.0-
o
]
.
g 2 ML Pt+
S 0.5+ 2 ML Re
= 2 ML Re
0.0' I_l —1

Figure 3.3: Comparison of TOFs for the WGS reaction at 160 °C on various metal
clusters on HOPG (red) and TiO,(110) (blue). All values are normalized to the TOF
for 2 ML Pt on TiO,(110).
clusters on TiO; have almost no activity due to a higher Re composition at the surface of
the bimetallic clusters.”> On HOPG, these clusters also have relatively low activity, but

the TOF is still 60% of that for Pt/HOPG. Although these also have a large fraction of

Re at the surface, the fact that monometallic Re clusters are present means that some of
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the Re atoms are not incorporated into the existing Pt clusters on HOPG. Therefore, the
fraction of active Pt sites covered by Re should be lower on HOPG compared to on TiO,.

To further explore the role of the support, Pt-Re alloy surfaces on Pt(111) were
investigated in order to completely remove any effects that may be coming from the
support. One alloy surface was prepared by depositing 2.4 ML Re on Pt(111) and then
annealing to 1000 K for 5 min, which causes the Re atoms to diffuse into the bulk,
resulting in a pure Pt surface with Pt and Re alloyed in the subsurface.***® Another

surface was prepared by depositing a 1 ML Re film on Pt(111) and then 1 ML Pt on top

2 ML Pt
on TiO,
Pt-Re 1 ML Pt/
1.04 Alloy 1 ML Re/
Pt(111)
0.5 - Pt(111)

Normalized TOF

ool —J L J L J L _J

Figure 3.4: Comparison of TOFs for the WGS reaction at 160 °C on

the designated surfaces. All values are normalized to the TOF for 2 ML

Pt on TiO,(110).
of the Re layer. In both cases, Pt on Re surfaces are formed, which have shown to be
more active for the WGS reaction than Pt alone when supported by HOPG or TiO,.> A
comparison of TOFs is presented in Figure 3.4. The TOF for Pt(111) is only 40% of that
for 2 ML Pt/Ti0,. Again, higher activity is seen for Pt clusters on TiO,, compared to Pt
on HOPG or pure Pt(111). This suggests that either TiO, itself promotes WGS activity

7

through reaction at interfacial sites,”’ or the reaction is promoted at undercoordinated
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edge sites,’” which are more prevalent on the smaller clusters on TiO,. The Pt-Re alloy
surfaces are approximately twice as active as Pt(111), which is consistent with the higher
activity seen for Pt on Re clusters, but still less active than Pt/TiO,.

In order to better understand the role of cluster-titania interactions taking place in
the WGS reaction, the activity of Pt clusters supported on TiO,(110) has been
investigated as a function of increasing metal coverage. Figure 3.5 shows STM images
for Pt coverages of 0.13 ML, 0.25 ML, and 0.75 ML on TiO,. As the coverage increases,
the average cluster height increases from 5.2+1.7 A to 6.2+2.1 A to 9.3+3.1 A. However,
the number of clusters on the surface initially increases from 1.02x10" to 1.13x10" and

then decreases to 7.12x10"? clusters/cm” as the clusters coalesce to form larger particles

Figure 3.5: Scanning tunneling microscopy images for the following coverages of Pt on
TiO,(110): a) 0.13 ML; b) 0.25 ML; ¢) 0.75 ML. All images are 1000 A x 1000 A.

at the higher coverage. Since cluster diameters are known to be overestimated in STM
images due to tip convolution effects,” the true cluster diameters were estimated based
on: a paraboloid cluster shape; the measured heights; the cluster density; and an accurate
total coverage, which was measured with a quartz crystal microbalance. From the

estimated true cluster diameters, the fraction of perimeter atoms/total surface atoms was

calculated to be 44% for 0.13 ML, 35% for 0.25 ML, and 19% for 0.75 ML. Using CO
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desorption experiments, the total number of Pt sites on surfaces with Pt coverages
ranging from 0.13 ML to 2 ML was determined. These values are compared with the
activity found for the WGS reaction as a function of the Pt coverage (Figure 3.6a); the
values for the total number of sites and activity are normalized to that of 2 ML Pt.
Although both activity and number of surface sites increase with Pt coverage, the
activity/surface site is higher at submonolayer coverage. A plot of the turnover frequency

(activity/surface site) and perimeter sites/surface sites as a function of Pt coverage is
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Figure 3.6: a) Number of active sites determined from CO desorption experiments
(red) and activity for WGS at 160 °C (blue) as a function of Pt coverage on TiO,(110).
Both values are normalized to that of 2 ML Pt/TiO,; b) TOF for WGS reaction at 160
°C (red, left axis) and the fraction of perimeter sites/total surface sites (blue, right) as a
function of Pt coverage.
shown in Figure 3.6b. This plot illustrates that these two values have the same
dependence on coverage and strongly suggests that reaction at perimeter atoms dominates

the overall activity. These results are consistent with reports in the literature that propose

WGS activity on noble metal clusters on TiO, occurs at the cluster-support interface.
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3.4 Discussion
Pt-Re Interactions

In the WGS reactor experiments that take place in atmospheric pressures at 160
°C, bimetallic surfaces consisting of Pt on top of Re are found to have enhanced activity
over monometallic Pt surfaces for both Pt clusters on HOPG and and the pure Pt(111)
single crystal. Our previous catalytic studies of Pt-Re clusters on the TiO»(110) support
are in agreement with the results of Pt on Re surfaces having greater activity over Pt
alone.”® This consistent outcome for three different catalyst supports indicates that the
enhanced activity of Pt surfaces with Re addition is not dependent on the support, but
influenced by Pt-Re interactions.

The WGS reaction has a number of proposed mechanisms by which H,O is
activated and CO is adsorbed to form CO; and H,. Water dissociation on pure Pt is not
facile,” and it is generally accepted that OH bond scission in H,O is an important step in
the WGS reaction.””’* Some reports in the literature discuss ReOy as a potential active
site for water dissociation.”*!” However, in our work conducted previously for clusters
supported on TiO, it was found that ReOy did not form under reaction conditions when
starting with metallic Re, and that Re intentionally oxidized prior to reaction was less
active in the WGS reaction than metallic Re.”> As an alternative explanation, density
functional theory (DFT) calculations determined that CO binds less strongly to Pt-Re
surfaces compared to pure Pt, decreasing the chance for active Pt sites to become blocked
by strongly bound CO molecules.” Additionally, IRAS experiments carried out after the

WGS reaction confirmed that the CO coverage on Pt was greater than on Pt-Re,”
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demonstrating that the reason behind the enhanced activity of the bimetallic Pt on Re
surface is due to decreased CO poisoning.
Role of the Support

Activity studies on monometallic Pt surfaces on different supports revealed that Pt
clusters on TiO,(110) have a greater TOF than Pt supported on HOPG and the Pt(111)
single crystal. The TOF takes into account the number of active sites available for
reaction, thus the increased activity seen on TiO, supported Pt is not due to a greater
number of active sites. Therefore, there is strong indication that contribution to the
reaction is coming from the support. From reports in the literature, the metal-oxide
interface is believed to play an important role in facilitating the WGS reaction on oxide-
supported metal clusters.”””""">™ In our studies of different Pt coverages on the
TiO0,(110) support, the TOF is greatest at the highest ratio of perimeter/surface sites;
additionally, the trend in TOF values appears to coincide closely with the
perimeter/surface site ratio at submonolayer coverages. An experimental study by
Kondarides et al.*® found that Pt supported on reducible oxide supports such as TiO,,
CeO,, and La,03 exhibited significantly higher activity than on irreducible oxides such as
Al O3, MgO, and SiO,. They attributed the higher activity to the ability of the support to
more readily participate in the regenerative “redox” mechanism for the WGS reaction in
which CO molecules adsorbed on Pt are oxidized by oxygen originating from the support,
which in turn is oxidized by water. This bifunctional effect between the support and Pt
particles is also supported by computational studies from Ammal et al.*® Their
calculations showed that Pt cluster edge sites on TiO,(110) are more active than Pt

terrace sites for the WGS reaction; stating the CO-promoted redox mechanism as the
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dominant reaction pathway in which CO adsorbed to Pt is oxidized by oxygen in the TiO,
support, creating an oxygen vacancy that is re-oxidized by H,0.” Our findings of
enhanced activity of Pt on the TiO,(110) support compared to Pt on HOPG and the
Pt(111) single crystal are in accordance with the rationale and findings presented in the
literature.

It should be noted that the TOF as a function of particle size of Pt was not
investigated for other supports besides TiO,(110) in this work. It cannot be completely
ruled out that the increasing TOF with increasing perimeter/surface sites is not also
influenced by the decreasing Pt particle size; meaning more undercoordinated Pt atoms
are available for reaction. However, a study by Ciftci et al.”” examined the influence of Pt
particle size on a carbon support on the catalytic activity for the WGS reaction. Utilizing
a carbon support eliminated any possible contribution coming from the metal-support
interface during the reaction. Their investigation did not find an increase in activity with
decreasing particle size. Among Pt cluster sizes of 1.2, 1.6, 2.0 and 4.2 nm, the
intermediate particle size of 2.0 nm showed the greatest TOF. Thus, it can be gathered
that the increase in TOF with decreasing particle size is not dependent on the number of
undercoordinated sites, but attributed to the increase in ratio of Pt perimeter sites
interfaced with the TiO, support. The pathway by which Pt metal clusters at the interface
of TiO; facilitates the WGS reaction has been studied in experimental and theoretical
reports, and indicate it is the bifunctional nature of the Pt-TiO; interface that leads to

enhanced activity compared to Pt clusters on HOPG or a Pt(111) single crystal support.
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3.5 Conclusions

Pt-Re clusters on HOPG and Pt-Re alloy surfaces on Pt(111) were investigated in
comparison to previous experiments for Pt-Re clusters on TiO,(110) to understand the
role of the support in the WGS reaction. Activity studies for the WGS experiment
conducted at 160 °C resulted in Pt on Re surfaces supported by HOPG and Pt-Re alloys
on Pt(111) both having higher activity than Pt alone on HOPG and pure Pt(111),
respectively. This outcome is consistent with greater activity for Pt on Re surfaces
supported by TiO,(110), thus supporting the conclusion that bimetallic Pt on Re surfaces
have enhanced activity for the WGS reaction regardless of the support being used.
Further investigations into the role of the support demonstrated that Pt on TiO; had a
greater TOF than Pt supported on HOPG and a pure Pt(111) single crystal. This indicated
that the titania support was playing a role in the reaction. Metal-support interactions
between Pt clusters and the TiO, support were studied by focusing on the correlation
between WGS activity and Pt coverage. A comparison of the TOF and the ratio of
perimeter/surface sites as a function of Pt coverage illustrated that both values follow
extremely similar trends and have the same dependence on coverage. These results
signify that the cluster-support interface for Pt-TiO,(110) is playing a role in facilitating
the WGS reaction.
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CHAPTER 4

OXIDATION OF MONOMETALLIC RE AND BIMETALLIC PT-RE
SURFACES ON TITANIA, HOPG, AND PT(111)

4.1 Introduction

Interest in Pt-Re surfaces has grown over recent years for their use in
heterogeneous catalysis. Supported bimetallic Pt-Re systems have exhibited unique
properties distinct from Pt or Re alone. The addition of Re to Pt catalysts has shown
greater activity and selectivity in a number of hydrocarbon reforming reactions.' ™ Pt-Re
surfaces on titania are reported to have higher activity than monometallic Pt on titania for
the water-gas shift (WGS) reaction.*” Additionally, studies of aqueous phase reforming
(APR) of glycerol and other polyols have demonstrated that Pt-Re catalysts supported on
carbon have higher turnover frequencies and longer lifetimes compared to pure Pt
catalysts on carbon.® The enhanced activity of Pt-Re surfaces is proposed to be due to
weaker binding of CO to the Pt-Re surface compared to Pt and is attributed to changes in
the electronic structure of the bimetallic surface; thus, weaker CO binding is responsible
for higher activity due to decreased CO poisoning.”'""'* Alternatively, the presence of
ReOy during catalytic reactions may influence the overall TOF by providing sites for CO
bond cleavage in APR or deoxydehydration of glycerol.'""

Nonetheless, the electronic interactions between Re and Pt during reaction are not
completely understood. For instance, the presence of Pt can significantly influence the

extent of oxidation of Re under oxidizing conditions. Some studies have reported that Re
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can be reduced at a lower temperature when Pt is present, and have attributed it to the
spillover of hydrogen from Pt onto Re.'*!* On the contrary, a different study has reported
that the presence of Pt facilitates the oxidation of Re on a carbon support after being
exposed to water vapor at 225 °C.'"° In CO oxidation experiments conducted previously
by Duke et al., a Re film of 2.0 ML Re on Pt(111) and a Pt-Re alloy formed by deposition
of 2.9 ML Re on Pt(111) followed by annealing at 1000 K for 5 min were exposed to 500
mTorr 02/50 mTorr CO at elevated temperatures.'® Re in higher oxidation states was
observed in X-ray photoelectron spectroscopy (XPS) measurements for both surfaces, but
the Re film had a notably greater extent of Re oxidation. This result is somewhat
convoluted by the fact that originally more Re is present at the surface for the Re film on
Pt(111) than the Pt-Re alloy. A greater portion of exposed Re, may aid in its oxidation. In
the alloy, Re exists below a layer of Pt, but can be drawn to the surface in oxidizing
conditions.'®!” Thus, for the Pt-Re alloy, the Re(4f) XPS signal still has substantial Re in
the metallic state due to some Re remaining subsurface.'® An alternative outcome arises
for clusters of Pt and Re grown on TiO,(110). After exposing surfaces of Re/TiO; and Pt-
Re/TiO, to methanol oxidation conditions, Re in the bimetallic Pt-Re/Ti0, clusters is
much more oxidized than monometallic Re/Ti0, clusters.'® Again, the results are not
entirely straightforward, since the oxidation of oxophillic Re deposited on a TiO, support
may be hindered by the strong interaction Re already has with the oxide support."

The oxidation state of Re and its extent of oxidation in various environments are
pertinent factors in many heterogeneous catalytic reactions. In this work, the oxidation
state of Re is studied with and without the presence of Pt on three different supports of

Ti02(110), highly oriented pyrolytic graphite (HOPG), and Pt(111). The surfaces are
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prepared in ultrahigh vacuum (UHV) and exposed to high pressures (~800 Torr) of
oxygen at elevated temperatures (100 °C) in a UHV-coupled microreacter. XPS analysis
of the surfaces was conducted before and after oxidation experiments without exposing
the samples to air. The results demonstrate that Re oxidation for Pt-Re clusters is
enhanced over monometallic Re clusters on both an oxide support of titania and on a non-
interactive support of HOPG. The oxidation of pure Re clusters on TiO, and HOPG
display comparable Re oxide species. When Re is present as a thick film on top of
Pt(111), Re is extremely difficult to oxidize compared to thin Re films on Pt(111). It is
suggested that small Re clusters are more easily oxidized than bulk Re, and that Pt assists
in increasing the dispersion of Re and formation of small Re ensembles leading to the
enhanced oxidation in bimetallic Pt-Re surfaces.
4.2 Experimental

Experiments were conducted in an ultrahigh vacuum chamber which has been
described in detail previously.”?* The chamber operates at a base pressure < 2 x 107'°
Torr and is coupled to a microreactor.”’ It is equipped with a residual gas analyzer
(Stanford Research Systems, RGA 300), a hemispherical analyzer (SPECS EA10) and
Mg/Al Ko X-ray source (Leybold Heraeus, RQ 20/63) for XPS measurements. The
chamber also includes an infrared reflection absorption spectroscopy (IRAS) system
(Bruker, Tensor 27) with external liquid nitrogen-cooled mercury cadmium telluride
(LN-MCT) detector. Samples were prepared on one of three supports: 1) rutile TiO»(110)
crystal (Princeton Scientific Corporation, 10 mm x 10 mm x 1 mm), 2) HOPG crystal
(SPI Supplies, 10 mm x 10 mm x 1 mm), each of which were mounted on a Ta back plate

using thin Ta foil straps; and 3) Pt(111) crystal (99.999%, Princeton Scientific
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Corporation, 8 mm diameter, 2 mm thickness) which was mounted by press-fitting two
Ta wires into 1.1 mm deep slots cut into the sides of the crystal. The Ta wires were spot-
welded onto a Ta sample plate. The TiO, and Pt(111) crystals were cleaned by Ar' ion
sputtering at 1 kV for 20 min, followed by annealing to 950-1000 K for 3 min by electron
bombardment from a tungsten filament positioned behind the sample plate. The crystal
temperature was monitored by an infrared pyrometer (Heitronics). The HOPG surface
was prepared by cleaving with adhesive tape. For some experiments, the HOPG surface
was sputtered to create defects for metal nucleation using Ar’ ions at 500 eV and a
current of 0.1 pA for 5 minutes. The HOPG support was then heated by electron
bombardment using a tungsten filament positioned behind the sample plate to 950-1000
K for 12 minutes (3 cycles of 4 min) to remove embedded Ar. The support temperature
was also monitored by an infrared pyrometer (Heitronics). Metal clusters of Pt and Re
were grown by vapor deposition from a Pt rod (ESPI, 2 mm diameter, 99.95%) and a Re
rod (ESPI, 2 mm diameter, 99.99%) using a four-pocket electron-beam evaporator
(Oxford Applied Research, EGCO4). Pt and Re metal were deposited sequentially onto
the support surface at a rate of approximately 0.08-0.1 ML/min, with one monolayer
(ML) being defined as the packing density of Pt(111) (1.50 x 10" atoms/cm?®) or
Re(0001) (1.52 x 10" atoms/cm?). The metal flux was calibrated with a UHV bakeable
quartz crystal microbalance (QCM, Inficon, XTM-2) before each deposition. Fresh
surfaces were prepared for each experiment.

Samples were prepared in the UHV chamber and then directly transferred into the
microreactor without exposure to air. The oxidation experiments were conducted in a gas

mixture of 20% O, (Airgas, 99.5%) and 80% He (Airgas, 99.999%) in static mode by

53

www.manaraa.com



filling the reactor with the measured gas concentration and closing off the inlet and outlet
of the reactor loop. O, and He were introduced via independently calibrated mass flow
controllers (Brooks, 5850e and 58501) and the gas composition was determined by a
digital flow meter (Agilent Technologies, ADM2000). The reactor was heated and cooled
in the same pre-set O,/He mixture at a rate of 2.0 °C/min by heating tape (Briskheat,
BWHD) wrapped around the exterior of the reactor housing. To ensure uniform heating
and cooling, the heating tape was regulated by a feedback loop on a temperature
controller (Auber, SYL-4342P). The temperature of the sample was measured by a type
K thermocouple (Omega, KMQSS-040G-6) welded into the feed gas inlet close to the
surface of the sample. The gas lines were heated to a temperature of 65 °C using Valco
Instruments temperature controllers. The pressure within the reactor and lines (~800
Torr) was measured by a capacitance manometer (MKS Instruments, Baratron 722A).
After oxidation, the gas mixture was directly pumped out of the reactor by a turbo
molecular pump (Leybold, TMP 150).

XPS measurements were collected before and after oxidation experiments without
the sample being exposed to air. A dwell time of 0.2 seconds and step size of 0.025 eV
were used for C(1s), O(1s), Re(4f), Pt(4f), and Ti(2p) regions. A survey scan was also
collected to ensure there were no contaminants before or after the reaction.

4.3 Results and Discussion

Monometallic Re and bimetallic Pt-Re clusters were studied on a TiO»(110) and
HOPG support in addition to Re films on Pt(111) to evaluate the extent of Re oxidation
with and without the presence of Pt, and the potential influence of the support. Figure 4.1

displays XPS data of the Re(4f) region for 2 ML Re, 2 ML Re + 2 ML Pt, and 2 ML Pt +
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2 ML Re deposited on TiO,. The XPS data for the 2 ML Re/TiO, surface before
oxidation is shown for comparison. The Re(4f;,) peak position appears at 40.4 eV for
this surface as well as for the bimetallic surfaces, close to that of the binding energy for
metallic Re (~40.3 eV).”>° After exposing the surfaces to 20% O,/He at 100 °C for 2
hours the bimetallic clusters exhibit a significantly greater extent of oxidation than the
monometallic Re clusters. The 2 ML Re/Ti0O; surface displays the majority of Re in the
oxidized Re*" and Re*' states, with some contribution from Re in the +6 oxidation state.
Oxidation state assignments are based on binding energy estimates supported by
literature reports for Re*” (41.1-42.1 eV), Re*" (42.5-43.3 eV), Re’* (43.7-44.1 eV) and

Re® (44.8-45.4 eV)**>*3! Comparing the bimetallic surfaces, the Pt+Re and Re+Pt
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Figure 4.1: X-ray photoelectron spectroscopy data
for the Re(4f) region of 2 ML Re/TiO, (black)
before oxidation; and 2 ML Re/Ti0; (red), 2 ML Pt
+ 2 ML Re/TiO; (blue) and 2 ML Re + 2 ML
Pt/T10; (green) after oxidation in 20% O,/He at 100
°C for 2 hours.

www.manaraa.com



clusters on TiO,(110) have nearly identical Re oxidation results, with the majority of Re
contribution coming from the higher oxidation state of Re®" (44.8-45.4 e¢V). Previous
STM studies for Pt-Re clusters on TiO,(110) have established that bimetallic clusters are
formed via either order of deposition for the two metals; whether Pt is deposited on top of
Re or Re on top of Pt."” Previous experiments to probe the surface composition of the
bimetallic clusters using CO molecules has established that 2 ML Pt deposited on top of 2
ML Re creates a Re core-Pt shell structure in which the surface is rich in Pt atoms.” This
can be understood by the lower surface free energy of Pt (2.48 J/m”) compared to Re
(3.60 J/m?),*? and the strong affinity of Re toward the oxide support.'’ Bimetallic clusters
for the reverse order of deposition in which 2 ML Re is deposited on top of 2 ML Pt
exhibit an accumulation of Re at the surface. This can be attributed to kinetic limitations
for the complete diffusion of Re atoms into the existing cluster; thus both Pt and Re
atoms exist at the surface.” Although the order of deposition forms very different
bimetallic compositions, the extent of Re oxidation after exposure to oxygen is very
nearly identical for the Pt+Re and Re+Pt surfaces on TiO,. It appears that the Re atoms
residing below a layer of Pt are drawn to the surface and just as easily oxidized as Re
atoms already residing at the surface. Other studies conducted by Duke et al. reported Re
diffusion to the surface in the presence of oxygen when covered by Pt.'®?! For Pt-Re
alloys formed by deposition of ~2.0 ML Re onto Pt(111) and annealed to 1000 K for 5
min, exposure to 500 mTorr of O, at 500 K resulted in the metallic Re, originally residing
below a layer of Pt, diffusing to the surface and exhibiting oxidized Re in the +5 and +6

oxidation states.'®*! In addition, DFT calculations found that Pt-Re model surfaces show
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a thermodynamic driving force for Re to diffuse to the surface in the presence of
oxygen.”!

In contrast to the bimetallic Pt-Re clusters on TiO,, the 2 ML Re/Ti0; surface did
not exhibit significant Re in higher oxidation states. These clusters consisted of only Re
at the surface, yet they underwent oxidation to a lesser degree than the bimetallic Pt-Re
surfaces when exposed to oxygen. One explanation may be that the clusters in the
monometallic surface consist of large Re ensembles that are difficult to oxidize, whereas
Re in the bimetallic surfaces becomes more dispersed in the Pt clusters, and smaller
ensembles of Re are present at the surface that enable more facile oxidation. A study by
Okal et al. analyzed the oxidation of 1.04% Re/y-Al,O3 and 10.4% Re/y-Al,O5 after
exposure to air at room temperature.”’ The low weight-loaded sample consisted of Re
particles with an average size of 2.1 nm; while the high weight-loaded sample consisted
of larger Re particles with an average size of 4.9 nm. The authors found that the sample
of large particles was less oxidized than the sample of small particles, where 94.5% of Re
in the large particles remained in the metallic state and only 2.0% was oxidized to Re*".
The smaller Re particles, however, had a lower amount of 60.5% of metallic Re
remaining and oxidized 20.5% to Re*".” The authors attributed the greater extent of
oxidation of the low weight-loaded sample to the smaller Re particle size and greater
dispersion on the support, as evidenced by HRTEM measurements.”” A second
explanation for the different oxidation behavior of monometallic Re on TiO, may be that
without the presence of Pt, Re atoms are more strongly influenced by the oxide support.
A study by Mitra et al. examined the reducibility of Re,O7 species on two different oxide

supports: TiO, and Al,03.** They found that the reducibility of Re species was strongly
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influenced by the support, and that reduction of Re,O7 on TiO, was much more efficient
than Re,O7 on A1203.33 Chadzynski and Kubicka found that after oxidation at 400 °C for
1 hour, the volumetric uptake of oxygen by a low weight loaded Re/y-Al,Os reached an
O/Re ratio of only 2.62 instead of 3.5 as expected for complete oxidation of Re to
ReZO7.34 The authors attributed this to the considerable portion of Re bound to the
alumina support, forming stable oxide complexes resistant to oxidation. Thus, the
interaction of Re with TiO; needs to be decoupled in order to determine if the influence is
hindering the ability of Re to become oxidized.

In order to eliminate the possible influence of the titania support, monometallic
clusters of Re and bimetallic Pt-Re clusters were deposited and oxidized on a support of
HOPG. This support is reported to have very little to no interaction with metals.*>*
Figure 4.2 displays XPS data of the Re(4f) region for 2 ML Re, 2 ML Re + 2 ML Pt, and
2 ML Pt + 2 ML Re deposited on HOPG. Data of the 2 ML Re/HOPG surface before
oxidation is shown, and the Re(4f;,) peak position appears at 40.3 eV for all three
surfaces, similar to that for clusters on TiO, before oxidation. After exposure to 20%
Oy/He at 100 °C for 2 hours, the bimetallic Pt-Re clusters are again much more oxidized
than the monometallic Re clusters on HOPG, just as was seen for clusters on TiO,.
Similar to clusters on TiO,, the bimetallic clusters display the majority of Re species in
the +6 oxidation state, while the monometallic Re clusters consist of Re predominantly in
the +2 and +4 oxidation states. From the comparable oxidation behavior seen for clusters
on two very different supports of TiO, and HOPG, the reason behind the enhanced

oxidation for bimetallic Pt-Re clusters and lesser extent of oxidation for monometallic Re

clusters cannot be attributed to the strong interaction of Re with the oxide support.
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Figure 4.2: XPS data for the Re(4f) region of 2 ML
Re/HOPG (black) before oxidation; and 2 ML
Re/HOPG (red), 2 ML Pt + 2 ML Re/HOPG (blue),
and 2 ML Re + 2 ML Pt/HOPG (green) after
oxidation in 20% O,/He at 100 °C for 2 hours.

Studies of Re clusters deposited on modified and unmodified HOPG were
conducted to investigate reports of cluster size and dispersion having an influence on the
oxidation extent of Re.**’ It has been found for alumina supported metals such as Pt, Rh,
and Pd that the particle size has a significant effect on the stoichiometry of metal oxides
formed in oxidation treatments.*>** Due to the weak interaction of metal particles on
HOPG, metal atoms have a high mobility and form large clusters with low cluster
densities when deposited on an untreated surface. However, Ar ion sputtering can be used
to introduce defects on the HOPG surface to decrease the cluster size and increase the

cluster density.”™* For instance, comparing 0.25 ML Re deposited on an unmodified

HOPG support to 0.22 ML Re deposited on HOPG after sputtering for 5 min at 0.1 pA
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and 500 eV, the cluster size decreases by 40% (from 10.7 to 6.4 A) and the cluster
density increases by 88% (from 1.33x10'* cm™ to 11.18x10' ¢cm™).* In the experiment
here, 2 ML Re was deposited on an unmodified HOPG support and on HOPG after
sputtering for 5 min at 0.1 pA and 500 eV. Figure 4.3 displays the XPS data of the Re(4f)
region for the 2 ML Re surfaces on modified and unmodified HOPG. Before oxidation,
the Re(4f72) peak position appears at 40.3 eV for both surfaces. After exposure to 20%
O,/He at 100 °C for 2 hours, both surfaces display a range of Re oxidation states to +2,
+4, and +6. However, the Re clusters on modified HOPG display a slightly greater extent
of oxidation than the Re clusters on unmodified HOPG. For the modified HOPG surface,

consisting of smaller particles with greater dispersion, there is a larger portion of Re in
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Figure 4.3: XPS data for the Re(4f) region of 2 ML
Re/HOPG (black) before oxidation and 2 ML
Re/HOPG (red) after oxidation for the modified HOPG
support; and 2 ML Re/HOPG (blue) after oxidation for
the unmodified HOPG support. Oxidation occurred in
20% O,/He at 100 °C for 2 hours.
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the higher oxidation state of +6 than for the Re clusters on unmodified HOPG, consisting
of larger particles with less dispersion. It should also be noted that the Re signal intensity
decreases by 32% for the Re clusters on modified HOPG from before and after oxidation,
while the signal from Re clusters on unmodified HOPG only decreases by 27%. This
decrease in signal is attributed to the loss of Re due to the formation and subsequent
sublimation of Re,07, given that at elevated temperatures Re,O7 is known to be highly
volatile.®*” Thus, evidence is presented for Re clusters of smaller particle size and
greater dispersion to achieve a greater extent of oxidation than larger particles that are
less well dispersed.

Nonetheless, the reason behind the dramatic increase in Re oxidation that occurs
in the presence of Pt is not obvious. From the results shown, the bimetallic clusters on
both the TiO, and HOPG supports undergo similar enhancements of Re oxidation over
their monometallic Re counterparts when exposed to the same oxidizing conditions.
However, it is unclear whether the contact between Pt and Re is leading to enhanced Re
oxidation or if it is an effect of the small size that Re ensembles adopt when intermixed
with Pt. In order to maximize the contact between Pt and Re, thin Re films were
deposited onto a Pt(111) single crystal at varying coverages. From STM images collected
previously®® a Re coverage of 0.8 ML was chosen to reduce the number of second layer
Re islands that grow with 1.0 ML coverage. Deposition of 0.8 ML of Re results in a first
layer that almost completely covers the Pt(111) surface with a few second layer islands.
A second coverage of 1.8 ML Re was chosen to reduce the number of third layer Re
islands that grow, where the first layer of Re nearly completely covers the Pt(111) surface

and a second layer of islands grows on top.*® Figure 4.4a displays XPS data of the Re(4f)
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region for 0.8 ML and 1.8 ML Re deposited on Pt(111). Before oxidation, the Re(4f7,)
peak position appears at 40.3-40.4 eV for the two surfaces. After exposing both surfaces
to 20% O,/He at 100 °C for 2 hours, the Re(4f) region displays binding energy shifts for
both surfaces predominantly to the +4 oxidation state (~43.3 eV) and some contribution
from the +6 oxidation state given the shoulder at higher binding energy. The peaks for
Re*" appear on the high end of the range for Re*" (42.5-43.3 eV)*"*** found in the
literature, but they are too low to be attributed to Re’"(43.7-44.1 eV). Furthermore, there
are few reports of Re,Os, due to its instability, and therefore is unlikely to be the
predominant species.’®>* Although distinctly different in coverage, the equal oxidation

seen for these two Re films of 1 layer and 2 layers on the Pt(111) surface may not be so
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Figure 4.4: XPS data of the Re(4f) region for different coverages of Re films on Pt(111):
a) 0.8 ML Re before oxidation (black), 0.8 ML Re (red) and 1.8 ML Re (blue) after
oxidation in 20% O,/He at 100 °C for 2 hours. b) 5 ML Re before oxidation (black) and
after oxidation (purple) in 20% O,/He at 100 °C for 2 hours.
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surprising. If the Re ensembles in the 2 layer film are efficiently dispersed, they may be
just as likely as the Re ensembles in the 1 layer film to become oxidized, especially at the
high temperature and pressure conditions (100 °C, ~800 Torr) used here. A study
involving oxidation of a 1.6 ML Re film on Pt(111) reported that Re was oxidized to the
+5 and +6 states after being exposed to only 500 mTorr O, at 177 °C.*" Additionally,
there is a decrease in the Re(4f) XPS signal intensity from before and after oxidation of
72% for the 2 layer Re film, and a decrease of 63% for the 1 layer Re film. The decrease
in signal is due to the sublimation of volatile Re;O, indicating these two films were
substantially oxidized in the given conditions.

A thicker Re film of 5 ML was grown on Pt(111) in order to investigate the
oxidation extent of a surface composed of Re atoms in contact predominantly only with
other Re atoms. Figure 4.4b displays the Re(4f) XPS data for the 5 ML Re/Pt(111)
surface before and after oxidation in 20% O,/He at 100 °C for 2 hours. Before oxidation,
the Re(4f7,) peak position appears at 40.1 eV, and after oxidation the peak position
remains at 40.1 eV; however there is a slight shoulder extending to higher binding
energy, indicating a very small level of Re oxidation occurs. From this data it can be seen
that the thick Re film is very difficult to oxidize compared to the 1 layer and 2 layer films
on Pt(111). A handful of oxidation studies have been conducted on polycrystalline Re foil
and Re crystals, of which the majority have taken place at room temperature in UHV. In
oxidation conditions where Re clusters can easily become oxidized, the Re foil and
crystals exhibit little oxidation, and no oxides with a higher oxidation state than Re*" are
formed.?>**%3%> Interestingly, a distinction was found by Chan et al. in which exposure

to 300 L of O, at ~1000 K oxidized close-packed Re(0001) to a maximum state of Re*",
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while oxidation of atomically rough Re(1231), with six layers of exposed surface atoms,
produced a thin-film oxide comprising both ReO and Re,03.” This report identifies both
the difficulty in oxidizing a pure Re surface, and the small enhancement of Re oxidation
when more Re atoms are present at step and edge sites. Re atoms at steps and edges have
less coordination to surrounding atoms than Re atoms within a plane or terrace. Thus,
undercoordinated Re atoms have the potential to interact with a greater number of oxygen
atoms, likely leading to the greater extent of oxidation seen for smaller ensembles.
Theoretical studies by Miniussi et al. analyzed the adsorption of oxygen molecules on a
Re(0001) slab.>* They observed that oxygen adsorbs preferentially in the 3-fold hollow
sites, analogous to the majority of other close-packed transition metal surfaces. When
determining saturation coverages, they found that each O, molecule required two
adjacent 3-fold sites to break the O=O bond and accommodate two oxygen atoms.
Therefore, as the oxygen coverage increased, the number of available 3-fold sites,
especially those at adjacent positions, progressively decreased.”® Thus a close packed
surface of highly coordinated Re atoms may be hindering the process of oxygen
adsorption compared to a surface with a greater number of steps or small cluster size.

In order to evaluate the relationship between undercoordinated Re atoms and
extent of oxidation, a comparison is made for surfaces of decreasing particle size and
increasing Re oxidation, illustrated in Figure 4.5. The average Re cluster height decreases
for the following surfaces: 2 ML Re/HOPG,” 2 ML Re TiO,," and 0.8 ML/Pt(111)* as
13.742.3 A, 4.7+1.0 A, and 2.4+0.5 A, respectively. In the figure, the XPS data of the
Re(4f) region displays the 2 ML Re/HOPG surface before oxidation, in which the peak

position was 40.3-40.4 eV for all surfaces. After oxidation in 20% O,/He at 100 °C for 2
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Figure 4.5: XPS data of the Re(4f) region for 2 ML

Re/HOPG before oxidation (black), and 2 ML

Re/HOPG (red), 2 ML Re/TiO; (blue), and 0.8 ML

Re/Pt(111) (green) after oxidation in 20% O,/He at

100 °C for 2 hours.
hours, the 0.8 ML/Pt(111) surface, consisting of the smallest Re particles, has the
majority of Re residing in the higher oxidation states of Re*" and Re®". The 2 ML Re
clusters on TiO, and HOPG have the majority of Re in the +2 and +4 oxidation states
with some contribution from the +6 state. Although the Re clusters on TiO, are
considerably smaller than on HOPG, the two surfaces are oxidized to a similar extent.
This suggests there is likely some interaction between the Re clusters and the titania
support due to the oxophilic nature of Re. This interaction promotes a strong bonding of
the clusters to the TiO, support that inhibits the surface from becoming more oxidized, as

has been reported for Re on oxide supports.****%
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Based on the results shown here, it is seen that smaller Re ensembles are
responsible for the greater extent of Re oxidation. From studies done previously by our
group and those found in the literature, platinum and rhenium are known to form bulk
alloys and demonstrate significant electronic interactions between the two
metals.'®"??1"! In order to investigate whether the enhanced oxidation of Re in
bimetallic Pt-Re clusters is unique to Pt or if this occurrence is standard for other types of
metals in bimetallic Re clusters, a surface consisting of Au and Re particles on TiO; was
prepared. Gold was chosen for its inertness towards oxygen, in regards to both gas-phase
oxygen adsorption and interaction with the oxide support.** 2 ML Au was first
deposited on TiO, followed by deposition of 2 ML Re. The surface was then exposed to
the usual oxidation conditions of 20% O»/He at 100 °C for 2 hours. Figure 4.6 displays a
comparison of the XPS data for the Re(4f) region after oxidation for Au+Re/TiO, with
Pt+Re/TiO, and Re/Ti0,. Before oxidation, the Re(4f7,) peak position is at 40.3 eV
binding energy for all surfaces. After oxidation, the Au+Re/TiO, surface displays Re
oxidized to Re*, Re*’, and Re®". Though the bimetallic Au-Re/TiO, surface is
substantially oxidized, it is not oxidized to the same extent as the bimetallic Pt-Re/TiO;
surface. Nonetheless, it does have a greater portion of Re in the higher oxidation states
than the pure Re/TiO, clusters. The lesser extent of oxidation of the Au-Re surface
compared to the Pt-Re surface cannot immediately be attributed to unique metal-metal
interactions between Pt and Re compared to Au and Re. The morphology and
composition of the Au-Re clusters must be considered. From careful studies conducted
previously in our lab, the cluster size and density of metals deposited on TiO,(110) are

dependent on the admetal-oxygen bond strength between the deposited metal and the
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Figure 4.6: XPS data of the Re(4f) region for 2 ML

Re/Ti0, before oxidation (black), and 2 ML

Re/TiO; (red), 2 ML Au + 2 ML Re/TiO; (blue), 2

ML Co + 2 ML Re/TiO; (green), and 2 ML Pt + 2

ML Re/TiO; (purple) after oxidation in 20% O./He

at 100 °C for 2 hours.
support.'”® Au has a weak metal-titania interaction, therefore large clusters are formed
upon deposition in comparison to other metals such as Pt, Ni, and Co.*’ Given the high
Au coverage, when Re is deposited second it likely nucleates on top of the large Au
clusters. Unlike Pt and Re, Au and Re are immiscible in the bulk,’ % but the surface free
energy of Au (1.50 J/m?)*® is much lower than that of Re (3.60 J/m®)*?; therefore some
Au is likely to diffuse to the surface of the cluster, dispersing the large ensembles of Re at
the surface. Nonetheless, the larger Re ensembles in the Au-Re surface are not as
oxidized as the smaller Re ensembles in the Pt-Re surface, as shown in Figure 4.6.

However, the surface composition of the Au-Re clusters is not purely Re, as is the case

with the monometallic Re surface, and the Au-Re clusters are seen to be more oxidized
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than the monometallic Re clusters given the smaller Re ensembles in the bimetallic Au-
Re surface. The immiscible nature and composition of the Au-Re clusters explains the
extent of oxidation seen for Re in this surface. An additional bimetallic surface was
prepared from 2 ML Co + 2 ML Re on TiO,. Cobalt has a stronger metal-titania
interaction than Pt, indicating the bimetallic Co-Re clusters should be smaller than the Pt-
Re clusters.®” However, the extent of Re oxidation in the Co-Re surface is not as great as
seen for Re in the Pt-Re surface (Figure 4.6). Co does have a lower surface free energy
than Re, and it is comparable to the surface free energy of Pt (2.55 J/m? for Co®® vs. 2.48
J/m* for Pt*%), suggesting Re would diffuse into the Co cluster similarly to the way Re
diffuses subsurface in Pt-Re clusters, forming small Re ensembles. This seems evident as
Re in the Co-Re clusters is more oxidized than Re in the monometallic and Au-Re
clusters. However, the surface composition of the Co-Re clusters becomes complicated in
the presence of O, due to the oxophillic nature of both Co and Re.'”*”® In an oxidizing
environment, both Co and Re are expected to be drawn to the surface. Thus, although
there is significant Re®” in the Co-Re clusters after oxidation, the lower amount of Re in
the higher oxidation states in the Co-Re clusters compared to the Pt-Re clusters may be
due to less Re being able to reach the surface when dispersed in Co. Therefore, after
exposing this surface to oxidizing conditions, it seems reasonable that the resulting Re
oxidation is intermediate between the pure Re surface and bimetallic Pt-Re surface.
Unfortunately, this does not provide direct evidence supporting or refuting unique Pt-Re
interactions related to enhanced Re oxidation, but it does show that the presence of a
second metal such as Au or Co for bimetallic clusters still has a greater extent of

oxidation than pure Re clusters.
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4.4 Conclusions

The oxidation of monometallic Re and bimetallic Pt-Re surfaces were
investigated on single crystal supports of TiO,(110), HOPG, and Pt(111). It was found
that bimetallic surfaces exhibit enhanced Re oxidation over monometallic Re surfaces on
both the titania and HOPG supports. These results demonstrate that the lesser extent of
Re oxidation in the pure Re clusters is not due to Re-support interactions between Re and
the oxide support, but to the probable formation of smaller Re ensembles in the Pt-Re
clusters, and the greater amount of undercoordinated Re sites available for oxygen
adsorption. However, the oxidation of pure Re clusters on TiO, and HOPG displayed
comparable Re oxidation, even though Re clusters on TiO; are significantly smaller than
those on HOPG. Thus, some extent of interaction between the Re clusters and titania
support is likely hindering Re oxidation. In addition, thin Re films on Pt(111) displayed a
much greater extent of Re oxidation than a thicker Re film. This demonstrates that
surfaces consisting of predominantly Re atoms of high coordination to other Re atoms is
inhibited from substantial oxygen adsorption and subsequent Re oxidation. The greater
extent of Re oxidation for the Au-Re/TiO, and Co-Re/TiO, surfaces than the pure
Re/Ti0, surface indicates the enhanced Re oxidation in bimetallic surfaces is not unique
to Pt-Re interactions. Although the extent of Re oxidation of the Au-Re and Co-Re
surfaces was less than that of the Pt-Re surface, this is likely due to the differences in

morphology and composition of the bimetallic clusters.
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CHAPTER 5

ELUCIDATING ELECTRONIC PROPERTIES THROUGH THE STUDY
OF BIMETALLIC NODES IN METAL-ORGANIC FRAMEWORKS

5.1 Introduction

The steady advancement in technology over the years has resulted in the
continuous evolvement of material design for the development and improvement of
energy-efficient electronic devices and sensors.'™ On this basis, research in this field has
focused on exploring different strategies toward the emergence of new materials with
enhanced electrical and ionic conductivity.”’ Recently, metal-organic frameworks
(MOFs), a class of hybrid crystalline and porous materials, have received intense
attention in potential electronic device applications owing to their unique intrinsic
adjustable properties.*'" A few reports have shown the tunability of electronic properties
of MOFs through the incorporation of molecules proficient in charge transfer as guests in
their pores.'”" Furthermore, conductivity in MOFs has also shown to be enhanced by
modifying the organic and/or inorganic components of their structure.'®™"®

Very recently, a study conducted in collaboration with our lab demonstrated that
electronic properties of MOFs can be effectively tuned by metal node engineering, a
strategy that stands out as it distinctively preserves MOF porosity and crystallinity while
improving the electrical conductivity.” Using a wide range of characterization

techniques, it was shown that by incorporating a second metal into a monometallic MOF

framework in three different unique ways, the conductive properties of the resulting
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bimetallic MOFs could effectively improve. Interestingly, other recent reports have
suggested enhancements in various applications such as sensing, gas adsorption,
catalysis, and energy storage as a result of the bimetallic property of particular MOFs.**"
» The effect of factors such as type of secondary building unit (SBU), nature of
incorporated metals, and solvent systems have been addressed for the synthesis of
bimetallic MOFs.***® However, the study of such factors as topology, ensemble size of
SBU, nature of the metal, and presence of unsaturated metal sites have not been
investigated for their specific effects on the electronic properties of bimetallic MOFs.

To elucidate the parameters that affect the electronic properties of MOFs, this
work probed the changes in the electronic structure as a function of metal ensemble size
(i.e., number of metal ions in the SBU), identity of metals in the nodes, SBU geometry,
and presence (or absence) of unsaturated metal sites. Systems containing monomeric,
dimeric, and pentameric metal nodes were selected: M-(HHTP) (monomeric, HHTP =
2,3,5,6,10,11-hexahydroxytriphenylene), M,-(BTC) (dimeric,c, BTC = 1,3,5-
benzenetricarboxylate), and Ms-(NIP) (pentameric, NIP = (5-nitroisophthalate). In all
systems, the monometallic MOF was first characterized, followed by transmetallation
procedures to study the cooperative effect of two different metals for the bimetallic
analogs. The bimetallic frameworks contained the following pairs: CuCo, CuRh, CuFe,
CuMn, CuRu, and CuNi. The resulting effects brought about from changes in the MOF

parameters were studied through Raman spectroscopy, X-ray photoelectron spectroscopy

(XPS), and conductivity measurements.
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5.2 Experimental
Materials

Cu(NOs)22.5H,O (98.3%, Mallinckrodt AR), Cu(OAc),'H,O (>95%, TCI
America), CoCly:6H,0 (>98.0%, TCI America), Co(OAc),4H,O (98%, Alfa Aesar),
MnCl,-4H,0 (98.0-101.0%, Alfa Aesar), FeCl,-4H,O (reagent grade, Ward’s Science),
Zn(NOs3)26H2O (technical grade, Ward’s Science), RuCl;-XH,O (98%, Oakwood
Chemical), RhCl3-XH>O (99.98%, Engelhard Chemicals), 1,3,5-benzenetricarboxylic
acid (98%, Alfa Aesar), 5-Nitroisophthalic acid (98%, BeanTown Chemical),
2,3,6,7,10,11-hexahydroxytriphenylene (95%, Acros Chemical), N,N’-
dimethylformamide (ACS grade, BDH), methanol (>99.8%, HPLC grade, Fisher
Scientific), acetone (ACS grade, BDH), ethanol (200 proof, Decon Laboratories, Inc.),
were used as received.

Synthesis of Monometallic MOF's

Cuz(BTC),: A mixture of Cu(NO3)2-2.5H,0 (700 mg, 3.01 mmol), H;BTC (470
mg, 2.24 mmol), and DMF: H,O: EtOH (1 : 1 : 1 — 30.0 mL) was sonicated in a 40 mL
vial for about 5 mins. The mixture was heated at 75 °C in an oven for 24 h. After cooling
to room temperature, the blue crystallites of Cuz(BTC), were collected by filtration and
washed thoroughly three times with DMF (3 x 20 mL).

Cus(NIP)4: A mixture of Cu(OAc),-H,0O (199 mg, 1.00 mmol), H,NIP (213 mg,
1.00 pmol), and H,O (10 mL) was sonicated in a flask for about 10 mins and stirred for
about 30 mins. The blue jell-like mixture obtained was then transferred to a Parr reaction
vessel and heated at 120 °C in an oven for 48 h. The blue powder obtained was washed

twice with water (2 x 20 mL). and then thrice with DMF (3 x 20 mL).
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Co3;(HHTP),: A mixture of Co(OAc),-4H,0 (55.0 mg, 0.222 mmol), HHTP (36.0
mg, 0.111 mmol), and H,O (3.20 mL) was sonicated in a 20 mL vial for about five mins
and heated with stirring on a hotplate at 85 °C overnight. The dark powder obtained was
washed twice with water (2 x 20 mL) and then thrice with acetone (3 x 20 mL).

Cuz(HHTP),: A mixture of Cu(OAc),"H,O (68.5 mg, 0.275 mmol), HHTP (36.0
mg, 0.111 mmol), and H,O (3.20 mL) were sonicated in a 20 mL vial for about five mins
and heated with stirring on a hotplate at 85 °C overnight. The dark powder obtained was
washed twice with water (2 x 20 mL) and then thrice with acetone (3 x 20 mL).

Synthesis of Bimetallic MOFs

Cu3.4Cox(BTC),;: The preparation of Cu;sCo;s(BTC), was done by heating
Cu3(BTC), (0.135 g, 0.203 mmol) in a solution of CoCl,6H20 in DMF (0.441 M, 10
mL) at 90 °C for 24 h in an isothermal oven. After 24 h of heating, the reaction mixture
was cooled down to room temperature, and the resulting green powder was washed
thoroughly with DMF to remove excess cobalt chloride salt. After DMF washing, the
powder underwent a solvent exchange process with dichloromethane at room
temperature. The solvent was replaced twice a day over 72 h.

Cuz.xRhy(BTC);,: The preparation of Cuy01Rh99(BTC), was done by stirring a
mixture of Cu3(BTC), powders (226 mg, 0.374 mmol) and 0.0386M ethanol solution
(5.00 mL) of RhCl3-H,O in a flask for three days at 90 °C on a hotplate. The green
powder obtained was collected by filtration and thoroughly washed several times with
ethanol to remove any residual RhCl; salt.

Cusz.4Fey(BTC),. For the preparation of Cu,zsFeq75(BTC),, 450 mg (0.744 mmol)

of Cuz(BTC), crystals were heated in a 20 mL vial containing 0.0670 M DMF solution
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(10.0 mL) of FeCl,-4H,O for three days at 90 °C in a preheated oven. Crystals were
thoroughly washed with DMF several times to completely remove any residual
FeCl,-4H,0 salt. The solvent was then exchanged with ethanol for three days, and was
refreshed twice daily.

CuzxMny(BTC),. For the preparation of Cu;s¢Mng;44(BTC),, 450 mg (0.744
mmol) of Cuz(BTC), crystals were heated in a 20 mL vial containing 0.250 M DMF
solution (10.0 mL) of MnCl,-4H,0 for three days at 90 °C in a preheated oven. Crystals
were thoroughly washed with DMF several times to completely remove any residual
MnCl,-4H,0 salt. The solvent was then exchanged with ethanol for three days, and was
refreshed twice daily.

CuzxRuy(BTC),. For the preparation of Cu;73Rup27(BTC),;, a mixture of
Cu(NO3)2-2:5H,0 (226 mg, 0.970 mmol), RuCl;-H,O (201 mg, 0.970 mmol), H;BTC
(492 mg, 2.34 mmol), ethanol (25.0 mL), and DMF (25.0 mL) was heated in a flask at 60
°C for three days. The blue-green powder obtained was collected by filtration and
thoroughly washed several times with ethanol to remove any residual RuCl; salt.

Cu34Niy(BTC),. For the preparation of Cu,g:Nig13(BTC),, freshly prepared
Cu3(BTC); (0.135 g, 0.203 mmol) and a solution of NiCl,-6H,O (0.33 M, 10 mL DMF)
were heated at 90 °C for 24 h in a 10 mL vial in an anisothermal oven. After 24 h of
heating, the reaction mixture was cooled down to room temperature, and the resulting
green powder was washed thoroughly with DMF to remove any excess nickel chloride.

CusxRhy(NIP);. For the preparation of CusgRhgg(NIP)s, a mixture of

Cus(NIP)4 powder (377 mg, 0.275 mmol) was gently stirred in a 0.0386 M DMF solution

80

www.manaraa.com



(3.00 mL) of RhCl5-H;0 in a 20 mL vial for 5 h at 60 °C on a hotplate. The solvent was
then exchanged with methanol for three days, and was refreshed twice daily.

Cus.Fey(NIP)4. For the preparation of CugsoFeoso(NIP)4, 399 mg (0.291 mmol)
of Cus(NIP)4 powder was immersed in a 0.0670 M DMF solution of FeCl,-4H,0 (3.00
mL) in a 20 mL vial for 1 h at room temperature. The green powder obtained was
thoroughly washed with DMF several times to completely remove any residual metal
salt. The solvent was then exchanged with methanol for three days, and was refreshed
twice daily.

CusxMni(NIP)4. For the preparation of Cusg,Mng 13(NIP)s, Cus(NIP); powder
(399 mg, 0.291 mmol) was soaked in a 0.250 M DMF solution of MnCl,-4H,0 (1.50 mL)
in a 20 mL vial for 3.5 h at room temperature. The green powder obtained was
thoroughly washed with DMF several times to completely remove any residual metal
salt. The solvent was then exchanged with methanol for three days, and was refreshed
twice daily.

Co03xCuxy(HHTP),. For the preparation of Cog 51Cuz.49(HHTP),, a mixture of 20.0
mg of Cos(HHTP), powder was stirred in a 0.069 M aqueous solution of Cu(OAc),-H,O
(1.00 mL) overnight at 85 °C on a hotplate. The dark powder obtained was collected by
filtration and washed twice with water (2 x 20 mL) and then thrice with acetone (3 % 20
mL).

Physical Measurements

X-ray diffraction (XRD) studies of the monometallic and bimetallic samples were

done on a Bruker AXS D8 Advance diffractometer using a Cu Ka (1= 1.5406 A)

radiation operating at a voltage of 40 kV and a current of 40 mA. Powder X-ray
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diffraction patterns were recorded on a Rigaku Miniflex II diffractometer with
accelerating voltage and current of 30 kV and 15 mA, respectively.

ICP-AES analysis was conducted using a Finnigan ELEMENT XR double
focusing magnetic sector field inductively coupled plasma-mass spectrometer (SF-ICP-
MS) with Ir and/or Rh as internal standards. A Micromist U-series nebulizer (0.2 ml/min,
GE, Australia), quartz torch, and injector (Thermo Fisher Scientific, USA) were used for
sample introduction. Sample gas flow was 1.08 mL/min, and the forwarding power was
1250 W. The samples were digested in Teflon vessels with nitric and hydrochloric acids
and then heated at 180 °C for 4 h. All ICP-AES studies were performed on samples that
underwent an extensive washing procedure (~1 week) using the Soxhlet apparatus to
remove residual salts used for the second metal integration.

X-ray photoelectron spectroscopy measurements (XPS) were performed using a
Kratos AXIS Ultra DLD XPS system equipped with a monochromatic Al Ka source
operated at 15 keV and 8 mA, and a hemispherical energy analyzer. This system has been
described previously."”?’ Analysis was performed at a pressure below 2x10™ Torr. To
compensate for charging in the powders, a charge neutralizer was used by bombarding
the sample with low-energy electrons. A step size of 0.06 eV and dwell time of 800 ms
was used for the O(1s), C(1s), N(1s), CI(2p), and Cu(L3sMsMs) regions; and a dwell time
of 1600 ms for Cu(2p), Co(2p), Rh(3d), Fe(2p), Mn(2p), Ru(3p), Ni(2p), and the valence
band regions was used. Survey scans were also collected to ensure there were no
contaminants present. The binding energies were set according to the position of

adventitious carbon at 284.8 eV. Prior to XPS measurements, all samples were activated
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according to the values listed in Table 5.1. The samples were then transported to the XPS
facility in evacuated or N, purged vials in a hot aluminum block.

Raman spectroscopic measurements were carried out using an XploRA PLUS,
HORIBA confocal microscope coupled with a TE air cooled CCD detector. Samples
were analyzed in powder form by excitation of a 473 nm solid state laser (25 mW)
focused onto the surface of the samples with a microscope objective lens (50x LWD).
Samples were scanned from 200 to 3600 cm™ at a spectral resolution of 1.2 cm™.

Conductivity measurements were performed on MOF pressed pellets held in a 2
mm diameter quartz tube pressed between two stainless steel contacts. Measurements
were collected using a sourcemeter (Keithley Instruments GmbH, Germering, Germany,
model 263) and an electrometer (Keithley Instruments GmbH, Germering, Germany,
model 617).%*

5.3 Results and Discussion
Preparation of Monometallic and Bimetallic Systems

The framework Cu3(BTC),(H,0); (Cu3(BTC),) consists of dimeric SBUs (Figure
5.1a), and was used as a precursor for the bimetallic M,-(BTC) MOFs containing CuCo
CuRh, CuFe, CuMn, CuRu, and CuNi metal pairs. The compositions of the bimetallic
MOFs are listed in Table 5.1, along with the time and temperature for transmetallation
and activation.

The Cus(OH),(NIP)4(H,0)6:(H20)s (Cus(NIP)4) framework was used as a
precursor to synthesize MOFs containing pentameric SBUs (Figure 5.1b). Cus(NIP)4 was
transmetallated to form bimetallic Ms-(NIP) MOFs of CuRh, CuFe, and CuMn (Table

5.1).
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The M-(HHTP) (M = Cu, Co) framework consists of monomeric SBUs (Figure
5.1c). In contrast to the three-dimensional M,-(BTC) and Ms-(NIP) systems, the M-
(HHTP) structure forms two-dimensional layers, with iteration dependent on the metal.
For instance, Cus(HHTP), posses the slipped-parallel (AAAA) staking configuration,
while Co3;(HHTP), possess interpolated (ABAB) stacking. The monometallic

Co3(HHTP), framework was used as a precursor for the synthesis of CoCu-(HHTP).

OH O

8,

wo{ -

Ho' OH

Figure 5.1: Metal node, organic ligand, and MOF structure for a) M,-(BTC); b) Ms-
(NIP); ¢) M-(HHTP). Purple, red, cyan, and gray spheres represent metal, oxygen,
nitrogen, and carbon atoms.

Characterization by ICP-AES was used to determine the ratio of metals in the
bimetallic frameworks. All samples underwent an extensive washing procedure (~1
week) using the Soxhlet apparatus to remove residual salts used for the second metal
integration. PXRD was performed after synthesis of the monometallic precursors and
after transmetallation to ensure crystallinity of the prepared bimetallic MOFs. The

activation procedures listed in Table 5.1 were used to remove coordinated solvent

molecules and water prior to XPS measurements.
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Table 5.1 Composition, Exchange Procedure, and Activation Method for prepared MOFs

Bimetallic MOFs

Exchange Procedure

Temp, Time

Temp, Time

Activation Method

Cus(BTC),
Cu;5Co;5(BTC),
Cuz 01Rhg 99(BTC)2
Cuz25Feg 75(BTC),
Cu, 56Mn; 44(BTC),
Cuz.73Ru27(BTC)2
Cuz 82N 13(BTC),
Cus(NIP)s
Cuy .Rhg 13(NIP)4
Cuy.40Feo.60(NIP)4
Cus.8:Mnyg 13(NIP)4
Cos(HHTP),
Cus(HHTP),

CO(),51CL12‘49(HHTP)2

90°C,24h
90°C,72h
90°C,72h
90°C,72h
60 °C, 72 h
90°C,24h
60°C,5h
rt, 1 h
rt,3h

85°C, 16 h

160 °C, 48 h
120 °C, 48 h
160 °C, 24 h
200 °C, 24 h
200 °C, 24 h
160 °C, 24 h
120 °C, 48 h
100 °C, 48 h
85°C,6h
85°C,12h
85°C,12h
85°C,12h
85°C,12h
85°C,12h

Raman Spectroscopy

The metal distribution within the bimetallic frameworks is important for

understanding the electronic properties of the MOF materials, particularly of the

multinuclear metal nodes. The dimeric nodes of the CuCo-BTC MOF was chosen as a

model system for study. The Raman spectra of two CuCo-BTC samples with different

concentrations are shown in Figure 5.2 along with Cu-BTC for comparison. The

resonances below 600 cm™ were attributed to copper-related modes (e.g., the 505 cm™

resonance was assigned to the Cu—O stretching mode).”>*° Characteristic modes of the

BTC’ linker appeared in the range of 1800 to 730 cm™.*' The resonances at 1616 cm’™

85

www.manaraa.com



=
C

v
MMMLMJUL
vVl

400 800 1200 1600

Intensity (arb. units)

=

Wavenumber (cm'l)

Figure 5.2: Raman spectra for: CuBTC (black); CuCo(9)BTC (blue); and CuCo(21)BTC
(red). The % composition of Co is given in parenthesis for the bimetallic MOFs.

and 1547 cm™ were attributed to the C=C stretching modes of phenyl rings, and the
asymmetric v,s (COO") and symmetric stretching vy (COO™) vibrations of the linker
carboxylate groups appeared at 1467 cm™ and 1388 cm™.?**° The strong resonances at
826 and 740 cm™ were ascribed to the out-of-plane C—H bending modes in the linker.”"!
When 9% of the Cu ions were substituted with Co in the Cuz(BTC), structure, the Raman
spectrum was unchanged from that of pure Cu3z(BTC), except for the appearance of a
small peak at 684 cm™. Furthermore, when the Co concentration in CuCo-BTC was
increased to 21%, a pronounced peak at 684 cm™ was observed. Theoretical calculations
that modeled the Cu-Co node with acetate linkers found that the 684 cm™ peak is

associated with a rocking motion of the C,04 ligands attached to the metal-metal dimer

and an in-phase rotation about the C-C axes. Notably, the calculations do not predict this
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vibration for CuBTC itself, and therefore the observed increase in intensity of this peak
with increasing Co concentration from 9 to 21% is consistent with this assignment.
Valence band and Oxidation States

XPS provides a powerful tool for rapid evaluation of the electronic structure and
oxidation states for a large number of samples; in this manner, MOFs with potentially
interesting electronic behavior can be quickly identified.” Specifically, XPS of the
valence band region provides information about density of states (DOS) near the Fermi
level (Er, binding energy = 0 eV) All of the monometallic and bimetallic MOFs were
studied by XPS after thermal treatment (Table 5.1) to remove coordinated solvent
molecules and water before introduction into the vacuum chamber. PXRD analysis
confirmed the structural integrity of the MOF framework after activation. For all samples,
XPS measurements were collected of the valence band region, in addition to the O(1s),
C(1s), Cu(2ps/2), and second metal regions.

Valence band spectra for the Cu-containing MOFs are shown in Figure 5.3. In all
cases, the valence band intensities were normalized for the total amount of material
sampled based on the integrated O(1s) signals, the number of oxygen atoms/unit cell, and
the total unit cell volume. For the pure Cu-BTC, the intensity of the valence band is
nearly zero between 0 eV and 1.5 eV, which is characteristic of an insulating material
(Figure 5.3a). In contrast, the CuM’-BTC (M’= Co, Rh) MOFs have valence band edges
with intensity extending nearly to 0 eV (Figure 5.3a). This behavior suggests that there
should be better conductivity due to a greater number of electronic states near the Fermi

level when Co or Rh ions are substituted for some of the Cu ions. For all of the other
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bimetallic MOFs investigated (M’=Fe, Mn, Ru, Ni) the valence band edges were similar

to that of the insulating pure Cu-BTC.
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Figure 5.3: XPS valence band spectra for Cu-containing MOFs with a) BTC; b) NIP; and
c¢) HHTP ligands. The percentage of the second metal is given in parenthesis. The
CuBTC spectrum is shown in black as a reference point in all three graphs, and the
intensities have been normalized to account for different amounts of material sampled for
each MOF powder (see text for more details).

The interesting behavior of Co incorporation was recently analyzed in a detailed
comparison of CuCo-BTC and CuCo-BTB(bp) (BTB = benzene-1,3,5-tribenzoate, bp =
4,4'-bipyridyl) in our previous work."” For CuCo-BTC, XPS measurements of the valence
band region exhibited nonzero intensity near Ep, which is characteristic of
semiconductors. However, the valence band spectrum of CuCo-BTB(bp) resembled that
of an insulator, with little intensity near the Fermi level.' This demonstrated the effect
that differences in MOF structure can have on the apparent density of states observed in
the valence band.

Since CuRh-BTC also displayed a valence band edge with intensity near Ef, the
CuRh-NIP system was studied to further explore the effect of Rh integration on the
electronic structure of Cu-based MOFs (Figure 5.3b). The Ms-NIP MOFs have a
pentameric SBU, as opposed to the dimeric SBU in M,-BTC. In comparison to Cu-BTC

(black trace), the valence band edge for CuRh-NIP is shifted to lower binding energy,
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indicating a greater DOS near Er for another MOF containing mixed Cu-Rh nodes.
Furthermore, the valence band edge for Cu-NIP itself appears at lower binding energy
than for Cu-BTC, and this suggests that the ligand also plays a significant role in
determining DOS near the Fermi level. However, the shift to lower binding energy for the
valence band of Cu-NIP is not as great as for CuRh-NIP. Furthermore, the incorporation
of other metals such as Mn or Fe into the Cu-NIP MOF did not significantly alter the
position of the valence band edge.

Despite a number of literature examples demonstrating metallic or

semiconducting behavior for Fe-containing MOFs, %323

the valence band spectra of the
CuFe-BTC and CuFe-NIP MOFs exhibit zero intensity within ~1.5 eV of Ey, which is
typical for insulating materials. Thus, the incorporation of Fe ions into both Cu-
containing MOFs is not accompanied with increased DOS near the Fermi level,
regardless of the SBU geometry.

In contrast to Ms-(NIP) and M,-(BTC) systems, Cu3(HHTP), has a two-
dimensional structure as well as relatively high intrinsic conductivity.’* The valence band
edge of Cu-HHTP lies closer to Ef, than that of Cu-BTC (shown in black, Figure 5.3c), as
expected based on its higher conductivity. For CoCu-HHTP, the position of the valence
band edge remains unchanged compared to monometallic Cu-HHTP, and therefore Co
incorporation does not appear to have a substantial impact on the DOS near the Fermi
level in this case.

The Cu(2p) regions for the Cu-containing MOFs (Figure 5.4) all had a major peak

at a binding energy of 935 eV, which corresponds to Cu®", as previously observed for Cu-

BTC and CuCo-BTC."” However, Cu'" was also detected as a shoulder around 932.7 eV

&9

www.manaraa.com



12 =
10 —CuFe(25)BTC —CuMn(48)BTC a —CuMn(4)NIP b —Co(20)CuHHTP \# o c
—CuRh(33)BTC — CuRu(9)BTC —CuFe(12NP (2 — CuHHTP . u
—CuCo(50)BTC — CuNi(6)BTC 10 - —CuRh(4)NIP 8 Cu
—CuBTC cudt cut* —CuNIP ;
> WWW 8 _W
= - V4 1
(é, _.,w"ﬂw Ml f \!‘\ &)
B 5 — : ‘r\"\w‘wm
= me 7]
£ M 4
— 1
o 1
= MN 2]
i\ ! 2 —
1\
1
i
- : : 0 — :
0 T T T T T T T | 0= T T T
945 940 935 930 945 940 935 930 945 940 935 930
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 5.4: XPS Cu(2p) region for Cu-containing a) BTC; b) NIP and ¢) HHTP MOFs.
for the M-(BTC) and Ms-(NIP) MOFs,”’ (Figure 5.4a,b) and as a prominent peak in the
M-(HHTP) MOFs (Figure 5.4c). This reduction of Cu”" to Cu'" in Cu-containing MOFs
has been previously reported and is attributed to a combination of thermal activation and
bombardment by X-rays.””** The satellite features at 940 and 945 eV are characteristic of
Cul 36

The Co(2p) regions for CuCo-BTC, CuCo-HHTP, and Co-HHTP had Co(2p3.)
binding energies of ~781.3 eV which is consistent with Co>" species'’ (Figure 5.5a). The
strong satellite feature appearing 4-5 eV higher in binding energy is attributed to final
state effects and core-hole screening associated with charge transfer from the ligand to
the 3d orbitals.’””® The 16 eV splitting between the Co(2ps/2) and Co(2p;2) peaks is also
associated with paramagnetic Co>" as opposed to a 15 eV splitting observed for Co>*.***

The Mn(2ps,) peaks of CuMn-BTC and CuMn-NIP had binding energies of
642.0 and 642.5 eV (Figure 5.5b). Mn®" is the common oxidation state for manganese

complexes, and a broad range of binding energies has been reported in the literature for

Mn®" ranging from 641.1-642.3 ¢V.*'™* The oxidation state of Mn in both MOFs is
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Figure 5.5: XPS metal regions of the MOFs. a) Co(2p); b) Rh(3d); ¢) Fe(2p); d) Mn(2p);
e) Ru(3p); and f) Ni(2p).

assigned to the +2 oxidation state, though it is noted that the Mn(2ps,) peak in the Ms-
(NIP) sample is ~0.5 eV higher in binding energy than that of Mn in the M,-(BTC)
sample. This is believed to be a result of the differences in binding environment between
the pentameric Ms-(NIP) structure and the dimeric M,-(BTC) structure of the metal
nodes.

XPS data of the Fe(2p) regions for CuFe-BTC and CuFe-NIP displayed binding
energies for Fe(2p;n) at 711.8 eV and 712.4 eV, respectively (Figure 5.5¢). Though

45,46
V.

reports in the literature cite the binding energy of Fe,O; around 710.9 eV, and

FeOOH species in the range of 711.3-711.8 eV,*"* it is difficult to definitively assign the
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oxidation state of Fe in the MOF as +2 or +3 without a similar ligand environment to
compare to. The low signal from CuFe-NIP makes identification of the peak center
difficult, and the satellite features that appear at 730.9 and 719.9 eV in CuFe-BTC can be
associated with either Fe’" or Fe’" oxidation states. Therefore no conclusive assignment
can be given based on the XPS data alone. Though as was seen for Mn, Fe in the Ms-
(NIP) MOF had a binding energy ~0.5 eV higher than that of Fe in the M,-(BTC) MOF.
This is similarly attributed to differences in binding environment between the two
different nodes.

The Rh(3ds;) peaks of CuRh-BTC and CuRh-NIP had binding energies of 309.2
eV and 309.7 eV (Figure 5.5d). Dirhodium(II) tetraacetate (Rhy(OAC)4) was used as a
standard to provide the oxidation state of Rh*", which appears at 308.9 eV for
(Rh2(OAC)s). This value was similar to the value observed for CuRh-BTC. In contrast,
Rh* in RhCl; appeared at 310.1 eV, which is consistent with Rh®" oxidation states
reported in the literature.” There was no evidence of Rh'", which is expected at 308.0-
308.4 ¢V,*° or metallic Rh, which has a binding energy of 307.0-307.4 eV.** It was
again seen here that the binding energy of Rh in the Ms-(NIP) sample appeared ~0.5 eV
higher than in the M,-(BTC) sample; this difference in binding energy is attributed to
differences in the binding environment for Rh in the pentameric Ms-(NIP) node
compared to the dimeric node of M,-(BTC)

The Ru(3p) region was collected for CuRu-BTC in addition to the Ru(3d) region
(which has the highest photoionization cross section) because there was peak overlap
between the Ru(3d;;) and C(1s) peaks. As shown in Figure 5.5e, the Ru(3p;») peak

appeared at 465.1 eV. This value is higher than reported binding energies for Ru®"
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(461.0-461.6 eV);’'"? and Ru’" species have a wide range of expected binding energies
from 463.5-465.0 eV).”'* However, given the overlap of the Ru(3d) region with C(1s)
and the limited information provided by the Ru(3ps») peak, no definitive oxidation
assignment can be made for Ru in the CuRu-BTC sample from our XPS data alone.

The Ni(2ps) peak for CuNi-BTC appeared at a binding energy of 855.7 eV
(Figure 5.5f). This is near the value expect for Ni*" species reported in the literature at
~855.9 eV.**> The spectrum also consisted of two satellite features at 860.3 and 879.5
eV associated with the presence of Ni*".>

Conductivity Measurements

For further elucidation of the electronic properties of the bimetallic MOFs,
conductivity measurements were performed. Prior to measurement, the samples were
activated and stored in closed vials, however these vials had not been evacuated of air.
Analysis of the prepared M,-(BTC) systems exhibited an increase in conductivity for the
bimetallic MOFs in the order of: CuRu(9)-BTC (4.98x10™"° S/cm), CuRh(33)-BTC
(6.99x10™"° S/ecm), CuFe(25)-BTC (6.71x10° S/cm), and CuMn(48)-BTC (1.34x10®
S/cm); with CuMn and CuFe nodes demonstrating the greatest conductivity. The
observed trend in conductivity was contradictive of the results observed by XPS, since
the valence band data indicated that the CuRh-BTC sample possessed the greatest DOS
near the Fermi level. Interestingly, the main difference between the conductivity
measurements and XPS measurements was the sample treatment. For the conductivity
measurements, the activated MOF samples were analyzed after a relatively long exposure
time to air. While for the XPS measurements, the samples were activated immediately

prior to analysis, and transferred to the UHV chamber in air-evacuated vials. To more
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accurately compare the conductivity of the samples with their XPS results, the
conductivity measurements of two MOFs were repeated using similar sample treatment
to that used for XPS. CuFe(25)-BTC and CuRh(33)-BTC were activated and then stored
in evacuated ampules prior to their conductivity measurements; the measurements were
then performed inside a glove box. As a result, the conductivity of CuRh-BTC revealed
to be two orders of magnitude greater than the conductivity of CuFe-BTC, which is in
line with the valence band data. Therefore, it was observed that the sample activation or
presence of unsaturated metal sites could have a significant effect on the electronic
properties of the material.

The monometallic M-(HHTP) MOFs are known to possess relatively high
intrinsic conductivity properties.** From measuring their conductivity, the value for Cu-
HHTP (3.58x10™ S/cm) was found to be greater in comparison to the value for Co-HHTP
(2.55x10” S/cm), which could be partially attributed to the differences in their framework
packing. The conductivity value for the bimetallic Co(20)Cu-HHTP MOF was found to
be 4.24x10” S/cm, falling between the values of the monometallic MOFs. The result that
all M-(HHTP) systems were found to be semiconducting is in agreement with the valence
band analysis that exhibited DOS near the Fermi level for each M-(HHTP) MOF.

5.4 Conclusions

The characterization and evaluation of electronic properties were performed for
monometallic and bimetallic MOFs. These MOFs were systematically studied by using
three different unique SBUs (M,-(BTC), Ms-(NIP), and M-(HHTP)), and synthesizing
bimetallic nodes through metal incorporation of Co, Rh, Fe, Mn, Ru, and Ni in Cu-

containing MOFs. Raman spectroscopy was consistent with theoretical calculations in
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assigning specific vibrations to those only observed with Cu-Co nodes and not seen with
Cu-Cu nodes. This suggests the presence of individual nodes possessing bimetallic nature
in the CuCo-BTC system. XPS demonstrated to be a functional tool for determining the
relative conductivity of different MOFs by analyzing the density of states near the Fermi
level. For the M,-(BTC) systems, CuCo-BTC and CuRh-BTC demonstrated intensity
near Er, whereas Cu-BTC had no intensity within 1.5 eV of Er. The monometallic and
bimetallic M-(HHTP) systems had similar valence band edges to each other near the
Fermi level, closer than that of Cu-BTC. This indicates that the ligand and structure of
the MOF plays a significant role in determining the density of states near Er. The valence
band results were supported by conductivity measurements that proved to be dependent
on the sample treatment and presence of unsaturated metal sites. CuRh-BTC had the
greatest conductivity value among the M,-(BTC) MOFs, and all of the M-(HHTP) MOFs
had a high level of conductivity. Such parameters as SBU geometry, metal node
composition, and sample treatment were elucidated for affecting the electronic properties
of the MOFs.. Through this work, the aim of understanding the influences on MOF
electronic properties can be carried forward in the pursuit of designing functional MOF
materials with desirable properties.
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CHAPTER 6

GROWTH OF CRYSTALLINE, BIMETALLIC METAL-ORGANIC
FRAMEWORK FILMS VIA DIP-COATING AND
TRANSMETALLATION

6.1 Introduction

The diversity of active metal sites and tunable, porous structures of metal-organic
frameworks (MOFs) has elevated MOFs to a high level of interest, extending into several
areas of research including catalysis' ™, gas storage and separation’®, energy transfer’*,
and sensing devices.”'® In recent years, the shift to reduce reliance on fossil fuels and
move toward harnessing renewable sources for energy has drawn focus on energy
efficiency and sustainability while mitigating greenhouse gas emissions. MOFs have
emerged as promising materials for electrochemical applications ranging from electrode
materials for batteries and supercapacitors, to electrocatalysts for fuel cells and
electrolyzers.''™" Based on their high surface area, crystalline framework, and intrinsic
porosity, MOFs possess ideal characteristics for innovation in these applications. MOFs
are comprised of molecular organic linkers and metal-rich nodes'* that can be assembled
from a vast array of metal ions and ligands to form unique structures of various pore sizes
and surface areas for enhancing their chemical and physical properties. Typically, MOFs
are generated through solvothermal synthesis methods to produce microcrystalline
powders. However, this presents a challenge in controlling the geometry and structural

uniformity of the material for implementation in electrical applications. The development
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of MOFs as thin films has gained much attention for their promise in future
electrochemical applications.'*'>™'" MOFs synthesized as films ensures a direct physical
interface between the MOF and substrate material. The means by which the MOF film is
grown is key to the integrity of its structure and resulting performance. Growth
procedures such as solvothermal film synthesis in which the substrate is heated in a

solution of mixed precursors,'® > or pre-synthesized MOF powder is transferred onto the

24,25 26,27

substrate material through drop-casting or electrodeposition often lead to
polycrystalline films with poor electrochemical communication between the MOF and
the underlying substrate. Separating the reactants and alternately immersing the substrate
into the metal and organic precursors enables the formation of uniform films with
controllable thicknesses. This ideal method also reduces the surface roughness down to
the nm scale.”®

The incorporation of a second metal in the MOF structure has been studied in
powder MOFs for potential in improving catalytic, conductive, and gas storage,
properties.”’? However, the field of bimetallic MOF films has been relatively
unexplored. There are reports of bimetallic MOF films created from solvothermal

synthesis by heating the substrate in the mixed solution,"

or coating the pre-formed
powder MOF onto the substrate in a thin layer,”*** but very few studies have reported on
bimetallic films grown by the synthesis procedure of alternating the substrate in precursor
solutions. Some studies have used a spraying technique for bimetallic film growth,
alternating between a Zn metal-oxo cluster and Re*® or Pd ligands.** Studies by Kitagawa

et al. employed a dipping procedure for bimetallic MOF films using three components:

two separate metal ion solutions and one solution of organic linker.*>*° The growth of
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these bimetallic films, however, were conducted using thiol-based self-assembled
monolayers (SAMs) for film nucleation and orientation. Substrate functionalization using
SAMs can assist in directing crystal orientation, but there are a number of disadvantages
to using SAMs for binding the MOF structure to the support. One example is their poor
thermal and chemical stability.*’** Another concern of thiol-based SAMs is their
insulating nature, hindering electrical contact between the substrate and MOF film."

In this work, the first account of a bimetallic MOF film grown using an
alternating-solution dip-coating technique followed by transmetallation for incorporation
of a second metal at the MOF nodes is presented. Crystalline films of Cuz(BTC), (BTC =
1,3,5-benzenetricarboxylate) are grown by immersing an alumina/Si(100) substrate in
solutions of Cu acetate and organic linker (H;BTC). The Cuz(BTC), MOF is known to
possess favorable qualities of high surface area and thermal stability.*** Co®" ions are
exchanged into the MOF framework by immersing the Cusz(BTC), films in solutions of
CoCl,. Co has shown to have excellent redox properties and substantial activity for
electrocatalysis processes.”** By varying the temperature and immersion time, different
concentrations of Co are incorporated into the films, as determined by X-ray
photoelectron spectroscopy (XPS) experiments. Atomic force microscopy (AFM)
measurements show that the substrate is uniformly covered by the MOF film after
transmetallation, and GIWAXS indicates that the bimetallic films retain their
crystallinity. Stability studies of the films submerged in dimethylformamide (DMF)
indicate the coverage remains uniform with crystallites covering the surface, however
some rearrangement does occur as the crystallite sizes increase over time. Here, the

morphology, composition, and crystallinity of bimetallic copper-cobalt BTC-containing
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MOF films are characterized. Because of the controllable means of incorporating a
second metal into the framework, and the stability of the film in maintaining a crystalline
structure after transmetallation, this synthesis method provides a novel approach for
achieving bimetallic MOF films for potential in electrical applications and device
integration.
6.2 Experimental
Materials

Cu(CH3CO0O0),-H,0 (Cu(OAc),, >95%, TCI America), 1,3,5-benzenetricarboxylic
acid (H3sBTC, 98%, Alfa Aesar), CoCl,:6H,O (>98.0%, TCI America), ethanol (200
proof, Decon Laboratories), N,N'-dimethylformamide (DMF, ACS grade, BDH),
tetrachloroethylene (99.9%, BDH), acetone (=99.5%, Sigma-Aldrich), and methanol
(299.8%, Sigma-Aldrich) were used as received.
Film Synthesis

Thin films of CusBTC, were grown on a sputter-deposited 2.5 nm film of Al,O3
on a polished, p-type Si(100) substrate (University Wafer). The wafer substrates were cut
into approximate 1.0 x 1.2 cm size rectangles and thoroughly cleaned by sonication in
tetrachloroethylene, acetone, and methanol, separately, for 20 minutes each. The
precursors for growing the Cu;BTC, films consisted of 1mM Cu(OAc); in ethanol and
ImM H;BTC in ethanol. One cycle of thin film synthesis is conducted by sequential
submersion of the substrate into the Cu(OAc), solution for 1 minute followed by 15
seconds of rinsing in ethanol and 15 seconds of drying under a flow of N,. The substrate

is then submerged in H;BTC solution for 1 minute followed again by 15 seconds of
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rinsing in ethanol and 15 seconds of drying under N,. Forty cycles were used for the
synthesis of each CusBTC; film.
Film Transmetallation

Monometallic CusBTC, films are transformed into bimetallic copper-cobalt BTC
films (CuzCosx(BTC),) through transmetallation utilizing a CoCl, solution in DMF (10
mL, 1.05 g Co,Cl) or ethanol (10 mL, 0.33 g Co,Cl). CusBTC, films are placed in the
CoCl;, solution for a specified exchange temperature and time. The length of time and
temperature of transmetallation dictate the amount of cobalt that exchanges with copper
in the film. After the metal exchange, the new bimetallic film is placed either in fresh
DMF or ethanol to remove excess cobalt chloride and ensure the cobalt that remains is
incorporated within the MOF framework. The DMF solvent is replaced twice a day over
a 72 hour time period and the ethanol solvent is replaced 3 times in a 15 minute time
period.
Characterization

X-ray Photoelectron Spectroscopy (XPS) measurements were collected using a
Kratos AXIS Ultra DLD system with a monochromatic Al K, source, hemispherical
analyzer and charge neutralizer; this vacuum system has been described previously.*’ The
base pressure of the vacuum chamber is 1 x 10” Torr before sample introduction and < 3
x 10” Torr during experiments. The dwell time for all regions is 1000 ms and the energy
step size is 0.06 eV. Survey scans were collected for all films to ensure that there were no
contaminants introduced during sample preparation. Absolute binding energies were
determined by setting the position of the lower energy adventitious carbon peak to 284.8

eV.
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Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) measurements were
collected on a SAXSLab Ganesha at the South Carolina SAXS Collaborative. A Xenocs
GeniX3D microfocus source with a Cu target and a Hybrid Pixel Array Pilatus detector
(Dectris) was used for collecting scattering patterns. Measurements of films were
conducted at an incident angle of 4° at room temperature for 30 minutes.

Tapping mode Atomic Force Microscopy (AFM) experiments were carried out
using a Multimode Nanoscope IIIA system (Digital Instruments Inc.) to study the surface
morphology of different MOF thin films prepared on the commercial Al,O3/Si substrate.
AFM imaging was performed in air using commercial Si cantilevers with nominal spring
constants of 25-75 N/m and resonance frequencies of 200-400 kHz (ACT, Applied
NanoStructures). All AFM images were obtained using Nanoscope V530R software with
scan rate of 1Hz.

Film thicknesses were measured with a field emission scanning electron
microscope (Zeiss Gemini Ultraplus). The edge of the MOF film was coated with gold
(200 A) to prevent charging effects.

6.3 Results and Discussion

GIWAXS data for the CuBTC films grown by dip-coating indicate that the film is
crystalline (Figure 6.1) and has the same structure as CuBTC powders reported in the
literature.***® A simulated spectrum for CuBTC is shown in the top panel of Figure 6.1
along with the assignment of the prominent peaks at the lower scattering angles. The
CoCuBTC films prepared by exchanging the Cu®" with Co®" ions at different
temperatures and times (13-56%, Figure 6.1b-e) also exhibit the same GIWAXS

spectrum as the CuBTC film, indicating that the crystallinity of the film is retained after
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incorporation of Co into the MOF structure. However, crystallinity of the pure CoBTC

film was lost when 100% of the Cu®" ions were exchanged for Co*" (Figure 6.1f), and

Intensity (arb. units)

10 20 30 40
0 (degrees)

Figure 6.1: GIWAXS data for: a) the Al,O3/Si substrate; b) CuBTC

film; ¢) CoCuBTC film (56% Co, exchanged at 90 °C for 15 min);

d) CoCuBTC film (20% Co, exchanged at 50 °C for 60 min); e)

CoCuBTC film (13% Co, exchanged at 25 °C for 24 hr in ethanol);

f) CoBTC film (100% Co, exchanged at 90 °C for 8 hr). As a

reference, the top panel shows the simulated spectrum for CuBTC.
this suggests that some fraction of Cu’" is necessary to provide stability to the structure.
In general, the CoCuBTC films were found to be crystalline for Co concentrations
ranging from 7% to 94%. Although the (111) facet is only a minor peak in both the

simulated spectrum and in the spectrum of CuBTC, this peak is more pronounced in the

spectra of the 13% and 20% Co films. It should be noted that the (111) facet is also
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observed in the literature for CuBTC powders and appears to be sensitive to the exact

growth conditions.**!

Table 6.1: Conditions for transmetallation of the CuBTC films by exposure to CoCl,.

% Co Exchange time | Temperature | Solvent
(hrs) (O
7 1 25 DMF
20 1 50 DMF
35 24 25 DMF
56 0.25 90 DMF
63 1 90 DMF
94 6 90 DMF
100 8 90 DMF
9 3 25 Ethanol
13 24 25 Ethanol
40 0.50 70 Ethanol

The compositions of the films and metal oxidation states were investigated by
XPS (Figure 6.2). Specifically, the relative Co:Cu compositions were established from
the integrated Co(2ps32) and Cu(2ps32) peaks after correcting for atomic sensitivities. The
results are displayed in Table 6.1, showing that longer exchange times and temperatures
during transmetallation resulted in higher Co concentrations. The Al,Os/Si substrate itself
had no features in the Co(2p) and Cu(2p) regions, and the CuBTC film did not exhibit
features in the Co(2p) region (Figure 6.2a,b). For the 35%, 56% and 63% CoCuBTC
films, the Co(2ps2) peak appeared at 781.8 eV, which is the same as the binding energy
attributed to Co”>" for CoOCuBTC MOF powders.*> The pronounced shoulder at 4-5 eV
higher binding energy is ascribed to final state effects and core-hole screening associated

5233 this satellite feature is

with charge transfer from the ligand to the 3d orbitals;
associated with paramagnetic Co”", which is also consistent with the 16 eV splitting

between the Co(2p3/2) and Co(2pi.2) peaks as opposed to a splitting of 15 eV observed for
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diamagnetic Co*".>*> In the Cu(2p) region (Figure 6.2b), the CuBTC film has a peak at

935.2 eV assigned to Cu®" and a shoulder at 933.5 eV assigned to Cu'".*"%>7 A
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Figure 6.2: XPS data for: a) Co(2p); b) Cu(2p); and c¢) valence band regions. Surfaces
shown are: the Al,O3/Si substrate (black); CuBTC film (red); CoCuBTC film (35% Co,
blue); CoCuBTC film (56% Co, green); CoCuBTC film (63% Co, purple); and

CoCuBTC film (94% Co, pink).

combination of removal of the coordinating solvent and water in vacuum and irradiation
by X-rays is known to induce reduction of Cu*" to Cu'" in CuBTC.****%° Furthermore,
the pronounced satellite features at 940.2 and 944.9 eV are also characteristic of Cu®" and
not observed for Cu'".®" Given that the Cu(2ps),) binding energies are nearly identical for
Cu’ and Cu'",°"? the Cu(LMM) Auger region was also collected (Figure 6.3a) to
confirm that metallic Cu was not present; the Cu(LMM) spectrum exhibits a much
broader feature at 572 eV for Cu'" in contrast to a sharp peak at 568 eV for Cu”.*’ For the
CoCuBTC films containing 35-63% Co, the main features of the Cu(2p) region are the
same as for CuBTC although the intensities decrease due to the decrease in Cu
concentration. For the CoCuBTC film with only 6% Cu, the main peak appears to be

Cu'". Valence band spectra (Figure 6.2¢) show that incorporation of Co into the MOF

results in a shift in the valence band edge to lower binding energies. While the insulating
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Al,0O3/Si substrate has almost no intensity above 4 eV, the CuBTC film has a peak in the

valence band region at 5.25 eV as well as intensity that extends to ~2 eV. The valence
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Figure 6.3: XPS data for: a) Cu(KLL) Auger; b) O(1s); and c) C(1s) regions. Surfaces
shown are: the Al,O3/Si substrate (black); CuBTC film (red); CoCuBTC film (35% Co,
blue); CoCuBTC film (56% Co, green); CoCuBTC film (63% Co, purple); and
CoCuBTC film (94% Co, pink).

band spectra for the CoCuBTC films (35-63% Co) are similar to that of CuBTC except
that the valence band edge extends slightly more towards the Fermi level for the
bimetallic films. For example, the onset of rise of the valence band edge occurs ~0.7 eV
lower in energy for the 63% Co film compared to CuBTC. The 94% Co film has a peak
shape that resembles that of the substrate except at the lowest binding energies, where a
higher intensity tail exists; this behavior is attributed to the fact that the 94% Co film has
some regions of exposed substrate. Previous studies of CoCuBTC MOF powders have
shown that the valence band edge shifts significantly toward the Fermi level compared to

the position for the CuBTC valence band edge, indicating that there is density of states

near the Fermi level, as typically observed for a semiconductor.”> However, for the
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CoCuBTC films differences in the valence band edge compared to CuBTC are not as
pronounced, and intensity does not appear at the Fermi level.

The O(1s) and C(1s) spectra for the MOF films are consistent with what has been
reported for the MOF powders (Figure 6.3b,c).”*** The higher binding energy C(1s) peak
at 288.8 eV is attributed to C=0O while the 284.8 eV is assigned to a combination of
adventitious carbon and aliphatic carbons. For both MOF films and powders, the ratio of
the 288.8 eV to 284.8 eV peaks is 0.32 + 0.04. However, in the cases where the MOF
films are partially delaminated, the ratio decreases, and therefore this ratio is used as an
indicator of delamination. The 94% Co film is believed to be partially delaminated given
that this ratio is 0.26. Furthermore, the Al(2s) and Si(2p) signals from the substrate are
visible whereas these signals are almost completely attenuated for the CuBTC films. The
shape of the O(1s) peak is also indicative of exposed Al,O; regions, given that oxygen
species in the MOFs have a narrower O(1s) peak and oxygen in alumina is shifted to
lower binding energy by 0.4 eV. In general, delamination of the films is characterized by
more prominent Si(2p) and Al(2s) peaks from the substrate, as well as a decrease in
MOF:adventitious carbon ratio and a broadening and shift to lower binding energy for the
O(1s) peak. However, the GIWAXS data for the partially delaminated films indicate that
they are still crystalline.

As shown in Table 6.1, various Co concentrations can be achieved by varying the
exchange time and temperature, with higher temperatures and longer times leading to
greater Co compositions. However, the extent of Co incorporation appears to be sensitive
to defects in the original CuBTC film. For example, when the film is not uniformly dried

with N; between dip-coating cycles, visual defects may appear that reflect how the excess
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solvent was dried on the surface. These films with visual defects incorporate a higher
percentage of Co ions under the same exchange conditions compared with the films that
were dried uniformly.

AFM experiments were conducted to characterize the morphology of the CuBTC
film (Figure 6.4a). After 40 cycles of immersion in the Cu acetate solution followed by
immersion in the solution of BTC ligand, the resulting surface appeared to be covered by

crystallites with lateral dimensions ranging from 200-400 nm and heights of 60-150 nm.

The root mean squared (RMS) roughness was ~25 nm. After the film is exchanged in

Figure 6.4: AFM images of: a) CuBTC film; b) CoCuBTC film (56% Co, exchanged at
90 °C for 15 min); and ¢) CoCuBTC film (63% Co, exchanged at 90 °C for 60 min). All
images are 5 um x 5 um.

CoCl,; for 15 min at 90 °C to produce a 56% Co concentration, the overall morphology of
the film is unchanged and the RMS roughness remains 25 nm (Figure 6.4b).
Furthermore, a longer exchange time of 60 min at 90 °C, which produced a film with
63% Co (Figure 6.4c), had the same general crystallite sizes and similar RMS roughness
(~35 nm). Thus, incorporation of Co into the MOF film did not alter the overall film
morphologies.

Films were also exchanged using ethanol as a solvent instead of the usual DMF.

In general, the concentration of Co ions incorporated into the film was lower with ethanol
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than DMF under similar conditions; however significant Co concentrations (40%) could
be achieved at higher temperatures, though the maximum temperature is limited to ~70
°C by the boiling point of ethanol (Table 6.1). The films exchanged in ethanol exhibited
smaller crystallites with widths and heights of roughly 75 and 20 nm, respectively,
although some larger crystallites ~200 nm in width and ~70 nm in height also formed
(Figure 6.5). The RMS roughness of the ethanol-exchanged films was 13-17 nm, which
was also lower than those exchanged in DMF. These results suggest that exposure of the
MOF to DMF facilitates larger crystallite sizes whereas exposure to ethanol results in

distinctly smaller crystallites.

Figure 6.5: AFM images of CoCuBTC films using ethanol as the
exchange solvent: a) CoCuBTC film (9% Co, exchanged at 25 °C for 3
hrs); and b) CoCuBTC film (40% Co, exchanged at 70 °C for 30 min).
All images are 5 um x 5 pm.

An additional reason for using ethanol as a solvent for the Co>” exchange was
because the CuBTC films were grown from precursors in an ethanol solvent, and the
hypothesis was that the films might be less likely to delaminate. However, there was no
evidence that the films were less likely to delaminate in ethanol compared to DMF. The

factor that affected delamination the most was the defectiveness of the film. Specifically,

CuBTC films that were not visually uniform were more likely to delaminate.
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Film crystallites and morphologies were best preserved by storing the films in a
closed vial that was purged with N, gas. When the films were stored under DMF,
delamination occurred over time. Figure 6.6 shows a CuBTC film that was stored under
DMF for 40 days; the dimensions of these crystallites, which range from 150-425 nm in
width and 32-150 nm height, are much larger than the ones observed for the freshly
grown film (Figure 6.4a) and suggests that DMF promotes restructuring of CuBTC into
larger crystallites. Furthermore, AFM images for a CoCuBTC film (7% Co, exchanged
60 min in DMF) that was stored for 22 days in DMF exhibit the same large crystallites

observed for CuBTC under DMF.

Figure 6.6: AFM images of: a) CuBTC film stored at room
temperature for 40 days in DMF; and b) CoCuBTC film (7% Co,
exchanged at 25 °C for 60 min) stored at room temperature for 22 days
in DMF. Both images are 5 um x 5 pm.
Standard film growth involved 40 cycles of exposure to Cu acetate followed by
the BTC ligand solution. Film thicknesses were estimated as ~70 nm from cross-sectional
SEM, in which the substrate was cleaved after MOF deposition in order to image the

center of the film. Typical film thicknesses ranged from 40 to 105 nm with an average

value of 70 nm; measurements were taken from a set of 13 images in which uniform film
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thicknesses could be observed. In some AFM images of the CuBTC films, regions of the
substrate appear to be visible, and the measured heights of the MOF crystallites are also
in the range of 135-150 nm. These measured film thicknesses are in general agreement
with the crystallite sizes measured from the AFM images. Films prepared with less
immersion cycles were grown to establish a correlation between film thickness and
number of dip-coating cycles. 10 cycles of exposure to metal and ligand solution resulted
in crystallites 20-60 nm high and 60-180 nm wide, whereas a 20 cycle film resulted in
35-95 nm high and 80-245 nm wide features (Figure 6.7). In both cases, ~30% of the
substrate was exposed compared to <5% for the 40-cycle film. Thus, a smaller number
of dip coating cycles resulted in thinner films, but complete coverage of the surface was

not achieved.

Figure 6.7: AFM images of CuBTC films grown by: a) 10 cycles; and
b) 20 cycles. Both images are 5 um x 5 pm.

6.4 Conclusions

A novel synthesis procedure for producing uniform, crystalline bimetallic MOF
films has been presented. Stable Cu;BTC, MOF films are directly grown on an
Al,O3/S1(100) substrate using an alternate dip-coating procedure in the precursor

solutions. Co 1is successfully transmetallated into the MOF structure, and the amount of
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Co incorporated can be controlled by the temperature and immersion time. The
crystallinity and uniformity of the bimetallic MOF films are retained upon Co
transmetallation, demonstrating their stability upon exchange and ability to preserve a
high surface area and porosity for potential integration in devices and electrochemical
applications.
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APPENDIX A

YTTRIUM-INDUCED STABILITY OF THE TETRAGONAL PHASE OF
ZIRCONIA THIN FILMS

Introduction

Yttrium (Y) is an excellent dopant of zirconia (ZrO,) due to its enhancement of
mechanical strength, fracture toughness, and ionic conductivity, which is desirable in
materials used in high temperature ceramic applications and solid oxide fuel cells
(SOFCs)'. ZrO, undergoes transformation from the cubic structure to tetragonal and
monoclinic structures with decreasing temperature in order to minimize electronic
repulsion between neighboring oxygen atoms and maintain short Zr-O distances.
Tetragonal zirconia thin films cannot only be stabilized by oxygen vacancies resulting
from reduction, but also by yttrium incorporation. The addition of yttrium replaces
tetravalent Zr'" with trivalent Y, creating oxygen vacancies due to charge
neutralization’, and therefore minimizing repulsion. While yttria-stabilized zirconia
(YSZ) is a well-known material, a defined model system is necessary for interpreting its
function in such applications as catalysis and SOFCs. The influence of Y on ZrO; thin
films is investigated for its effect on stabilizing the tetragonal zirconia structure under
various thermal and oxidizing conditions.
Experimental

Yttrium-doped ZrO; thin films were grown in an ultra-high vacuum (UHV)

chamber with a base pressure below 107'° mbar. The chamber is equipped with a room
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temperature scanning tunneling microscope (Omicron micro STM), low energy electron
diffraction optics (ErLEED), and Specs Phoibos 100 hemispherical analyzer for x-ray
photoelectron spectroscopy measurements (XPS). This chamber has been described in a
previous publication.’ Zirconia films are sputter deposited onto a Rh(111) crystal (9 mm
x 2 mm, MaTecK, Germany) using a home-built, UHV-compatible sputter source. ZrO,
was sputter-deposited in an Ar/O, atmosphere (par ~ 6.5 x 107 mbar, pox ~ 1.5 x 10
mbar) at room temperature. One O—Zr—O repeat unit of cubic-ZrO,(111) is defined as one
monolayer, which corresponds to ~9x10'® Zr atoms/m” or ~0.3 nm thickness. The as-
deposited films were not fully oxidized and were therefore post-annealed for 10 min in
0, (po2=5x 107 mbar) at 625 °C for 10 minutes to form an ordered structure. Further
information on ZrO, thin film growth has been previously described in detail.® Yttrium is
deposited on the ZrO, film using an Omicron metal evaporation source in an O,
atmosphere (po= 5 x 107 mbar) with the zirconia film heated to 430 °C or 550 °C. The
deposition rate of Y was measured by a quartz crystal microbalance (QCM) using a
density of (1/5) * 4.340 = 0.868 g/cm’ and a z-ratio of 0.835. The investigation of two Y-
71O, films are outlined below.
Results and Discussion
Stabilization of the Tetragonal Phase

The film is first prepared by depositing 5 ML ZrO; on the Rh(111) substrate as
described in the Experimental section. The STM image of the film shows the tetragonal
rows of zirconia, while the LEED pattern indicates spots from the tetragonal ZrO, (2 x 1)
structure and spots from the Rh(111) crystal below.” Yttrium is deposited on top of the 5

ML ZrO; film in an oxygen atmosphere (po2 =5 x 107" mbar) with the ZrO, film heated
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Figure A.1: 5 ML ZrO; film on Rh(111). a) STM image (50 nm x 50
nm); b) LEED pattern (70 eV).

to 430 °C. In Figure A.2, small triangular features can be seen in the STM image
representing the deposited Y. Subsequent heating of the Y-ZrO, film in oxygen is
analyzed post-annealing by STM, LEED, and XPS. By adding only 5% of a monolayer of

Y, the tetragonal zirconia film is stabilized beyond the temperature at which pure ZrO,

Figure A.2: STM images of 5% Y deposited on tetragonal 5 ML ZrO,.
a) Image size 50 x 50 nm; b) Image size 20 x 20 nm.
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films begin to dewet. In pure ZrO, films, the tetragonal to monoclinic transformation
occurs after full oxidation of the film, typically via oxygen dissociation on the Rh(111)
substrate and spillover to zirconia.” The tetragonal to monoclinic transformation initiates
at temperatures near 730 °C, and the zirconia film is fully transformed to the monoclinic
structure at 850 °C.> With added yttrium, the tetragonal phase could be stabilized at a
temperature of 850 °C (Figure A.3). Higher temperatures (T=920 °C) were tested for

20% of a monolayer of Y on the ZrO, film with the same result.

Figure A.3: 5% Y on tetragonal 5 ML ZrO, after heating at 850 °C
for 10 min in oxygen (po2= 5 X 107 mbar). a) STM image size 200 x
200 nm. Large triangular holes form in the film. b) LEED pattern 70
eV. Tetragonal structure is maintained.
Y-Induced Transformation to the Tetragonal Phase
The deposition of yttrium can also facilitate the transformation of a monoclinic
zirconia film back to the tetragonal phase. This is possible for a pure ZrO, film; however

reducing conditions are required (950 °C in UHV).> With the addition of yttrium to the

film, no reduction is needed. Figure A.4a shows the STM image of a monoclinic 5 ML
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ZrO; film formed by heating at 820 °C in oxygen (po= 5 x 107 mbar) for 10 min. The

surface lattice of the monoclinic film appears hexagonal in the images, unlike the rows

Figure A.4: Monoclinic 5 ML ZrO; film. a) STM image size 30 x 30
nm; b) LEED pattern 70 eV.

seen in the tetragonal film. The LEED image (Figure A.4b) clearly shows the distinction
between tetragonal and monoclinic films. The splitting of the monoclinic spots in LEED
are due to the expected diffraction pattern from six domains of the distorted monoclinic
structure (with respect to the cubic structure).’ After depositing 20% of a monolayer of
yttrium in oxygen (po2= 5 x 107 mbar) with the film heated to 550 °C, the film remains
monoclinic (Figure A.5). However, after heating the monoclinic Y-ZrO, film to 820 °C
(the same temperature used to form the monoclinic film) in oxygen (po,= 5 x 107 mbar)
for 10 min, the film was transformed back to the tetragonal phase (Figure A.5c). Since
oxygen could readily dissociate on Rh(111) from the holes in the monoclinic film, this

again shows that the transformation and stabilization is induced by Y alone, and not by

reduction of the film.
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Figure A.5: a) STM image (50 x 50 nm) and b) LEED (70 eV) of as-deposited 20% Y on
monoclinic 5 ML ZrO;; ¢) LEED (70 eV) after annealing to 820 °C in oxygen (po2= 5 X
107 mbar) for 10 min to transform the film back to the tetragonal phase.
Insights from X-ray Photoelectron Spectroscopy

In general, the electronic structure of zirconia behaves similarly with and without
yttrium. Oxygen vacancies that exist in the tetragonal ZrO, film, and which are not
associated with Y, are positively charged and lead to band bending.’ The oxygen
vacancies are positively charged due to the close proximity of the film with the metal Rh
substrate; it has been noted that electrons in oxygen vacancies are readily transferred to
the metal.*” As a result, XPS shows tetragonal zirconia films starting with high binding
energies (~183 eV for Zr(3ds;)) before the deposition of Y. After annealing in O,, the
films break up and oxygen vacancies are filled, leading to a shift of all peaks in the XPS
toward lower binding energies (Figure A.6); when Y is present, the Y(3d) peaks shift
accordingly. Coincidentally, due to the presence of Y, oxidation of the film does not lead
to a structural transformation toward the monoclinic phase, as is seen in pure ZrO, films,
mentioned above. Therefore it is assumed that oxygen vacancies are still present close to

the trivalent Y ions; but these oxygen vacancies are neutral, as the electrons from the

absent oxygen ions are located close to the Y ions.
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Figure A.6: XPS data of tetragonal 5 ML ZrO, before (red) and after (green)
deposition of 0.2 ML Y; and after annealing for 10 min in oxygen (po>= 5 X
107 mbar) at 650 °C (blue), 750 °C (black), and 800 °C (turquoise).

Conclusions

With the addition of only 5% Y to a ZrO, film, the film was able to maintain the
tetragonal phase due to the stabilizing effect of yttrium at temperatures above 800 °C. A
monoclinic zirconia film can be transformed back to the tetragonal phase with the
addition of yttrium at much lower temperatures and without reducing the film. The
stabilizing effect of Y was linked to the inherent oxygen vacancies that accompany
trivalent Y when replacing tetravalent Zr in zirconia films. The oxygen vacancies are not
filled in oxidizing environments, which allows the tetragonal phase to remain stable.
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