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ABSTRACT

Heterogeneous catalysis remains at the core of chemical manufacturing industries
with 80-90 % of chemical processes relying on the use of catalysts. Unlike homogeneous
catalyst that has extremely well-defined active sites, active sites in heterogeneous
catalysis are complex and show dynamic behavior under reaction conditions, and change
their structures, composition, particle size. The complexity associated with these systems
has made the rational design of the catalyst a difficult problem. Highly crystalline metal-
organic frameworks (MOFs) as heterogeneous catalysts present the unique opportunity to
systematically modify the geometries, ensemble sizes, and compositions of highly
dispersed active sites due to their tailorable, and post-modifiable pores and cavities with
uniform distribution of identical catalytic species.

In this work, we report the first study of a gas-phase hydrogenation reaction
catalyzed by highly dispersed metal nodes of a crystalline, bimetallic CURhBTC(BTC*
=benzenetricarboxylate) metal-organic framework (MOF), whereas other isostructural
monometallic and bimetallic MOFs has no hydrogenation activity. X-ray photoelectron
spectroscopy and X-ray absorption experiments identify the oxidation state of Rh in
CuRhBTC as +2, which is a Rh oxidation state that has not previously been observed for
crystalline MOF metal nodes. These Rh?* sites are active for the catalytic hydrogenation
of propylene to propane at room temperature, and the MOF structure stabilizes the Rh?*

oxidation state under reaction conditions. Density functional theory calculations suggest a
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mechanism in which hydrogen dissociation and propylene adsorption occur at the Rh?*
sites.

Based on the activity of Rh?* sites for alkene hydrogenation and known activity of
Rh ions for hydroformylation reaction at lower pressures (< latm), the CuRhBTC was
studied as a potential catalyst for ethylene hydroformylation reaction at elevated
temperature and pressures. The ethylene hydroformylation studies on monometallic
CuBTC, RhBTC, bimetallic CuUMBTC(M=Rh, Co, Ru ions), along with Rh-standards:
Rh3*/Si02, Rh?*/Si02, Rh/SiO2, Rh-Y zeolites showed Rh-containing MOFs along with
Rh-standards exhibited activity for ethylene hydroformylation to propanal and diethyl
ketone as reaction products, whereas the other monometallic and bimetallic MOFs did
not show any activity. The increase in diethyl ketone product with increased Rh
concentration suggests that ionic Rh sites are needed for the formation of the coupling
product during hydroformylation.

One of the common strategies to achieve the desired activity of supported metal
particles is tuning the particle size and interactions between the particle and the support.
The growth of metal particles and associated loss of surface area is a major route of
catalyst deactivation in heterogeneous catalysis. In our work, propylene hydrogenation
activity was studied on small (1-2 nm) Pd particles deposited on different carbon and
oxide supports using strong electrostatic adsorption (SEA). The size of the Pd particles
was varied by annealing at higher temperatures and was assessed by chemisorption,
scanning transmission electron microscopy (STEM), and x-ray diffraction (XRD)
measurements. Our study showed that Pd particles deposited by SEA on graphene

nanoplatelets (graphitic, oxGN-alfa) have higher activity than small, uniformly sized Pd
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particles on silica. We found that the Pd exhibits a particle size effect on SiO2 and oxGN-
Alfa, with smaller particles showing higher activity whereas this effect on oxVXC72 was

complicated by carbon decoration.
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CHAPTER 1
INTRODUCTION



1.1 INTRODUCTION OF CATALYSIS

The term “Catalysis” was used by Berzelius in 1835 to describe reactions that are
accelerated by a substance that remain unchanged after the reaction.! Paul Sabatier, 1912
Nobel prize winner, introduced the concept designated as “Sabatier principle” and
provided a conceptual framework about optimum catalyst.? According to this concept the
best catalyst should adsorb a reactant on the catalyst surface with intermediate energy:
not too weakly that allows the activation but not too strongly to be able to desorb the
products.! The International Union of Pure and Applied Chemistry (IUPAC) has defined
a catalyst as ““ a substance that increases the rate of a reaction without altering the overall
standard Gibbs energy change of the reaction”. The chemical process of increasing the
reaction rate is termed as catalysis.® Catalysis has appeared as an important area of
research since it plays critical roles in many industries including petroleum refining,
automotive catalytic converters, production of starting materials for organic synthesis
reaction, production of fertilizers, food production, and in pharmaceuticals. Catalysis also
helps in developing/designing new environmentally friendly technologies that allow
green ways to generate energy in this present world struggling with problems of
pollution, global warming.

Catalysis may be categorized into homogeneous and heterogeneous catalysis.
Homogeneous catalysis involves the components that are dispersed in the same phase
(mostly gaseous/ liquids) as the reactant molecules, whereas heterogeneous catalysis
comprises reaction components that are in a different phase. Although homogeneous
catalysts exhibit excellent catalytic activities and selectivities, heterogeneous catalysis is
preferred over homogenous catalysis due to its ease of preparation, handling, separation

of the catalysts from the products. It is also better in terms of stability, low cost, and low



toxicity. Hence, most industrial processes tend to shift towards heterogeneous catalysis. It
remains at the core of chemical manufacturing generating global sales of 1.5 trillion US $
every year with 80-90 % of chemical processes relying on the use of catalysts* and
contributing directly or indirectly to approximately 35% of the world’s gross domestic
products (GDP).® Historically, heterogeneous catalysts have been developed by trial and
error. However, the modern catalysts are prepared rationally with the fundamental
understanding of catalytic processes with the help of advanced spectroscopy and imaging
to investigate catalytic systems under reaction conditions.® For example, the development
of catalytic converters for automobiles was possible due to a fundamental understanding

of reaction kinetics of CO oxidation and reduction of NOyx on Pt single crystals.’

Typically, heterogeneous catalysts consist of transition metals present in the form of
nanoparticles dispersed on supports to expose the largest surface area possible to the
reacting molecules. These metals have great industrial application as they have the ability
to activate molecules such as Hz, N2, O, CO including polyatomic molecules containing
C-H, C-0, C-N, and C-Cl bonds.> Metal oxide, sulfides, nitrides, carbides, phosphates,
and phosphides are also employed in selected applications. Taylor, in 1925, suggested
that a catalyzed chemical reaction is not catalyzed over the entire solid surface of the
catalyst but only at certain “active sites or centers” which could consist of an atom or
ensemble of atoms distributed on the surface of the catalyst.® Atomic ensemble may
become active due to a specific structural arrangement of atoms or due to the electronic
properties of metal atoms influencing the adsorption and activation of reactants. The
main goal of rational catalyst design and development is to synthesize a catalyst with

sustainable activity and selectivity at a low cost. These aspects can be improved by the



tailored design of the catalytic materials with desired structures and dispersion of active
sites. Unlike homogeneous catalyst that has extremely well-defined active sites, active
sites in heterogeneous catalysis are complex as it mostly involves metal nanoparticles
with different facets and their associated defects such as steps, kinks, and reconstruction.®
These actives sites show dynamic behavior under reaction conditions and change their
structures®!!, composition'?, particle size*. Hence the complexity associated with these

systems has made the rational design of the catalyst a difficult problem.

One of the common strategies to achieve the desired activity from a catalytic
material is adjusting the particle size of the active sites besides tuning its composition,
crystallographic structure, and geometry.** The activity of supported metal nanoparticle
catalysts is largely dependent on the availability of surface sites to participate in the
desired reaction which largely hinges on the metal particle sizes. The growth of metal
particles and associated loss of surface area is a major route of catalyst deactivation in
heterogeneous catalysis.™® Several methods have been developed over the years for the
preparation of metal catalysts. However, among the simplest and least expensive methods
to prepare supported metal catalyst is by impregnation, where a porous oxide or carbon
supports are soaked into metal precursors solutions such as tetraamine platinum(Il)
chloride or chloroplatinic acid®. The extent of the metal retained by support depends on
the precursor-support interaction which could be created via electrostatic adsorption
mechanism!’ and remains a basis of strong electrostatic adsorption(SEA) method?8
employed for the catalyst synthesis for the work described in the last chapter in this
thesis. This method is known to produce relatively small metal particles with excellent

dispersion ideal for catalytic materials.



Recently, Single-atom catalysis (SAC) has become the most active frontier in
heterogeneous catalysis as it not only has a lower cost but also higher activity, selectivity,
and stability compared to traditional catalysts.'®?°, For example, the Sykes group has
demonstrated very small quantities of individual, isolated catalytically active Pd atoms on
Cu(111) surface activate hydrogen and facilitate hydrogenation activity of alkenes to
alkanes.?* Although SACs exhibit maximum atom-utilization efficiency and unique
properties compared to conventional catalysts, fabrication and maintaining the metal
clusters as atomically dispersed sites under synthesis and catalysis conditions are
challenging.?? The main bottlenecks on the SACs are low loading of single atoms (SAs)
and lack of scalable synthesis methods. This hinders its practical applications as high-
performance catalyst requires a high density of the SAs for abundant active sites.?® In this
regard, the metal-organic frameworks (MOFs) as heterogeneous catalysts present the
unique opportunity to systematically modify the geometries, ensemble sizes, and
compositions of highly dispersed active sites. MOFs are a new class of hybrid
inorganic/organic material consisting of metal nodes of specific geometries connected by
organic linkers. MOFs are highly crystalline with exceptionally high porosity ranging
from 600—6000 m?/g surface area. For example, Figure 1.1 shows the structure of the
well-studied Cus(BTC), (BTC* = benzene-1,3,5-tricarboxylate, abbreviated as CUBTC),
also known as HKUST-1(HKUST = Hong Kong University of Science and Technology),
in which the M?* jons are arranged in a paddle-wheel configuration (M2(02C-)4).?* The
high porosity of MOF provides a sufficient number of active sites for the catalytic
reaction. The thermal and chemical stability of MOFs provides an opportunity for post-

synthetic modification and metal complex functionalization that makes it a great platform



for activation of small molecules, catalysis of organic reaction, gas storage, gas

separation, biomedical imaging.? It also features predictable, controllable, tailorable, and
post modifiable pores and cavities with uniform distribution of identical catalytic species
reinforced by linkers facilitating the identification of active sites and the study of reaction

mechanisms in rational catalyst design.

Figure 1.1. The X-ray crystal structures
of M3(BTC)2 MOFs (M = Cu, Ni). Insets
show the secondary building units (SBUs)
of mono- and heterometallic MOFs. Blue,
brown, red, and gray spheres represent M
metal, oxygen, and carbon atoms,
respectively.

1.2 MOTIVATION
Our research group mainly focuses on understanding surface chemistry on the atomic
and molecular levels with the main objective of developing new materials for

heterogeneous catalysis. The primary focus of the research discussed here is to



understand the factors and properties of bimetallic MOFs based on the HKUST-1 system
for gas-phase hydrogenation and hydroformylation reactions. Although there have been
several studies of catalysis on MOF nodes in the solution phase such as hydrogenation,
oxidation, epoxidation?®-28, however, there is almost no experimental data on the
literature for the gas phase reactions despite the fact that industrial heterogeneous
catalysis on MOFs is more economical than homogeneous catalysis. There are few other
studies on gas-phase catalysis on MOF reported in the literature, however, these studies
involve active sites such as metal complexes or clusters that have been coordinated to the
MOF nodes or linkers by post-synthetic modification.?®-! This approach basically treats
MOF as support which makes these systems synthetically more challenging and difficult
to control in terms of oxidation states, nucleation, and sintering. Alternatively, metal
particles have been deposited inside of MOF pores, but these catalysts still suffer from
issues such as sintering and lack of control over geometry and composition of active sites
as observed for active sites in the conventional supported metal catalysts.3? Hence, the
investigation discussed here employs metal nodes intrinsic to MOF structure as the
catalytically active sites which have several advantages including: a homogeneous
distribution of metal nodes of the metal nodes within the framework; a well-defined
structure of the metal nodes crystallographically characterized that allows for theoretical
investigation of the possible reaction mechanism of catalytic reactions and greatly
facilitated the rational catalyst design. Hence, the scientific investigation discussed here
is one of the very few fundamental studies of the mechanisms occurring in the gas phase
and motivated by the desire to tailor the dispersion, geometry, ensemble size, and

composition of the active sites, and to elucidate reaction mechanisms and intermediates



in the catalytic processes occurring at the MOF metal center.

For studies discussed herein, we have chosen to investigate industrially relevant
hydrogenation and hydroformylation reactions. This work is one of the first gas-phase
reaction studies on bimetallic MOFs that are known to display properties that are
different from their monometallic entity.33%* All the MOF samples for these studies were
synthesized by the Shustova group here at the University of South Carolina(UofSC).
Shustova group is well known synthesized variety of MOFs and COFs (covalent -organic
frameworks) materials for diverse applications including sustainable energy conversion,
sensing, switches, and artificial biomimetic systems.*>=" The thermally stable HKUST-
1(abbreviated as CuBTC) was used as precursor material that displayed stability against
air under ambient conditions and after the activation procedure required to generate
unsaturated metal sites important for the catalysis.?* The CuBTC based isostructural
bimetallic MOFs: CuRhBTC, CuCoBTC, CuNiBTC, CuFeBTC, CulrBTC were
synthesized by transmetallation process. The idea here was to incorporate the active sites
into the MOF nodes that can serve as the isolated sites for specific reactions as shown in
Figure 1.2. Different isostructural monometallic MOFs such as CuBTC, NiBTC and,
RhBTC were also studied. The incorporation of second metal ions such as Rh?* in the
paddlewheel node of CuBTC during the synthesis of CuzxRhx(BTC)2 MOF (abbreviated
CuRhBTC) was reported. The introduction of the Rh ions into the paddlewheel nodes
was confirmed by Raman spectroscopy and supported by density functional theory (DFT)
calculations performed by the Vogiatizis group at the University of Tennessee,

Knoxville. The uniform dispersion of copper and rhodium ions was shown by scanning



transmission electron spectroscopy(STEM) and energy-dispersive X-ray
spectroscopy(EDX) on a nanometer scale.®

In chapter 3, the propylene hydrogenation activity on the isolated metal nodes of
bimetallic CURhBTC was discussed. This study showed the Rh-metal nodes of the
crystalline CURhBTC MOF were active for propylene hydrogenation with Rh?* as an

active site prepared by the reduction of post-synthetically incorporated Rh®*. The

Figure 1.2. Simulated structure for
heterometallic M3xM'x(BTC). (M' = Fe,
Co, Ru, Rh, and Ir). Insets show the
secondary building units (SBUs) of
mono- and heterometallic MOFs. Blue,
brown, red, and gray spheres represent M
metal, M' metal, oxygen, and carbon
atoms, respectively.

CuRhBTC displayed the unique hydrogenation activity of Rh?* in CuBTC at room
temperature compared to CuBTC and CuMBTC(M=Co, Fe, Ir, Ru ions) that has no

appreciable activity. The Rh?* ions in the bimetallic MOF structure are stable under



reaction conditions and are essential for the reaction pathway according to DFT
calculations. The main role of Cu?* ions in the CURhBTC is believed to be stabilizing the
MOF structures and preventing the reduction of incorporated Rh?* into metallic Rh under
reaction conditions.

Chapter 4 discusses the hydroformylation activity on Rh-containing MOFs.
Hydroformylation is a catalytic conversion of alkene from natural gas and widely
available syngas (CO and Hz) widely used industrial process for aldehyde production.
These aldehydes are key ingredients for numbers build chemicals used in pharmaceutical,
perfume agrochemical, and food additive industries.>**#? Conventionally, Rh and Co have
been extensively employed for the hydroformylation at higher reactant pressures(80-
100atm) in homogenous catalysis setup.3®*?Recent research has been focused on
developing heterogeneous catalysts for hydroformylation due to ease of separating
catalysts from the products. In addition, the supported Rh ions**#* and particles* have
shown heterogeneous hydroformylation at lower pressures(< 1atm) at relatively lower
temperatures but with lower selectivity compared to homogenous counterparts.® Hence,
based on the activity of Rh?* sites for alkene hydrogenation and known activity of Rh
ions for hydroformylation reaction the CURhBTC was studied as a potential
hydroformylation catalyst where ethylene was used as a probe molecule. The ethylene
hydroformylation reactions were also carried out on monometallic CuBTC, RhBTC,
bimetallic CuMBTC(M=Rh, Co, Ru ions), along with Rh-standards such as Rh**/SiO,
Rh2*/Si0z, Rh/SiO2, Rh-Y zeolites. The CuBTC, CuCoBTC, and CURUBTC did not show
any activity for ethylene hydroformylation, whereas the Rh-containing MOFs:

CuRhBTC, CuCoRhBTC, and RhBTC along with Rh3* containing Rh-Y zeolite, Rh?*,
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and Rh®"/SiO2 prepared by incipient wetness impregnation exhibited catalytic
hydroformylation of ethylene to propanal. Diethyl ketone was also observed as a reaction
product for Rh-containing MOFs and standards. The increase in diethyl ketone product
with increase Rh concentration strongly suggests that a pair of neighboring Rh sites could
be essential for the formation of the coupling product during hydroformylation. This
study showed the Rh?* sites in the MOF nodes had relative better hydroformylation
activity compared to Rh**species in Rh-Y zeolite. Some of the Rh-sites in the Rh-
containing MOFs could undergo reduction to metallic Rh particles known to have higher
hydroformylation activity.

The work described in Chapter 5, the investigations of catalytic activity on
carbon-supported Pd particles, was originally motivated by prior work from the Gupton
group at Virginia Commonwealth University(VCU), in which Pd particles on graphitic
supports were found to have unusually high activity for the Suzuki cross-coupling
reaction.*® To better understand the fundamental properties of Pd on carbon catalysts
compared to oxide supports, propylene hydrogenation was chosen as a simple gas phase
probe reaction. Pd particles were deposited using the technique of strong electrostatic
adsorption (SEA), which is known to produce particles of small sizes (1-2 nm diameter)
on a number of different oxides supports, as well as oxidized carbon. The particle size of
the Pd particles was varied by annealing at higher temperatures and was estimated by
chemisorption, STEM, and XRD measurements. Our results of propylene hydrogenation
demonstrated that Pd particles deposited by SEA on various carbon supports such as
carbon black (non-graphitic, oxX\VCX72), and graphene nanoplatelets (graphitic, oxGN-

alfa) have higher activity than small, uniformly sized Pd particles on silica. We found that
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the Pd exhibits particle size effect on SiO2 and oxGN-Alfa, whereas this effect on

oxVXC72 was complicated by carbon decoration.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES
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2.1. CATALYST EVALUATION - FLOW SYSTEM

This reactor system was primarily built in our lab for catalytic evaluation of novel
catalytic materials. All the catalysts for these studies were evaluated in a flow system
using a fixed bed, tubular reactor with ID 0.19” (316 steel) in a single pass. The reactor
was encased in the 1.0” OD jacketed shell with liquid inlet and outlet ports at the bottom
and top of the jacket connected to an ethylene glycol/water recirculating bath to maintain
isothermal behavior. The jacket is also wrapped with heating tape for the operations at
elevated temperatures above 100°C and controlled by a homebuilt PID temperature
controller. The reactor is also equipped with an ATS 3210 Split Tube Furnace that can
heat the reactor to 700°C for high-temperature reactions. A thermowell containing a K-
type thermocouple was inserted into the catalyst bed to accurately measure the reaction
temperature to ensure the isothermal behavior of the reaction. The reactor tube also
contains stainless steel Parker ABP1 series back-pressure regulator that enables the
operation at elevated pressures up to 750 psig. The flow rates of different reactants gases
such as H, Oz, CO, He, ethylene, propylene were controlled by a series of Brooks 5850l
Mass Flow Controller (MFC) controlled by Hastings model-400 4-channel power supply.
A detailed schematic of the MFCs is shown in Figure 2.1. The flow reactor system is
coupled with the Hewlett Packard 5890 Series Il gas chromatograph equipped with
Agilent HP-PLOT/Q (30 mx 0.32mmx20um) housing a flame-ionization detector (FID)
and a thermal conductivity detector (TCD) for the analysis of the product. All the transfer
lines were heated to ~100°C using heating tapes controlled by variacs. The majority of
feed and product were analyzed every 1-hour using the FID with the help of automatic

injection software from VICI Valco Inc. Three stainless steel 6-port switching valves
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(part number, 2L6UWE) from VICI Valco Instrument Inc. were connected to direct the
flow of gas in two different configurations: a) Feed mode, b) Product mode (Figure 2.2 a
and b). These valves were encased in a heated valve enclosure (part number: HVE3) from
VICI Valco Instrument Inc. In the feed mode configuration, the gas flow was analyzed
while bypassing the reactor tube. In contrast, in the product mode configuration, the gas
analysis was carried out after it passes through the reactor tube. The Kinetic
measurements and the activation energies at differential conditions were also determined
using the same reactor system. The flow reactor is equipped with a vapor-liquid
equilibrator (VLE) allowing the vapor-phase reaction of volatile liquids. A complete

schematic and image of the flow system are shown in Figures 2.3 and 2.4 respectively.

G CSHE c2H4
Vent
0, H:
H; MFC 2 MFC High-flow cO

Ar He

i
e | ﬂJ/ |

Figure 2.1. Schematic of the gas manifold containing Brooks MFCs.
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b: Product mode
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Figure 2.2. Schematic of the 6-post switching valves in a) Feed Mode, b) Product
mode.
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Figure 2.4. An image of a Flow system used for catalyst evaluation
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2.2. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

X-ray photoelectron spectroscopy (XPS) is one of the standard tools for surface
characterization, sometimes also known as electron spectroscopy for chemical analysis
(ESCA). It is a powerful technique to measure the elemental composition, empirical
formula, chemical, and electronic state of an element in a material. XPS measurements
involve the detection of the photoelectrons emitted from the surface under investigation
due to irradiation of the sample by X-rays of known energy, typically from an Al or Mg

source. The total energy transfer from the X-rays photons to the atom under irradiation
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Figure 2.5: Schematic illustration of
photoemission process in surface analysis.
Adapted for reference 47

could lead to an electron emission, known as a photoelectron. Figure 2.5%" shows the
photoemission process that involves the generation of photoelectrons from the core level

by irradiation of incident X-ray of energy (hv).
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By detecting the kinetic energy (Exinetic, KE) of the emitted electrons, it is possible
to identify the surface element and chemical states. With the known energy of X-ray
irradiation (Epnoton), the binding energy (Evinding, BE) of each emitted electron can be
determined using the photoelectric effect equation 2.1. The detected components can be

quantified with the help of peak intensities of XPS spectra.
Ebinding: Ephoton - (Ekinetic + ﬂ) equation 2.1

Here, Epnoton = hv is the energy of the incident photon energy, Exinetic IS the
detected kinetic energy of the photoelectron, and @ is the work function. The work
function is related to the spectrometer for a conducting sample and represents the
minimum energy required to eject an electron from the highest occupied level into the

vacuum®*. Figure 2.6 shows the schematic of the equipment and principle of XPS.

Electron Energy Analyzer (0-1.5kV)

(reasures kingtic energy of electrons)

N
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{counts the elecirons)

Photo-Emitted Electrons < 1.5 kV)
escape only from the very top surface
(70 - 110A) of the sample

T

Eiectron
Coliection
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Focused Beam of

X-rays (1.5 kV)

Electron
Take-Off-Angle

Si0, /Si°
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Samples are usually solid bacause XPS Si{2p) XPS signals
requires ultra-high vacuum (<10°¢ torr) from a Silicon Wafer

Figure 2.6: Schematic of the equipment and principle of XPS. Adapted
for reference 48
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In this thesis, XPS was mainly used to identify the oxidation state of the MOF
species under investigation before and after catalysis. For this we have carried out XPS
studies on a Kratos AXIS Ultra DLD system equipped with a monochromatic AlKa
source, a hemispherical analyzer, charge neutralizer, catalysis cell, and a load lock
chamber for rapid introduction of samples without breaking vacuum; this system has

been described in more detail elsewhere.*®

Ambient pressure XPS(AP-XPS) were carried out in an ultrahigh vacuum (UHV,
<2x1071% Torr) chamber equipped with a SPECS GmbH PHOIBOS 150 EP MCD-9
analyzer located at the Chemistry Division of Brookhaven National Laboratory (BNL).*
The purpose of AP-XPS studies was to be able to investigate MOF powders in-situ under
reactant gas pressures < 0.5 Torr and elevated temperatures. The powder samples were
pressed onto the aluminum plate and loaded into the analysis chamber under UHV
conditions. All XPS data were collected with an Mg Ka source (1253 eV), including the
O(1s), C(1s), Rh(3d), and Cu(2p) regions at an energy resolution of 0.2 eV. XPS binding
energies were calibrated against the metal Fermi and core-level features of a Ru single-
crystal standard and further confirmed with the position of the adventitious hydrocarbon

peak.

2.3. INDUCTIVELY COUPLED PLASMA (ICP-AES/MS)

An inductively coupled plasma (ICP) is a type of plasma source produced by
energy from electrical currents generated by electromagnetic induction. Inductively
coupled plasma (ICP) is an analytical technique used for the detection of trace metals in
environmental samples. The plasma used in the spectrochemical analysis is electrically

neutral with each positive charge on an ion balanced by a free electron.! The ICP
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technique gets the element to emit a characteristic wavelength of specific light that can be
measured. ICP is often used in conjunction with other analysis techniques such as atomic
emission spectroscopy (AES) and Mass spectroscopy (MS) that require the sample to be
in an aerosol or gaseous form before the injection into the instrument.

In ICP-AES, plasma is used as the atomization and excitation source. A solid
sample is normally dissolved and mixed in water. A plasma source dissociates the
dissolved sample onto its constituent atoms or ions, exciting them to a higher energy
level. Upon returning to the ground state, the dissociated ions emit the photon of a
characteristic wavelength depending on the element that is recorded by an optical
spectrometer to provide a quantitative analysis of the sample when calibrated against the
standards. It is one of the most common techniques for elemental analysis. Dissolved
samples could be analyzed from solutions containing high concentration salt solution to
diluted acids solution.>® The ICP-MS (Mass spectroscopy) is a relatively new technique
that combines conventional ICP optical emission sources with a mass spectrometer. The
ICP source converts the atoms of the elements in the sample to ions which are then
separated and detected by the mass spectrometer. The ICP source in ICP-MS is an argon
plasma source and it is extremely sensitive for determination on a wide range of
elements. For the work discussed here, the relative concentration of metal ions in the
MOFs was determined using a Thermo-Finnigan Element XR inductively coupled
plasma-mass spectrometer (ICP-MS) at the University of South Carolina Mass
Spectrometer Center. The MOF samples were washed extensively in a solvent at reflux
temperature in a Soxhlet extractor to remove any residual Rh ions from MOF pores. The

sample was then digested in a mixture of concentrated HCI and HNO3 acids at 180°C
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before the ICP-MS analysis.

Similarly, the mass fraction Rh?* in Rh?*/SiO, and Rh** in Rh®*/SiO2 used in this
work was analyzed using atomic absorption spectroscopy (AAS). In AAS, the acetylene
flame was used to evaporate the dissolved sample and dissociate the sample into its
component atoms. A hollow cathode lamp is selected based on the element to be
determined. Then the light from a hollow cathode lamp is passed through the cloud of
atoms where atoms of interest absorb the light from the lamp. This absorbance is then
measured by the detector and used to calculate the concentration of the element in the
sample.> For this work, a Perkin Elmer AAnalyst 400 was used for atomic absorption
spectroscopy analysis. The Rh2*/SiO, was prepared following a procedure mentioned in
the literature®. For determination on Rh wt.% loading, the Rh?*/SiO; catalyst was
digested in aqua regia solution whereas, for Rh *, the impregnating RhCls solution was

analyzed.

2.4. X-RAY POWDER DIFFRACTION (PXRD)

X-ray powder diffraction pattern (PXRD) is a scientific technique for structural
characterization of materials using a monochromatic X-ray on powder or microcrystalline
samples. Bragg’s approach to diffraction from the crystal considers a crystal made up of
layers or planes of atoms such that each act as a semi-transparent mirror. When irradiated
with X-rays, some of the X-rays are reflected off a plane with an angle of reflection equal
to the angle of incidence, but the rest are transmitted to be subsequently reflected by
succeeding layers/planes o atoms.>® When Bragg’s law (equation 2.2) is satisfied, the
reflected beams are on-phase and interfere constructively resulting in a diffraction

pattern.
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2dsin@ = n/j....... Bragg’s Law-----EQ. 2.2

Where 0 is the angle of incidence of the X-ray, n is an integer, A is the wavelength, and
d is the spacing between atom layers. In principle, a monochromatic beam of X-rays
strikes a finely powdered sample that has randomly arranged crystals in every possible
orientation to diffract in a pattern characteristic of the structure. Powder diffraction is
often more convenient and easier than single-crystal diffraction as it does not require a
single crystal to be made and it represents a diffraction pattern of the bulk material
compared to a single crystal which does not necessarily represent the overall material.
Compounds/materials can be identified using a database of diffraction patterns a most of
the material has unique diffraction patterns. The particle size of the powder can also be
determined by using the Scherrer formula, which relates the particle size to the peak
width. The Scherrer formula is,

kA
~ BCos6

p

Where, p = true particle size,

k=Scherrer constant (shape factor),

A= wavelength of Cu Ka radiation,

B= width of diffraction peak given in radians after subtracting instrumental broadening,

0= Bragg’s angle

A powder X-ray diffractometer consists of an X-ray source, a sample stage, a
detector, and a way to vary the angle ©. The X-ray is focused on the sample at an angle

O, while the detector resides opposite to the source reads the intensity of X-ray at 20
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away from the source path as shown in Figure 2.7°%. The incident angle is then increased
over time while the detector angle always remains 26 above the source.®” The detector
position is recorded as 26 while the detector records the number of X-rays observed at

each 20. The sample is also rotated to keep the X-tray beam properly focused.
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Figure 2.7: Diffraction showing the incoming and diffracted beams
that are inclined by an angle theta with respect to the sample
surface. Adapted from reference 56.

The crystallinity of as-synthesized and activated MOFs were ensured by PXRD
analysis. PXRD was also performed on post-reaction samples to check the structural
integrity of MOFs after being exposed to reaction conditions as described in Chapters 3
and 4. For this work, powder XRD patterns were recorded on Rigaku Miniflex 11

diffractometer with an angular range of 3 to 30°in 26 with a step size of 0.02°,

accelerating voltage, and current of 30kV and 15 mA respectively.

24



For the work described in chapter 5, particles sizes of the Pd particles on different
carbon and oxide supports were measured by X-ray diffraction method using a Rigaku
Miniflex Il equipped with a D/teX Ultra silicon strip detector. Diffraction patterns were
collected over a range of 10-70° 26 using Cu-Ka. radiation operated with accelerating
voltage of 15kV and current of 30mA. About 0.1 g of the sample was placed in Rigaku
XRD holders of diameter 20 mm and depth of 0.2 mm. XRD patterns were obtained for
all metal-free supports in addition to the supported metal catalysts. A prominent peak at
20 = 40° is observed for Pd (111) which was analyzed for the determination of the
crystallite size of the nanoparticles. A Fityk 1.3.1 version software was employed for
background subtraction and deconvolutions using pseudo-Voigt shapes to take the peak
asymmetry into account. The full width at half maximum (FWHM) values was used
together with a shape factor of 0.94 in the Scherrer equation to estimate particle size.*
2.5. CHEMISORPTION

Chemical adsorption, or chemisorption, is a process resulting from a chemical
bond between adsorbate molecules and specific surface locations on the material, known
as the active sites. The interaction is much stronger in the case of physical adsorption, or
physisorption. Chemisorption is a single layer process occurring on active sites and
ceases in the absence of direct contact with the surface, whereas physisorption is a less
strong interaction taking place on all surfaces under favorable temperature and pressure
conditions.

The chemisorption measurement technique is used to evaluate the physical and
chemical properties of materials important for reaction performance. It is one of the most

important methods of catalyst characterization used to measure the number of available
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active sites in the catalysts and the temperature at which the catalyst becomes active after
reduction/oxidation cycles. These measurements can be carried out either in static mode
to distinguish between strong or weak active sites or in pulsed chemisorption mode to
probe strong active sites only.> Either of these chemisorption processes is conducted at a
temperature of interest to determine the number of accessible active sites, active surface
area, degree of dispersion, and active particle size of heterogeneous catalysts. Hydrogen
and carbon monoxide are the two most used probe gases. Oxygen and other gases are also
used in suitable cases.

A pulsed chemisorption experiment is carried out at ambient pressure with a
flowing gas. After the sample is cleaned in a flowing inert gas, small pulses of reactant
gas are injected until the sample is saturated. The quantity of reactant molecules adsorbed
by the active sites upon injection is measured by a calibrated thermal conductivity
detector (TCD). Typically, the initial injections are chemisorbed completely; however,
upon saturation, none of the later injections will be chemisorbed®. The number of
molecules of gas chemisorbed is directly related to the active surface area of active
material.

The quantity of the gas chemisorbed per gram of sample combined with the
knowledge of the stoichiometry of the reaction and the quantity of active metal used
during the catalyst synthesis is used to calculate the metal dispersion. This information
can also be used to calculate the metallic surface area per gram of metal, particle size

using the following equations®®¢?,

PD =100 x (3ol ) ¢ MWy,
— Vs 23
SAwetac= (5] X (SFare) X (6022 X 10%) X SAcare
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APS =

_Ws 23
Dcailc X( GMWCalc)X (6.022 xX10%23)X SAcaic

PD = Percent dispersion

Dcaic= Calculated metal density(g/cmq)

SAwmetaniic = Metallic surface area (m?/g of metal)

APS = Active particle size (nm), hemispherical

Vs= Volume of adsorbed gas (cm® at STP)

SFcac= Stoichiometry factor

Ws = Sample Weight

SAcaic = Calculated specific surface area (per gram of metal)

GMWcaic= Calculated gram molecular weight of the sample(g/g-mole)

For the work described in Chapter 5, pulsed chemisorption was performed to
investigate the particle size of the Pd on various catalysts synthesized for the study. The
measurements were performed using the AutoChem 11 2920 instrument where the
number of active Pd-sites and the active particles sizes were determined by chemisorption
of oxygen pre-covered hydrogen titration of the Pd catalyst surfaces. The sample was first
reduced in 10% H: at 200°C for 1 hour before Ar- treatment at 200°C for an hr followed
by cooling it to 40°C. The sample was then treated with 10% O/Balance Ar at 40°C for
30 minutes to oxidize Pd to PdO. The sample was then purged with Ar-gas to remove the
residual loosely held oxygen molecules from the sample. It was then titrated with pulses
10% hydrogen/ balance-Ar to form water and Pd surfaces with chemisorbed hydrogen.
The hydrogen consumption by the sample was detected by a thermal conductivity
detector (TCD). The assumed overall stoichiometry is 0.667 Pd:1 H2%2. Particle sizes

were estimated from chemisorption assuming hemispherical geometry. For Pd particles
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supported on carbon, Regalbuto etal®® have shown a systematic discrepancy in metal
dispersion and nanoparticle sizes obtained from chemisorption and XRD techniques.
They have hypothesized this discrepancy was due to the formation of a carbon overlayer,
termed as carbon decoration, on the surface of metal nanoparticles during catalysis
synthesis. Hence, an additional particle sizes characterization with Scanning transmission
electron microscopy was considered for this study.

2.6. SCANNING TRANSMISSION ELECTRON MICROSCOPY(STEM)

Scanning transmission electron microscopy (STEM) is a transmission electron
microscope where the images are generated by the electrons passing through a thin
specimen. In STEM, the microscope lenses are adjusted to create a focused electron beam
probe that scans over the sample as shown in Figure 2.8%4. The rastering of the electron
beam across the sample creates an image suitable for Z-contrast imaging, elemental
mapping by energy-dispersive X-ray spectroscopy (EDS), and electron energy loss

STEM mode

Electron Gun

<L _~2 " system of condenser lenses
Condenser aperture

Deflection scan coils

\\- Upper-objective polepiece

V

<R 1-' Lower-objective polepiece

Specimen

STEM detector

DF | (back focal plane of objective lens)

e |
Figure 2.8. Schematic view of STEM.
Adapted from reference 64
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spectroscopy (EELS). STEM is used to characterize the nanoscale and atomic-scale
structure of materials including solar cells®, batteries®, semiconductors®, fuel cells®’,
catalysts®®, etc.

For the studies discussed in chapter 5, the aberration-corrected JEOL 2100F
scanning transmission electron microscopy (STEM) was used for Z-contrast imaging
with a 200 kV field emission gun and a double tilt holder for tilting the sample across a
range of angles (+20°). High Angle Annular Dark-Field (HAADF) STEM images were
acquired on a Fischione Model 3000 HAADF detector with a camera length such that the
inner cut-off angle of the detector was 50 mrad. Sample preparation involved suspending
the catalyst in isopropanol and depositing a drop of the suspension onto a holey carbon
film attached to a Cu TEM grid. A Digital Micrograph software was used to obtain
images and 100-500 particles from each image were counted to get the particle size
distributions. The average diameter of the particles was calculated given relations,
Surface average diameter = Ds= Y'nidi®/ Ynidi

Volume average diameter = D= Y'nidi%/ Y nid;®

where nj is the number of particles with diameter D;.
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CHAPTER 3

SELECTIVE CATALYTIC CHEMISTRY AT RHODIUM (I1) NODES IN

BIMETALLIC METAL-ORGANIC FRAMEWORKS

Shakya, D. M.; Ejegbavwo, O. A.; Rajeshkumar, T.; Senanayake S. D.; Brandt, A. J.;
Farzandh, S.; Acharya, N.; Ebrahim, A. M.; Frenkel, A. I.; Rui, N.; Tate, G.; Monnier, J.

R.; Vogiatzis, K. D.; Shustova, N. B. and Chen, D. A. Angew. Chem. Int. Ed. 2019 58,
16533-16537

Reprinted here with permission of publisher.

30


https://scholar.google.com/scholar?cluster=3780635106566730150&hl=en&as_sdt=5,41
https://scholar.google.com/scholar?cluster=3780635106566730150&hl=en&as_sdt=5,41

3.1.INTRODUCTION

The use of crystalline metal-organic frameworks (MOFs) as heterogeneous
catalysts provides the unique opportunity to tailor active site geometries and ensemble
sizes on the atomic scale. MOFs are crystalline hybrid inorganic/organic materials with
structures consisting of metal nodes of specific geometries connected by organic linkers.
Furthermore, the high porosity (600-6000 m?/g surface area)* of MOFs provides a
sufficient number of highly dispersed active sites for catalytic reactions.

MOFs are reported to be excellent catalysts for a number of reactions in the liquid
phase, including hydrogenation, oxidation, and epoxidation.?® However, gas-phase
heterogeneous catalysis is preferred over reactions in the liquid phase due to the ease of
separating the catalyst from the products in the former case. Given their extraordinarily
high surface areas, MOFs have been used as supports for metal particles in gas-phase
reactions.”® Similarly, catalytically active metal complexes or clusters have been
attached to the MOF nodes by post-synthetic modification.®*2 In comparison to these
catalysts that employ the MOF as a support, the use of metal nodes intrinsic to the MOF
structure as the catalytically active sites has several advantages. These include: a
homogeneous distribution of the metal nodes within the framework; and a well-defined
structure of the metal nodes, which can be fully characterized by crystallography and can
be investigated theoretically to predict the possible mechanisms of catalytic
transformations.

In this work, we present the first study of gas-phase catalytic activity occurring at
the metal nodes of a crystalline MOF and investigate possible reaction mechanisms using
density functional theory (DFT) calculations. Specifically, (CuxRh1-x)3(BTC):

(abbreviated CuRhBTC, where BTCs.=benzenetricarboxylate) is found to catalyze
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propylene hydrogenation to propane with relatively high activity and excellent long-term
stability. This bimetallic MOF is prepared via solid-state metathesis using Cuz(BTC)2
(HKUST-1) as a precursor. To the best of our knowledge, this is the first report of a 2+
oxidation state for isolated Rh ions in a MOF; these Rh?* ions are not stabilized by the
presence of Rh-Rh bonds at Rh dimer nodes and are produced through the reduction of
post synthetically incorporated Rh®*. This unusual Rh?* oxidation state provides the
active sites for the reaction, given that activity increases with Rh concentration. DFT
studies were used to model the active Rh?* sites within the CURhBTC structure and to
identify an energetically favorable reaction mechanism in which H; dissociation and
propylene adsorption occur at isolated Rh?* sites.
3.2. EXPERIMENTAL METHODS
MOF sample preparation before analysis

All MOFs were activated by heating in vacuo on a Schlenk line at the
temperatures and times specified in Table 3.1. The purpose of this activation process was
to remove solvent and adsorbed water from the undercoordinated metal sites of the
MOFs. Powder X-ray diffraction (PXRD) collected before and after activation showed no
loss in MOF crystallinity for CuBTC (Appendix A, Figure A.1), CURhBTC (Figures A.4-
A.5), and the other CUMBTCs (Figures A.3, A.6, A.7, and A.8). For the x-ray
photoelectron spectroscopy (XPS), Extended X-ray absorption fine structure
spectroscopy (EXAFS), X-ray near-edge spectroscopy (XANES), and catalysis
experiments, the "as-prepared” MOFs were activated, for the TGA and PXRD

experiments, the "as-synthesized" MOFs were unactivated.
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Table 3.1. Procedure showing temperature and time for activation of mono- and
bimetallic MOFs.

MOFs Activation Procedure
(temperature, time)

Cus(BTC)2 160°C, 48 hours
Ni3(BTC): 120°C, 48 hours
Cu2.82Rug.18(BTC)2 [CuRuU(6%)BTC] 160°C, 24 hours
Cuz2.01Rho.99(BTC)2[CURN(33%)BTC] 160°C, 24 hours
Cuz.46Rho 54(BTC)2[CuRh(18%)BTC] 160°C, 24 hours
Cuz2.5lr0.15(BTC)2[Culr(5%)BTC] 160°C, 24 hours
Cuz.2Nio18(BTC)2[CuNi(6%)BTC] 120°C, 48 hours
Cu15C015(BTC)2[CuCo(50%)BTC] 120°C, 48 hours

Propylene hydrogenation catalysis

All the MOF catalysts were evaluated for propylene hydrogenation in a 316
stainless steel 0.19” ID packed bed, tubular flow reactor which has been previously
described in more detail elsewhere.'® A jacketed shell around the reactor tube was used to
maintain the isothermal temperature of 20° C that is connected to a recirculation bath
containing a coolant mixture of glycol/H>O. A heating tape wrapped around the body of
the reactor was used to achieve the higher temperatures controlled by a homebuilt
temperature controller, and the temperature of the reactor was monitored by a
thermocouple inserted directly into the catalyst bed. Feed composition was maintained by
a series of mass flow controllers (Brooks 5850E series). The feed gas mixture for
propylene hydrogenation was 5% CzHs/ 20% H./balance He at a total flow rate of 100

sccm. The gas analysis was carried out with a Hewlett-Packard 5890 Series Il
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chromatograph equipped with an HP-PLOT/Q capillary column(30mx0.320mmx20um,
Agilent) using a flame ionization detector (FID). After removal from the Schlenk line, the
activated MOF samples (20.0 mg) were placed in a nitrogen-purged closed vial and
immediately introduced into the catalytic reactor. All of the MOF catalysts were re-
activated in the reactor by heating under 50 sccm of pure He at 100° C-150°C (details in
Table 3.1) for 2-3 hours to remove water and other gases that adsorbed during transfer to
the reactor. For the Rho(OAC)4 (6.80 mg), RhCls (6.44 mg), and incipient wetness
Rh3*/Si0, (30.0 mg, 1.91 weight % Rh) catalysts, the catalyst weight was chosen in order
to match the number of Rh ions (1.85x10%°) in the CuRh(33%)BTC sample (20.0 mg),
based on MOF weight directly after activation and the assumption that all adsorbates
from the undercoordinated sites have been removed in the activated sample. For the
activation energy experiments with the Rh2(OAc)s and CuRhBTC catalysts and for all
experiments with the MOF catalysts, the conversion was less than 15%, with the

exception of CuRh(33%)BTC at 50 °C, which reached 40% conversion.

XPS studies

XPS studies were carried out on a Kratos AXIS Ultra DLD system equipped with
a monochromatic AlK« source, a hemispherical analyzer, charge neutralizer, catalysis
cell, and a load lock chamber for rapid introduction of samples without breaking vacuum;
this system has been described in more detail elsewhere.!* The samples could be directly
transferred from the XPS analysis chamber to the catalysis cell without exposure to air. In
the catalysis cell, samples were exposed to a flow of pure H» at room temperature or 50
°C. The MOF samples were evacuated in the load lock chamber overnight before

introduction into the main vacuum chamber for XPS. Since a charge neutralizer was used
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to prevent sample charging, binding energies for all samples were corrected by setting the
position of the adventitious carbon peak to 284.8 eV.'* After removal from the Schlenk
line, the MOF samples were transferred to a closed glass vial and placed in an aluminum
holder that had been heated to the same temperature as the sample.** The samples
remained in the aluminum holder while being transported to the XPS facility and were
still hot when introduced into the load lock chamber.

AP-XPS experiments were carried in an ultrahigh vacuum (UHV, <2x107° Torr)
chamber equipped with a SPECS GmbH PHOIBOS 150 EP MCD-9 analyzer located at
the Chemistry Division of Brookhaven National Laboratory (BNL).* The powder
catalysts were pressed onto a plate made of aluminum and then loaded into an analysis
chamber under UHV conditions. All samples were activated in the analysis chamber in
UHV at 150 °C for 1.5 hours. For the in-situ reactivity tests, a reaction mixture of 32
mTorr of Hz (Praxair) and 8 mTorr of C3He (Praxair) was used while the sample was at
room temperature. All XPS data were collected with a Mg Ka source (1253 eV),
including the O(1s), C(1s), Rh(3d), and Cu(2p) regions at an energy resolution of 0.2 eV.
XPS binding energies were calibrated against the metal Fermi and core-level features of a
Ru single-crystal standard and further confirmed with the position of the adventitious

hydrocarbon peak.
EXAFS and XANES studies

X-ray absorption fine structure (XAFS) measurements were performed at the Cu
and Rh K-edges. XAFS data were collected in transmission and fluorescence modes at
32°C at the QAS beamline (7-BM) at NSLS-II. For fluorescence measurements, a

passivated implanted planar silicon (PIPS) detector (Mirion) was used. Extended XAFS
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(EXAFS) spectra were collected by scanning a Si (111) monochromator energy across
the absorption edge (from 200 eV below the edge through 1000 eV above the edge). The
spectral acquisition time was 5 minutes per scan. Rh and Cu foils measured in reference
position simultaneously with the samples were used to calibrate and align the obtained
spectra in absolute energy. To improve the signal-to-noise ratio, a total of 25 or 30 scans
were collected and averaged for samples containing Rh or Cu, respectively. The samples
were prepared in a glove box by finely grinding the powders using a mortar and pestle.
Some samples were packed into Kapton capillaries (1.23 mm OD, 1.13 mm ID, and 13
mm long) that were sealed with clay on both ends. For comparison, we also prepared
samples by spreading the powders onto adhesive tapes and folding them several times for
sufficient thickness for transmission experiments. To minimize harmonics in the incident
X-ray beam, a Pt coated mirror was used with a fully tuned Si(111) monochromator for
Rh K-edge measurements, and for Cu K-edge measurements, a Rh coated mirror was
used with the monochromator detuned by 20%. The ionization chambers were filled with
10% N2/90% Ar when collecting at the Rh edges. At the Cu K-edges, the ionization
chambers were filled with pure N2 gas for the incident beam detector and 70% N2/30% Ar
for the transmission and reference detectors. The vertical slit size was 1.7 mm, and the
horizontal slit size was 4 mm. Rh-containing standard compounds with different
oxidation state: (Rh(0), Rh(l): [Rh2(CO).Cl]2; Rh(ll): Rh2(OAC)4; Rh(111): RhCl3) were
also measured in transmission mode and used for comparison with the bimetallic
(CuxRh1x)3(BTC)2 system.

EXAFS data processing was performed using the Athena and Artemis programs

of the Demeter package.'®'” EXAFS data analysis of Rh and Cu K-edge spectra was
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carried out by fitting theoretical EXAFS spectra to the experimental data in r-space; a
Hanning window function was applied to the k? (or k%) - weighted data for Fourier
transforms. In the first step, a fit of Cu and Rh spectra collected from their respective
foils was performed to obtain the values of the amplitude reduction factors S3. The
obtained values of SZ for Cu (Rh) foils: 0.85 (0.84), respectively, were subsequently
fixed in the fits of the experimental EXAFS data of Cu and Rh edges in the bimetallic
(CuxRh1x)3(BTC)2 samples and Rh in the Rh2(OAc)s standard compound. The fitting
models were constructed using crystallographic data for CuBTC and the Rh2(OAC)4
dimer structure. Theoretical EXAFS spectra were constructed by using the FEFF6.2 code,
which was incorporated in the Artemis program. For the Cu K-edge, fits of EXAFS
signals were performed with k® weighting in the 3-15 A k-range and 1.1-2.55 A r-range.
Theoretical contributions of Cu-O and Cu-Cu were included in the model. Fits of EXAFS
signal were performed with k3 weighting in the 1.5-15 A" k-range and 1.2-2.5 A r-range.
The scattering contributions from Rh-O and Rh-Rh were included.
ICP-MS analysis

Relative concentrations of metal ions in the MOFs were determined using a
Thermo-Finnigan Element XR inductively coupled plasma-mass spectrometer (ICP-MS)
instrument at the University of South Carolina's Mass Spectrometer Center. MOFs were
digested in a mixture of concentrated hydrochloric acid and nitric acid at 180 °C. Before
ICP analysis, the MOFs were extensively washed in a solvent at reflux temperature in a
Soxhlet extractor to ensure that no residual metal salts remained in the pores of the MOF.

Computational Studies
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Unrestricted density functional theory (DFT) computations were performed with

the Gaussian 09 program package'® using the M06-L*° functional, and the def2-TZVPP

Figure 3.1. The spin density of the triplet state
calculated at the MO06-L/def2-TZVPP level of
theory (isovalue of 0.01 a.u.) for the CuRh
heteronuclear node used to model CURhBTC.

(Cu, Rh atoms) and def2-TZVP (C, O, H atoms)® basis sets. All calculations for the
CuRh bimetallic node of CuRhBTC were performed for the triplet ground state and
compared to the singlet spin state?!; to decrease the complexity of the calculations, the
CuRhBTC MOF structure was modeled as a single paddle-wheel node with four
carboxylate ligands that were each terminated by a hydrogen atom as shown in Figure
3.1.
3.3. RESULTS AND DISCUSSION

Propylene hydrogenation experiments were carried out on the monometallic

CuBTC and NiBTC MOFs, as well as a variety of Cu-containing bimetallic MOFs
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Figure 3.2. a) Average propylene hydrogenation activity for the following
CuMBTC and pure MBTC MOFs: CuBTC, CuRh(33%)BTC,
CuRh(18%)BTC, CuRu(6%)BTC, CuCo(50%)BTC, Culr(5%)BTC,
CuNi(6%)BTC at 100 °C and NiBTC at 100 °C; and b) activity for
propylene hydrogenation as a function of time on stream over CURhBTC
with the following Rh concentrations: 18% Rh at 20 °C (blue triangles)
and 50 °C (green triangles); 33% Rh at 20 °C (red circles); and 0% Rh
(pure CuBTC) at 20 °C (pink squares). All activities in (a) are at 100 °C
unless otherwise specified.

((CuxM1x)3(BTC)2) where M=Rh, Co, Ni, Ir, and Ru, as shown in Figure 3.2a. Only the
CuRhBTC exhibited significant activity for propane production at 20 °C (~1600 umol/g
catalyst/min for CuRh(33%)BTC). Specifically, the pure CuBTC MOF showed no
activity under the same reaction conditions, indicating that the Cu* ions are not active
for propylene hydrogenation. Pure NiBTC also had no appreciable hydrogenation
activity. Monometallic RhBTC could not be studied due to its loss of crystallinity upon
exposure to air, and the instability of RhBTC is attributed to the fact that the paddle-
wheel configuration of the metal nodes is highly strained for Rh ions.?? For all MOF
catalysts, PXRD data were collected immediately after reaction, and catalysts exhibited
the same high crystallinity observed before reaction. The activity of the CuRh(33%)BTC

catalyst is also stable over a 24 period on stream (Figure 3.2b). Moreover, CURhBTC
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with a lower bulk concentration of Rh (18%) has 45% of the activity of the
CuRh(33%)BTC, which indicates that activity scales linearly with Rh concentration and
implies that the Rh ions are the active sites for reaction. At 50 °C, the reaction rate for
CuRh(18%)BTC is 3.2 times higher than at 20 °C and is stable over the entire period on
stream. The apparent activation energy for propylene hydrogenation on CURhBTC was

determined to be 6.3 kcal/mol based on data collected at 20-50 °C (Figure 3.3a).
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Figure 3.3. Determination of apparent activation energy (E, ) for: a) propylene

hydrogenation activity on the CuURhBTC MOF at temperatures between 20 °C
and 50 °C; and b) a plot of In rate vs. 1/T yielding a slope that corresponds to
E,=6.3 kJ/mol. Based on the activity of the CuRhBTC at 20 °C, the Rh

concentration is estimated to be ~18%.

X-ray photoelectron spectroscopy (XPS) experiments address the oxidation state
of the Rh ions in CuRhBTC (Figure 3.4). For the as-prepared sample, the Rh(3ds,2) peak
has a binding energy of 309.2 eV. The spectrum of dirhodium (1l) tetraacetate
(Rh2(OAC)4) provides a standard for the relatively uncommon Rh?* oxidation state, which
appears at 308.9 eV for Rh2(OAC)4 and is similar to the value observed for CURhBTC.
Furthermore, the Rh(3d) spectra for highly dispersed Rh?* ions prepared from incipient
wetness impregnation of Rh2(OAc)s on silica shows identical binding energies and peak

widths to that of CURhBTC; therefore, the relative broadness of the Rh(3ds/2) peak for
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Figure 3.4. X-ray photoelectron
spectroscopy data for the Rh(3d) region
for the CuRh(33%)BTC MOF: after
activation by heating at 160 °C in vacuo
for 24 hours (black); after heating in
flowing H> at room temperature for 2
hours (red); after heating in flowing H> at
50 °C for 2 hours (blue); and after
propylene hydrogenation at 20 °C and 50
°C in the reactor (purple, MOF catalyst
from Figure 3.2). Spectra for a
Rh2(OAC)4/SIO2 catalyst prepared by
incipient wetness impregnation (light
blue x7), crystalline Rho(OAc)s (green,
x0.5), and RhClz (purple, x0.5) are
shown for comparison of binding
energies.

CuRhBTC cannot be attributed to mixed oxidation states since Rh2(OAC)4/SiOz is equally
broad and contains only Rh?*. In contrast, Rh®" in RhClz appears at 310.1 eV, which is
consistent with Rh3* oxidation states reported in the literature,?® whereas Rh'* is expected

at 308.0-308.4 eV.232* There is no evidence for metallic Rh at 307.0-307.4 V%32 in the
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spectrum of CURhBTC. In addition, the Rh?* ions in CURhBTC are stable under reducing
conditions since the exposure of CuRhBTC to flowing H2 at room temperature and 50 °C
results in almost no change in binding energy. The nearly identical Rh(3d) peak shapes
for the as-prepared MOF and the post-reaction catalyst used for the hydrogenation
experiment in Figure 3.2 are also consistent with a stable Rh?* oxidation state during the

reaction.
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Figure 3.5. Rh-K edge XANES spectra for
CuRhBTC and Rh2(OAC)a.

The XANES data provide further evidence for the assignment of the Rh?*
oxidation state in CURhBTC. As shown in Figure 3.5, the Rh K-edge is nearly identical
for CURhBTC and the Rh2(OAc)4, which has an oxidation state of +2. In contrast, the Rh
K-edges for RhClz and [Rh(1)(CO)2Cl]2 have distinctly different XANES features
compared to those in the CURhBTC spectrum (Figure 3.6a). The Cu K-edge for
CuRhBTC is identical to that for CuBTC; a comparison with the spectrum of Cu(ll)
oxide indicates that the Cu oxidation state in CURhBTC is consistent with Cu?*, whereas

the Cu(l) oxide and metallic Cu(0) standards exhibit different spectra (Figure 3.6b).
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Figure 3.6. XANES spectra of the Rh and Cu standards: a) Rh-K edge XANES
data for rhodium (0) foil (black), rhodium (I) dicarbonyl chloride (green),
dirhodium (Il) tetraacetate (blue), rhodium (I11) oxide (grey) and rhodium (I11)
chloride (burgundy); and b) Cu-K edge XANES data for CUBTC (blue),
CuRhBTC (red) and copper oxide standards: copper (0) foil (green), copper (1)
oxide (violet) and copper (I1) oxide (olive).

Ambient pressure (AP)-XPS studies establish that the Rh oxidation state in
CuRhBTC does not change during exposure to the reactant gases or pure H». Figure 3.7
shows the Rh(3d) region for the CuURhBTC and this same sample: after activation by
heating at 150 °C for 1.5 hours in ultrahigh vacuum (UHV); during exposure to 32 mTorr
H2/8 mTorr propylene at room temperature; and in UHV following the Ha/propylene
exposure. The Rh(3d) spectrum collected during exposure to 20 mTorr Hz is also shown
for another CURhBTC sample that was initially activated at 150 °C in UHV. In all cases,
the Rh(3d) spectra exhibit no appreciable change in peak shape or binding energy,
implying that the Rh oxidation state remains Rh?* under all conditions, and this behavior

is also consistent with the Rh(3d) spectrum of the post-reaction CURhBTC (Figure 3.4).

Both the XPS and AP-XPS studies demonstrate that the CURhBTC contains Cu?*
as the main species although Cu'* is also present (Figure 3.8: Cu(2p), Cu AES, and C(15)

regions). Previous studies by our group have established that reduction of Cu?* to Cu'* in
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pure CuBTC is induced by the combination of X-ray irradiation and heating to remove
coordinating solvent molecules.* The fact that the post-reaction CURhBTC exhibits a
Cu(2ps2) peak identical to that of the pre-reaction MOF suggests that there is no change
in the oxidation state of the Cu ions after propylene hydrogenation (Figure 3.8).
Moreover, exposure of CURhBTC to H» at room temperature does not cause a significant
reduction of Cu?*. Consequently, there is no direct evidence that reduction of Cu?* plays
a role in propylene hydrogenation, particularly since CuBTC, which also contains both

Cu'* and Cu?*, is inactive for propylene hydrogenation.
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Figure 3.7. X-ray photoelectron spectroscopy
data for the Rh(3d) region the CuRhBTC:
after pumping down in the UHV chamber
(black); after heating at 150 °C in UHV for 1.5
hours (red); during heating in 20mTorr H2/20
mTorr propylene at room temperature (blue);
in UHV after exposure to H/propylene
(green); and during heating in 20mTorr H> at
room temperature (pink).
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Figure 3.8. X-ray photoelectron spectroscopy data for the CuRh(33%)BTC:
as-prepared (red); after exposure to flowing H, at room temperature for 2

hours (blue); after heating in flowing H, at 50 °C for 2 hours (pink); and the

CuRhBTC sample after propylene hydrogenation at 20 °C and 50 °C in the
catalytic reactor (black). The following regions are shown: a) Cu(2p); b)
Cu(KLL); and c) C(1s). If metallic Cu were present, it should appear as a
prominent peak at ~568 eV in the Cu(KLL) spectrum. In (c), the ratio of the
adventitious carbon (284.8 eV): MOF carbon (288.7 eV) peaks does not
increase for the post-reaction MOF, demonstrating that nonselective
decomposition of propylene to atomic carbon (284.8 eV) does not occur
during propylene hydrogenation.

To understand the intrinsic activity of the Rh?* site, propylene hydrogenation was
also studied on dirhodium (1) tetraacetate (Rh2(OAC)4); this species served as a
molecular model for the pure Rh paddle-wheel node. At 20 °C, crystalline Rh2(OAC)4
exhibits stable hydrogenation activity (11,000 umol/g cat/min), which confirms that Rh?*
ions provide the active sites (Figure 3.9a). The apparent activation energy for the
Rh2(OAC)4 catalyst determined from activity measurements at 0—40 °C is 5.4 kcal/mol
(Figure 3.9b), which is a value similar to that of CURhBTC and suggests a common
mechanism. Hydrogenation activity for Rh?* is consistent with reports in the literature for

Rh2(OAC)4,% as well as for Rh?* ions in amorphous coordination polymers containing
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Figure 3.9. a) Activity as a function of time on stream for propylene
hydrogenation over Rh,(OAc), at 20 °C (red) and 50 °C (blue). b) Determination

of apparent activation energy (E,) for propylene hydrogenation activity on
Rh,(OAc), at temperatures between 0 °C and 40 °C: a plot of In rate vs. 1/T
yielding a slope that corresponds to E =5.4 kcal/mol.

dinuclear rhodium paddle-wheel units.?#2” However, the Rh?* active site in Rh2(OAC)4 is

unstable under reaction conditions, in contrast to the high stability of Rh?* in CURhBTC.
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Figure 3.10. XPS data for the Rh(3d) region for: a) Rh,(OAc), and b)

RhCl

;- as-prepared (red); after exposure to flowing H, at room

temperature for 2 hours (blue); and after exposure to flowing H, at 50
°C for 2 hours (pink).

Specifically, Rhz(OAC)4 is reduced to metallic Rh after exposure to Hz at 50 °C (Figure

3.10), and the unstable propylene hydrogenation activity for Rh2(OAc)4 at 50 °C (Figure
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3.9a) is attributed to the reduction of Rh?* to metallic Rh, as confirmed by post-reaction

XPS and XRD studies.
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Figure 3.11. Activity as a function of time
online for propylene hydrogenation over the
RhCI; catalyst: initially at 20 °C (red); at 50
°C (blue); and after cooling back down to 20
°C (purple). The jump in activity at 50 °C
from zero to 100 % conversion is attributed

to the reduction of Rh3+ to metallic Rh. After
returning to 20 °C, the conversion remains at
100% due to the presence of metallic Rh.

Hydrogenation activity of the CURhBTC cannot be attributed to the presence of
residual Rh®" ions retained in the MOF pores after exposure to RhCls during ion
exchange because RhClz itself has no activity for propylene hydrogenation at 20 °C
(Figure 3.11). Furthermore, Rh3" becomes reduced at 50 °C under hydrogenation
conditions, as demonstrated by the activity data as well as XPS data for RhCls exposed to

H, at 50 °C.
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In order to better understand propylene hydrogenation on CURhBTC, DFT studies
were carried out to investigate the reaction mechanism. All calculations were performed
with the Gaussian09 program package®® using the M06-L*° functional and the def2-
TZVPP? pasis set. The full reaction profile for propylene hydrogenation catalyzed by the
bimetallic CuRh node of CURhBTC is shown in Figure 3.12. The relative energy

differences for the intermediates and transition states with respect to the CuRh node and
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Figure 3.12. Reaction profile of the hydrogenation of propene
catalyzed by the bimetallic CuRh node of the MOF.

the reactants, as well as key bond distances that demonstrate the evolution of the reaction
could be found elsewhere.?!

The first step in the reaction mechanism is the coordination of propylene at the
open site of the Rh?* cation (intermediate 1) via n-backbonding; propylene adsorbs more
strongly than H, at Rh?* sites by ~13 kcal/mol. In intermediate 1, Rh can be considered as
a hexacoordinated metal after accounting for a weak bond with the Cu?* cation, and
therefore the mechanism for H; dissociation is not obvious. Several possible mechanisms

were considered, including Hz dissociation on pentacoordinated Rh?* and direct H-
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transfer to propylene for the formation of a propyl radical. However, the lowest energy
pathway for H> dissociation involves cleavage of the Rh-O bond to create a second
vacant site in the coordination sphere of Rh?* for the binding of Hz. Although this step
has relatively high activation energy, the decoordinated oxygen atom facilitates Hy
dissociation in the next step via the formation of OH.?® Furthermore, the reaction barrier
for H, dissociation is only 0.5 kcal/mol (TS2) and leads to the thermodynamically more
stable intermediate 3. After the Hz bond is cleaved, a Rh monohydride and a hydroxyl
group are formed. Next, the hydrogen atom of the Rh-hydride is transferred to propylene
(TS3) to form the Rh-propyl intermediate 4. Finally, a second hydrogen atom from the
hydroxyl group is transferred to the propyl radical (TS4) for the formation of the final
product. The desorption of propane and reformation of the Rh—O bond close the catalytic
cycle. Note that the activation energy barrier for Rh-O bond dissociation (~15 kcal/mol)
is higher than the experimentally measured activation energy of 6.3 kcal/mol. A possible
explanation for this discrepancy is that CURhBTC serves as a pre-catalyst, where species
2 provides the active sites, and the Rh-O bond is not reformed in the catalytic cycle. In
that case, the addition of hydrogen to adsorbed propyl would be the rate-limiting step,
and the calculated barrier of 5.8 kcal/mol agrees well with the experimental value.
Investigations were also conducted on Rh2(OAc)4 as a model system for addressing
activity at monometallic Rh?* sites, and a similar mechanism for reaction on Rh2(OAC)s
was reported. Spin density plots for the CuRh node of CURhBTC demonstrate the lack of
significant overlap between the half-filled 4d; orbital on Rh?* and the half-filled 3dxz-y2

on Cu?*. These results suggest minimal electronic interaction between the two metal
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centers, but a more detailed investigation of the bimetallic interactions and their role in
the reaction is the topic of an ongoing study.
3.4.CONCLUSION

In summary, this study represents the first report of gas-phase catalysis at the
metal nodes of a crystalline MOF, as well as the first report of Rh?* MOF nodes prepared
via the reduction of post synthetically incorporated Rh**. Propylene hydrogenation
activity at room temperature is observed for CURhBTC, whereas CuBTC itself and
CuMBTC (M = Co, Ir, Ni, Ru ions) have no appreciable activity, thus illustrating the
unique hydrogenation activity of Rh?* in the CuBTC framework. The Rh?* ions in the
bimetallic MOF structure are stable under reaction conditions for up to 24 hours and are
essential for the reaction pathways, as demonstrated by DFT calculations. The main role
of the Cu ions in CuRhBTC is believed to be the stabilization of the MOF framework,
which prevents incorporated Rh?* from becoming reduced to metallic Rh under reaction
conditions. This work provides a fundamental understanding of the rational design of
MOF catalysts, which exhibit the exceptionally high selectivity typically associated with
homogeneous catalysts but are more stable under reaction conditions than their molecular
analogs.
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HYDROFORMYLATION STUDIES ON CURHBTC AND RHBTC METAL-

ORGANIC FRAMEWORK
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4.1. INTRODUCTION

The ability to tailor active sites for specific reactions has long been a goal for the
rational design of superior heterogeneous catalysts. For conventional heterogeneous
catalysts consisting of supported metal particles, it is impossible to completely control
changes in the active sites due to particle sintering,>? as well as changes in surface
structure and composition during exposure to reaction conditions at elevated temperatures
and pressures.® The use of metal-organic frameworks (MOFs) as heterogeneous
catalysts presents the unique opportunity to systematically modify the geometries,
ensemble sizes, and compositions of highly dispersed active sites. MOFs are a new class
of hybrid inorganic/organic materials that are highly crystalline, with structures
consisting of metal nodes of specific geometries connected by organic linkers. For
example, the structure of the well-studied Cuz(BTC). (BTC*" = benzene-1,3,5-
tricarboxylate, abbreviated as CuBTC), also known as HKUST-1, in which the M?* ions
are arranged in a paddle-wheel configuration (M2(02C-)4).6 The high porosity of the
MOFs ensures a sufficient number of active sites for catalytic reactions (600—6000 m?/g
surface area), and it is also possible to adjust the pore sizes and distance between metal
nodes through the choice of the organic linker.

The highly dispersed nature of the active metal sites in MOFs presents the
possibility of controlling selectivity through catalysis at single isolated sites. Recent
studies in the literature have demonstrated that single-site catalysts have different
properties compared to catalysts with larger ensembles, and this unique behavior can be
used to alter both activity and selectivity of the reaction.”? For example, work by the

Sykes group has shown for hydrogenation reactions, single atoms of Pd isolated in a
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Cu(111) surface retain high activity for Hz dissociation but also improve hydrocarbon
desorption, thus facilitating hydrogenation of alkenes.®** Small, isolated ensembles of
metal atoms are ideal for hydrogenation reactions because larger ensembles catalyze
undesired side reactions such as coking and hydrogenolysis.'**® Moreover, recent studies
have reported that supported single-site metal atoms or ions have excellent activities and
selectivities for a number of different reactions, including hydroformylation®’,

hydrogenation,'®2°, and water-gas shift.?%2

Bimetallic MOFs provide a well-controlled platform for understanding how
multifunctional active sites can be systematically introduced into the MOF structure.
Bimetallic surfaces have shown great promise for the development of new catalytic
systems, given that bimetallics are known to exhibit properties that are distinctly different
from the single metal constituents.?>-2® Specifically the presence of the second metal can
provide different activity than the first metal resulting in a bifunctional catalyst.?’-3
Furthermore, the ensemble of active sites may be altered by the addition of a second
metal 3233, or electronic interactions between two metals can also give rise to different
chemical activities and selectivities.3**2 For the conventional supported metal particle
catalysts, it can be difficult to separate the combined effects of electronic interactions and
changes in ensemble size. In contrast, for MOFs, the monometallic and bimetallic
frameworks can be isostructural, and therefore the effects of adding a second metal can

be decoupled from geometric changes.

Gas-phase catalysis has a significant economic advantage over solution-phase
catalysis, given that separation processes are not necessary to isolate the catalyst from the

products in gas phase reactions. Although MOFs are reported to be excellent catalysts
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for a number of reactions in the liquid phase, including hydrogenation, oxidation, and
epoxidation of alkenes,**~° there have been few studies of gas-phase catalysis with
MOFs. Furthermore, there have been no previous reports of gas-phase catalysis on
bimetallic MOFs in which both metals play a distinct and critical role in the reaction. Our

work on gas-phase hydrogenation of propylene to propane on the Cuz-xRhx(BTC), MOF
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Figure 4.1. Mechanism for alkene
hydroformylation with  Wilkinson's
catalyst. Adapted from reference 57.

(abbreviated CURhBTC) was the first to report gas-phase catalytic activity at nodes of a
crystalline MOF.%° Other studies have demonstrated activity in the gas phase on MOF
frameworks; however, the active sites were species selectively deposited at the metal
nodes,> %3 which makes these systems synthetically more challenging to prepare and
difficult to control in terms of oxidations states, nucleation sites, and sintering. In other
cases, metal particles have been deposited in the MOF pores,>**but these catalysts still
suffer from the lack of control over the geometry and composition of the active sites, as

also observed with conventional supported metal particles catalysts.
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The hydroformylation reaction is the preferred industrial route for the synthesis of
aldehydes from CO, H,, and alkenes,>®8 and is also the most widely used reaction in
homogeneous catalysis.>*%° Conversion of alkenes from natural gas into aldehydes using
readily available syngas (CO, H) is an attractive process, given that the global
production of aldehydes is over 10 million tons/year.>®®* Aldehydes are intermediates in
the synthesis of bulk chemicals such as alcohols, esters, and carboxylic acids, and also
have direct applications in the pharmaceutical and perfume industries, agrochemicals,
flavorings, and food additives.**°*62The mechanism for homogenous hydroformylation is
shown in Figure 4.1. The first step is alkene adsorption accompanied by dissociation of
H>, and the second step involves the insertion of CO into the alkyl intermediate to form
an acyl species. Hydrogenation of the acyl intermediate then produces the aldehyde.
Although several transition metals have activity for hydroformylation, Rh and Co are
preferred catalysts for industrial hydroformylation reactions.>® The disadvantage of
homogeneous reactions is the cost of separating the catalyst from the products, and
therefore hydroformylation via heterogeneous catalysis has distinct economic benefits.®
Furthermore, high pressures of reactant gases (80100 atm), particularly Ho, are required
for homogeneous hydroformylation.>” In contrast, heterogeneous hydroformylation on
supported Rh ions®%¢ or metal particles can be carried out at pressures < 1 atm and
moderate temperatures of ~150 °C.5455 The disadvantage of the heterogeneous catalysts
consisting of supported Rh particles or Rh ions is the lower selectivities for aldehydes
over alkanes®*®” compared to homogeneous catalysts, in which selectivities often exceed
90%.5%62 However, recent studies of single-atom Rh catalysts supported on ZnO reported

activity and selectivity comparable to the homogenous catalysts, which have selectivities
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of 99%.% Rh single-atom catalysts on CoO also exhibit excellent selectivity toward the
aldehyde (94%) as well as high activities (TON = 2065/hr).? CURhBTC was identified as
a potential catalyst with dispersed Rh ions at the MOF nodes that would possess the high
activity for hydroformylation exhibited by supported metal ions, as well as excellent
selectivity to aldehydes reported for the single-site catalysts. Ethylene hydroformylation
was chosen as the probe reaction since it is a simple alkene and the rate of

hydroformylation of ethylene is higher compared to larger alkenes.

In the work reported here, the CURhBTC MOF has shown activity for catalytic
hydroformylation of ethylene to the desired product propanal although some ethane is
also formed in the reaction. Other Rh-based catalysts such as RnBTC, Rh?, Rh** and
Rh?* on SiO; and the Rh-Y zeolite were studied under the same reaction conditions for
comparison. Furthermore, other bimetallic CUMBTC (M=Co, Ru) MOFs were also

investigated.

4.2. EXPERIMENTAL METHODS
Sample preparation before analysis

All the MOF samples for this study were dried in air or in N2 flow for 90 mins at
room temperature to drive out the solvents such as ethanol or methanol before the
catalytic evaluation, X-ray photoelectron spectroscopy (XPS), and powder x-ray
diffraction (PXRD) experiments. The Rh3*/SiO, was synthesized by incipient wetness
impregnation or dry impregnation method. The pore volume Aerosil 300 silica with a
specific surface area of 300 + 30 m?/g from Evonik was measured experimentally using
deionized water (2.3605 cm®g, DI H0, 18.1 MQ.cm). The aqueous solution was

prepared by dissolving 26.4 mg of RhCl3.3H.0 (Engelhard and Oakwood Chemicals) in
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1800 pls of DI H2O which was then added to 1000mg of silica to prepare a 1.1 %
Rh3*/SiO; catalyst. The wt.% loading of the catalyst was determined by an ICP-AAS
(inductively coupled plasma- atomic absorption spectroscopy) analysis of the
impregnating solution. The sample was then dried in a He environment for 24 hrs and
stored in a closed vial. The 1.51% Rh?* /SiO, was prepared by the method described
elsewhere®® using the Rha(OAC)4(Strem Chemicals Inc.) precursor and Aerosil 300 silica
(Evonik, specific surface area=300 + 30 m?/g) support. A 21.5mg of Rha(OAC)4 precursor
and 500mg of silica were slurried in dried and deoxygenated n-pentane (Fisher, 99%) at
room temperature, the solvent was removed by evacuation for a day, leaving all the
rhodium on the support. The mass fraction of Rh?*in the Rh?*/SiO, sample was
determined by dissolving Rh?* in freshly prepared aqua regia (HCI:HNO3 = 3:1) and
analyzing the solution by ICP-AAS.® The Rh-Y zeolite was prepared by the process

adapted from literature.®

Ethylene hydroformylation catalysis

All the catalysts for this work were evaluated in a 0.19” ID stainless steel (316
stainless steel) packed bed, tubular flow reactor.®® The lower temperatures (20°C-80°C)
of the reactor was maintained by using a jacketed shell connected to a recirculation bath
circulating coolant mixture of glycol/H-O and the higher temperatures(100°C -200°C)
was achieved by using heating tape wrapped around the reactor body controlled by
homebuilt PID controller. The temperature of the reactor was monitored by using a
thermocouple inserted in the catalyst bed. The reactor pressure was maintained using a
back-pressure regulator from Parker (part number: ABP1ST52BP4) that can hold

pressure up to 500 psi. The feed composition during the experiment was maintained by
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Brooks 5850E series mass flow controllers. The appropriate conditions of temperature,
pressure, feed gas composition were chosen to optimize activity and selectivity for
propanal while minimizing MOF decomposition. A typical feed gas composition for
ethylene hydroformylation was CoHa:H2:C0=22:22:2 with a total flow rate of 46 sccm.
Before the evaluation, MOF catalysts were dried in air or in N2 flow for 90 mins to
remove the majority of the ethanol/methanol from the MOF samples. The standard 2%
Rh/SiO2 was reduced at 300°C for 2 hrs in 100% Hz(100sccm) prior to the
hydroformylation. The reactor effluent stream containing unreacted reactant and products
was sampled and analyzed by a Hewlett-Packard 5890 Series Il chromatograph equipped
with an HP-PLOT/Q (30 mx 0.32mmx20um) capillary column using a flame ionization
detector(FID) and the GC signal were calibrated using proper standards. All the transfer
lines and online gas chromatograph(GC) were heated to ~100°C using heating tapes. The
rates of product formation(umoles/g metal-sec) were calculated using the metal weight
loading obtained from ICP measurements.

X-ray Photoelectron Spectroscopy (XPS)

Metal oxidation states in the MOFs were characterized by XPS before and after
exposure to hydrogenation and hydroformylation conditions, as well as before and after
incorporation of the second metal. XPS studies on the MOF powders were conducted at
UofSC's XPS facility using a Kratos AXIS Ultra XPS system. This instrument is
equipped with a monochromatic X-ray source and multichannel hemispherical analyzer
capable of high-energy resolution (0.5 eV).® A charge neutralization system allowed XPS
experiments to be conducted on the insulating MOF powders. Since a charge neutralizer

was used to prevent sample charging, binding energies for all samples were corrected by
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setting the position of the adventitious carbon peak to 284.8 eV. Furthermore, a catalysis
cell directly attached to the XPS chamber allowed the sample to be treated at a high
temperature (80 °C) in H2/CO at 3 atm, and samples were transferred from the catalysis
cell to the XPS chamber without exposure to air. The air-dried MOF samples were
evacuated in the load lock chamber overnight before introduction into the main vacuum
chamber for XPS. This sample was then transferred to a catalysis chamber and exposed
to hydroformylation feed composed of ethylene, H,, and CO, and the total pressure and
temperature of the catalysis cell were maintained at 3 atm at 80°C respectively for 24
hours. The sample was then transferred back to the vacuum chamber for XPS
measurement where the Rh(3d) region was collected first to minimize possible reduction
due to X-ray exposure. The curve fitting analysis for XPS spectra was performed using
CasaXPS software using a combination of Gaussian and Lorentzian line shapes and a
Shirley baseline. After the XPS experiment, the samples were also analyzed with PXRD
to investigate changes in the crystallinity of the MOF.
4.3. RESULTS AND DISCUSSION

Based on the activity of Rh sites for alkene hydrogenation® and known activity
for Rh ions for hydroformylation®-%, CuRhBTC was studied as a potential MOF catalyst
for ethylene hydrogenation reaction. CURhBTC with different concentrations 25% Rh
[CuRNh(25)BTC] and 36% Rh [CuRh(36)BTC] was studied in addition to monometallic
RhBTC and CuBTC MOFs. It should be noted that the RhBTC is much less crystalline
compared to CuURhBTC based on the PXRD pattern. Other bimetallic CUMBTC MOFs
(M= Co, Ru) were also investigated. A commercial 2% Rh/SiO,, (Engelhard), 1.1 %

Rh3*/SiO; prepared by wet impregnation, 1.5% Rh?*/Si0,%, 1.9% Rh-Y zeolite®* were
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post-reduction a) CuRhBTC, b) RhBTC. *Reduction:
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SCCM H2+2 SCCM CO, at 80°C and 9 atm.

propanal. In contrast to the activity observed for the Rh-containing MBTCs MOFs, pure

CuBTC, CuRuBTC, and CuCoBTC had no hydroformylation activity and did not
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produce significant quantities of propanal above the baseline activity under these reaction
conditions. Figure 4.2 shows the average rate of propanal formation (umol/g metal/min)
over a period of 24 hours at a reaction temperature of 80 °C and 3 atm of pressure with a
feed of 22:22:2 sccm (ethylene:H2:CO). The propanal yields were comparable for the two

CuRhBTCs, but propanal formation was surprisingly lower on pure RhBTC. Diethyl

As prepared Post reduction

CuRhBTC
(25%)

CuRhBTC
(36%)

RhBTC

" RhZ/si0,

Rh3*/si0,

Rh-Y Zeolite

Figure 4.5. Images of as-prepared samples (left)
and after reduction(right).

ketone was also observed as a reaction product on the Rh-containing MOFs (Figure 4.2).

The production of diethyl ketone increased with Rh concentration, suggesting that a pair
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of neighboring Rh sites may be necessary to form this coupling product. However, the
formation of diethyl ketone decreased substantially once the Rh-containing MOFs were
reduced to metallic Rh as shown in Figure 4.3. These Rh-containing MOFs: RhBTC,
CuRh(25)BTC, and CuRh(36)BTC were intentionally reduced to metallic Rh under
hydroformylation reaction condition at 80°C and 9 atm pressure and was confirmed by
changes in their color (Figure 4.5) of the samples and PXRD patterns where broad peaks
corresponding to metallic Rh(111) and Rh(200) start to appear as shown in Figure 4.4 .
Hydrogenation to ethane was a competing reaction pathway with a selectivity of ~50%

on CuRhBTC. For the metallic Rh/SiO2, only propanal was observed as a product with no
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Figure 4.6. Hydroformylation yields: Propanal(left) and Diethyl ketone(right)
comparison for various Rh catalysts after reduction. *Reduction: Rh**, Rh?*/
SiO2, under hydrogenation feed: 22 SCCM CyHs+ 22 SCCM Hoy, at 50°C and
80°C, Rh-Y zeolite, under hydroformylation feed: 22 SCCM C,Hs+ 22 SCCM
H>+2 SCCM CO, at 150°C and 3 atm.

diethyl ketone or ethane formation (Figure 4.2). The rate of propanal formation for
commercial 2% Rh/SiO2 was observed to be 0.74 + 0.04 umoles/g Rh/sec which was
comparable to what we have observed for Rh-containing MOFs. The Rh-Y zeolite,
which was prepared from Rh3* exchange into a Na-Y zeolite, produced both propanal and
diethyl ketone as well as ethane. Similarly, the Rh3*/SiO, and Rh?*/ SiO catalyst formed

propanal, diethyl ketone, and ethane in low yields (Figure 4.2), but the rate of propanal
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formation increased after reduction to metallic Rh (Figure 4.6). Here the Rh?*/SiO2 and
Rh3*/SiO, samples were intentionally reduced by subjecting them to hydrogenation
conditions at 80°C and 50°C (Feed, CoHa:H2=22:22) respectively as described in our
previous work.>® Similarly, Rh-Y zeolite was reduced under hydroformylation conditions
at 150°C and 3 atm pressure. In all cases, the rate of propanal production was much lower
than on the Rh-MOFs; while these catalysts have lower weight loadings of Rh compared
to CURhBTC and RhBTC.

Metal oxidation states in the MOFs were characterized by XPS before and after
exposure to hydroformylation conditions, as well as before and after incorporation of the
second metal. Our earlier X-ray photoelectron spectroscopy studies®® on CuURhBTC

showed the oxidation state of the Rh ion in the CURhBTC was 2+ with Rh(3ds.) peak

ao0| RN(3dsz) Rh2
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400
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As-synthesized
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I T T T T T T T I
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Binding Enerav (eV)
Figure 4.7. XPS spectra of the Rh(3d)
region for as-synthesized CuRhBTC(after
evacuation) and after ethylene
hydroformylation at 80°C and 3 atm
pressure.
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appearing at binding energy 309.2 eV consistent with Rh?* in standard Rh2(OAc)s with a

600
Rh(3ds,,)

500 | Post H,/COat
80°C-3atm

400

CPS

300
As synthesized, \

VW
after evacuation

200

100

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

Figure 4.8. Pseudo in-situ X-ray
photoelectron spectroscopy data for the
Rh(3d) region for as- synthesized
CuRhBTC after evacuation (bottom), after
CO/Hz at 80°C and 3 atm for 24 hrs in
catalysis cell without exposure to
atmosphere (top, ex-situ XPS)

peak at 308.9 eV. The X-ray Absorption Near-Edge Structure (XANES) studies provide
further evidence of the assignment of Rh?* oxidation state in the CURhBTC since the Rh
K-edge is nearly identical for CURhBTC and the Rh2(OAc)4 which has the Rh in
oxidation state 2+. °° Furthermore, there is no evidence of metallic Rh at 307.0- 307.4 eV
in the pre-reaction CuRhBTC spectrum. However, post-reaction XPS analysis of the
CuRhBTC catalyst shows the presence of metallic Rh. A metallic Rh peak with a binding
energy ~307eV appeared along with the Rh?* species at 309 eV (Figure 4.7) during the

ex-situ XPS investigation of a post-reaction CURhBTC catalyst transferred from the
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reactor to the XPS chamber in air. Another XPS experiment was carried out in which the
air-dried CuURhBTC was exposed to Ho/CO at 80 C and 3 atm in a gas cell attached to the
UHV chamber, and XPS was carried out without exposure to air (Figure 4.8). The pre-
reaction Rh(3d) spectrum showed peaks: the main feature at 308.8 eV from Rh2+ and a
smaller feature at 307.9 eV from Rh!*; the Rh!* oxidation state has also been observed in
RhBTC by Fischer and coworkers and was attributed to defects in the structure.”®"* After
the treatment in the gas cell, a metallic Rh feature with at 306.8 eV was observed, which

is consistent with the ex-situ XPS result for post-reaction CuURhBTC.

Powder X-ray diffraction (PXRD) investigations were carried out on MOF
samples before and after hydroformylation reaction to address the changes in crystallinity

of the MOF and changes in Rh oxidation state during a reaction. The PXRD collected on
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Figure 4.9. PXRD pattern of CuRhBTC before and
after hydroformylation at 3 atm pressure and at 80°C.
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the CURhBTC after the hydroformylation at 3 atm and 80°C showed slight changes in the
peak pattern which is indicative of the MOF decomposition and onset of metallic Rh
formation at 3 atm and 80°C under reaction conditions (Figure 4.9). However, after
exposure to a more reducing condition of 9 atm of feed gas pressure at 80°C, the post-
reaction PXRD of RhBTC and CuRhBTC showed reduced metallic Rh (Figure 4.5), that
led to increased propanal production, but decreased diethyl ketone formation at 80C and
3atm (Figure 4.6).

These studies show that CURhBTC and RhBTC catalyzes hydroformylation of
ethylene to propanal and diethyl ketone, but there are several challenges in using these
MOFs as hydroformylation catalysts. The highly reducing conditions required for
hydroformylation will convert the metal nodes to metallic species at elevated
temperatures and pressures, and therefore reaction temperatures should be kept below
100°C; at these temperatures, the activity is lower and poisoning by CO is a significant
problem. The Rh?* oxidation state in the CURhBTC is not known for hydroformylation
activity, which is facilitated by the cycling between Rh3* and Rh!* in homogeneous
catalysts. Since hydroformylation requires three sites for alkene, CO, and hydrogen
adsorption, the paddle-wheel node geometry in MBTC systems is not ideal, given that
each metal ion has only one open adsorption site; it should be noted that
hydroformylation might still be possible because a neighboring open site is provided in
the dimer paddle-wheel configuration and dissociation of a metal-oxygen bond could
provide another open site, as proposed in the hydrogenation mechanism at the paddle-

wheel node in our previous studies.
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4.4. CONCLUSION

Based on the known activity of Rh sites for alkene hydrogenation and
hydroformylation, CURhBTC was identified as a potential catalyst for hydroformylation
reaction with ethylene as a probe molecule. Ethylene hydroformylation was also studied
on several other catalysts including monometallic CuBTC, RhBTC, bimetallic
CuCoBTC, CuRUBTC, Rh-Y zeolite, Rh**, Rh?*and Rh%/SiO,. The CuBTC, CuCoBTC,
and CuRuBTC did not show any activity for ethylene hydroformylation, whereas the Rh-
containing MOFs: CuRhBTC, RhBTC along with Rh3* containing Rh-Y zeolite, Rh?*,
and Rh3*/SiO, prepared by incipient wetness impregnation exhibited catalytic
hydroformylation of ethylene to propanal. Diethyl ketone was also observed as a reaction
product for Rh-containing catalysts, such as Rh3*/SiO,, Rh?*/SiO, Rh-Y zeolite
including Rh-containing MOFs suggesting Rh-ions in CURhBTC and RhBTC could be
active for ethylene hydroformylation producing propanal and diethyl ketone. The
increased production of diethyl ketone with Rh concentration suggests that a pair of
neighboring Rh sites could facilitate the formation of this coupling product. The
formation of some metallic Rh particles in CURhBTC and RhBTC, confirmed by XPS,
suggests that some of the metal nodes get reduced under hydroformylation conditions.
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CHAPTER 5

PARTICLE SIZE EFFECT IN THE PROPYLENE HYDROGENATION OVER

CARBON-SUPPORTED PALLADIUM CATALYST PREPARED BY STRONG

ELECTROSTATIC ADSORPTION
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5.1. INTRODUCTION

Palladium-catalyzed reactions are desirable for many industrial processes,* based
on their atom economy, cost savings, and synthetic utility. Catalytic hydrogenation
reactions® and cross-coupling reactions® are among the most widely used chemical
transformations. Recently, the Gupton group has shown that microwaved Pd particles on
graphene nanoplatelets have superior activity in the Suzuki cross-coupling reaction
compared to Pd on conventional carbon supports and oxides.®’ To better understand the
fundamental properties of Pd on carbon catalysts compared to oxide supports, propylene
hydrogenation was chosen as a simple gas phase probe reaction. 88 The strong
electrostatic adsorption (SEA) method has been used to generate high-quality solid-
supported metal catalysts, including Pd, Cu, Co, Ru, Ni, and Pt on silica, Pt on activated
carbon, carbon black, and graphitic carbon.®*® The Pd particles were deposited on a
variety of supports using the strong electrostatic adsorption (SEA) method known to
synthesize supported catalysts with small metal nanoparticles and excellent metal
dispersion. Our recent results of propylene hydrogenation demonstrated that Pd particles
deposited by SEA on various carbon supports such as carbon black(non-graphitic), and
graphene nanoplatelets(graphitic) have higher activity than small, uniformly sized Pd
particles on silica.

The activity of supported metal nanoparticle catalysts is largely dependent on the
availability of surface sites to participate in the desired reaction. A range of important
industrial processes uses supported catalysts, and their performance strongly hinges on
the metal particle size, as in Co and Fe for Fisher-Tropsch synthesis'* 3, Pd, and Pt for
various hydrogenation and oxidation reactions'4*®, and Ag for ethylene epoxidation?®.

The catalyst activity is often influenced by the size and structure of the metal particles
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below ~20nm.” The various surface facets exhibit a changing fraction of different
adsorption sites, such as edges, corners, steps, and kinks than terraces sites at flat surfaces
in the crucial size range of 2- 10 nm.1* Smaller particles, having a higher surface-to-
volume ratio, have higher dispersion and more metal surface sites, which generally

translates to higher activity per mass of metal.°
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Figure 5.1. Propylene hydrogenation on supported Pd particles. The
cationic precursor and supports are indicated in the legend. Reaction
conditions were 2% propylene/10% H,/balance He at 483 sccm total

flow and -5 °C.

Here, our studies of propylene hydrogenation on Pd particles supported on a
variety of supports, including graphene nanoplatelets, carbon black, graphitic carbon, and
silica have demonstrated that the Pd/graphene catalyst has unusually high activity.
Originally, the cationic SEA precursor [Pd (NH3)4]Cl2, (PdTA-CI) was used for
adsorption of Pd particles under basic conditions. As shown in Figure 5.1, the activity of
the catalyst synthesized from the PATA-CI precursor on silica (Aerosil 600) is
substantially lower than that for the same precursor on oxidized VXC72(oxVXC72),

which is an oxidized carbon black. Furthermore, the activity of the PATA-NOs/Timrex,
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which is a graphitic carbon support, was also higher than on silica. The PATA-NO3/GN-
Alfa has exceptionally high activity with a conversion of 100%. The GN-Alfa support
consists of high surface area (~420 m?/g) graphene nanoplatelets and is also the support
that the Gupton group found to have high activity for the Suzuki coupling reaction on
supported Pd particles. However, it is difficult to directly compare the activities of these
catalysts due to the varying particle sizes, different metal precursors, and the presence of
residual chloride. Therefore, experiments were undertaken to prepare chlorine-free
particles of different sizes on three supports: oxidized graphene nanoplatelets (0xGN-
Alfa, surface area ~420 m?/g), oxidized VXC72 (0xVXC72), and silica (OX50). The
VXC72 and GN-Alfa supports were oxidized by treatment in nitric acid at 90 °C; this
treatment adds oxygen functionality to the surface and results in a lowering of the point
of zero charge to a range suitable for the chlorine-free cationic [Pd (NH3)4](NO3)2
(PdTA-NO:s) precursor for SEA adsorption under basic conditions. Larger particles were
prepared by annealing the catalysts to different temperatures for 4 hours in a helium
environment.8:19

5.2. EXPERIMENTAL METHODS

o o o o o o

| | | 600°C | | |
GN-Alfa treated with HNO; to oxGN-Alfa annealed to 600°C,
create oxygen functionality oxGN-Alfa(600)

Figure 5.2: Preparation oxGN-Alfa (600) support.
Supports for Catalyst Preparation
Commercially available carbon and silica were used as supports for this study. VXC72, a
carbon black, was purchased from Cabot Corporation and graphene nanoplatelets (GN-

Alfa) was purchased from Alfa Aesar. These carbon supports were oxidized by boiling in
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nitric acid (>70%) at 90 °C for 3 hours followed by cooling it at room temperature as
shown in Figure 5.2. The mixture was then filtered and washed with deionized (DI) water
until the pH of the washing solutions reached that of DI water and followed by drying
overnight at room temperature. The resulting oxidized VXC72(oxVXC72) and oxidized
GN-Alfa(oxGN-Alfa) were then pre-annealed to 600°C, the maximum temperature to be
used for catalyst synthesis for these supports and referred to as oxVVXC72(600) and
0xGN-Alfa (600) respectively. Non-porous silica support (OX50), was purchased from
Aerosil and pre-annealed to 800°C, the maximum temperature to be used for catalyst
synthesis for this support and referred to as OX50(800). The maximum temperatures for
support pretreatments were determined based on the maximum temperature the support
can tolerate without losing any surface area. The BET surface areas of the non-annealed
and annealed supports were then determined from nitrogen adsorption-desorption
isotherms with a Micromeritics 2020 ASAP instrument. The point of zero charge (PZC)
was determined by measuring the initial and final pH of a series of thick slurries at high
surface loadings which generally gives a wide plateau over which the final pH remains
constant even as the initial pH changes.?’ The method for determining the PZC and
choosing the right precursor for SEA can be found in the literature.®
Preparation of catalysts

SEA82! was used to prepare the catalysts. Based on the SEA protocol, the PZCs
of the annealed and non-annealed supports were first determined as shown in Table 5.1,
followed by electrostatic adsorption. The cationic Pd precursor was selected due to the
low PZC of the supports. A non-chloride cationic precursor, tetraamminepalladium(Il)

nitrate (PATA(Pd(NH3)4)NOs, Sigma-Aldrich 99.999%) was used. The precursors were
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contacted with the supports for 1 hr. at the optimal pH of adsorption used for silica and
oxidized carbons??, followed by filtration, overnight ambient air drying, and oven drying
in static air at 120°C for 16 hrs. The dried catalysts were then, reduced at 180°C in a

flowing 10% H> + balance He for 1 hr. with a ramp rate of 2.5°C/min.

Table 5.1. PZC of the unannealed and annealed carbon

Support Annealing PZC Surface area(m?/g)
Temperature

VXC-72 None 8.2 230 m?/g
0xXVXC-72 None 25 230 m?/g
oXVXC-72 600 °C 53 230 m?/g
GN-Alfa None 4.2 500m?/g
GN-Alfa 600 °C 8.0 -
GN-Alfa 500 °C 7.9 -
GN-Alfa 400 °C 5.0 -
0xGN-Alfa None 13 -
oxGN-Alfa 600 °C 6.2 -

Synthesis of catalysts with varying particle size

As mentioned earlier, larger particles were prepared by annealing the catalysts to
different temperatures for 4 hours in a helium environment (Figure 5.3). Before metal
deposition, the supports were pre-annealed to 800 °C for silica and 600 °C for carbon
supports; these were the maximum temperatures used in the annealing experiments to
form larger particles, and this treatment ensured that no further changes in the support

occurred in the annealing of the catalysts. The VXC72 and GN-Alfa supports were
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oxidized by heating at 90 °C in HNOz to decrease the PZC value to a range suitable for
SEA with a cationic precursor at basic pH. For example, the GN-Alfa support was pre-
annealed to 600 °C (referred to as oxGN-Alfa (600)) for 4 hours in a helium atmosphere.
The PZC of the support increased to 6.2 after annealing (as shown in Table 5.1), and
subsequent SEA with PATA-NOs at a pH of 11 resulted in a low weight loading of 0.1%.
Given the high activity of the Pd on GN-Alfa catalysts, this low weight loading has the
advantage of allowing conditions for low conversion (<15%) to be achieved. To produce
particles of different sizes via annealing, the catalysts were heated for 4 hours in He to
the following temperatures for OX50 (600, 700, and 800 °C) and for oxVXC72, oxGN-

-_ >
T He (inert)

a A A A Anneal ' '¥W W W

Support pre-annealed to 600 °C
to avoid changes during catalyst
annealing

Figure 5.3. Schematic showing preparation catalyst with varying particle
sizes by annealing

Alfa (400, 500, and 600 °C). OxVXC72 and oxGN-Alfa cannot be annealed to the
higher temperatures due to the change in PZC, but in general larger transition metal
clusters can be formed on carbon compared to oxides due to the longer diffusion lengths
on carbon.?®

Catalyst Characterization

X-Ray Diffraction (XRD):

A Rigaku Miniflex-11 equipped with a D/teX Ultra silicon strip detector was used to
perform powder XRD on the supported Pt particles. Diffraction patterns were recorded

over a range of 10°-80° 26 using Cu-Ka radiation (k = 1.5406 A) that was operated at 30
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mA and 15 kV?*, XRD patterns were obtained for all annealed, non-annealed supports
and catalysts. Fityk 0.9.8 version software?> was employed for background subtraction
and deconvolutions using pseudo-Voigt shapes to take the peak asymmetry into account.
The full width at half maximum (FWHM) values together with a shape factor of 0.94
were used in the Scherrer equation to estimate particle size. More details on the peak

fitting using the Fityk software can be found elsewhere?®.

Scanning Transmission Electron Microscopy (STEM)

The aberration-corrected JEOL 2100F scanning transmission electron microscopy
(STEM) was used for Z-contrast imaging with a 200 kV field emission gun and a double
tilt holder for tilting the sample across a range of angles (x20°). High Angle Annular
Dark-Field (HAADF) STEM images were acquired on a Fischione Model 3000 HAADF
detector with a camera length such that the inner cut-off angle of the detector was 50
mrad. Sample preparation involved suspending the catalyst in isopropanol and depositing
a drop of the suspension onto a holey carbon film attached to a Cu TEM grid. The images
were recorded using Digital Micrograph software and particle size distributions were
obtained by counting 100-500 particles on each sample. The number average diameter
Dn= Y'nidi%/ Y nidi, the surface average diameter Ds= Y'nidi¥/ Ynidi?, and the volume
average diameter Dy= Y'nidi*/ Y'nidi® were calculated where n; is the number of particles

with diameter d;. 18

Chemisorption
Pulse chemisorption of the samples was performed using the Micromeritics
AutoChem 2020. The process involved hydrogen titration of oxygen pre-covered Pd

surfaces. A pretreatment step included drying at 120°C followed by a reduction in 10%
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hydrogen at 200°C. The catalyst was then contacted with 10% oxygen in helium at 40°C
for 30 min to oxidize the surface Pd to PdO. Then, it was titrated with pulsed 10%
hydrogen in argon to form water and surface Pd with chemisorbed hydrogen. The
assumed overall stoichiometry is 0.667 Pd:1 H2 ?’. Particle sizes were estimated from
chemisorption assuming hemispherical geometry. Since chemisorption is a surface
technique, it is compared to surface average STEM sizes, whereas XRD is the volume
/bulk technique and is compared to the volume average STEM sizes®®,
Catalyst Evaluation

Catalysts were evaluated in a 0.19” ID packed bed, tubular flow reactor (316
stainless steel), which has been previously described in more detail elsewhere.? The
temperature of the reactor is controlled using a jacketed shell, which is connected to a
recirculation bath containing glycol/H>O as a coolant to maintain isothermal conditions at
-5°C. Higher temperatures were achieved using heating tape wrapped around the body of
the reactor, and the temperature of the reactor was monitored by a thermocouple inserted
directly into the catalyst bed. All gas flows were maintained by mass flow controllers
(Brooks 5850E series). The feed gas mixture for propylene hydrogenation was 5% C3He/
20% Ha/balance He at a total flow rate of 100 sccm. Gas analysis was carried out with a
Hewlett-Packard 5890 Series Il chromatograph equipped with an HP-PLOT/Q capillary
column using a flame ionization detector(FID). All of the Pd/carbon and Pd /oxide
samples were evaluated for propylene hydrogenation. The reactor was typically loaded
with 0.005 g of catalyst diluted with 0.025 g of alumina support to form a catalyst bed
that was supported on glass wool in the middle of the reactor. All the catalysts were pre-

treated/reduced at 200° C for 1 hr in 10% Ha/balance He before cooling down to -5° C for
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catalyst evaluation. The feed stream of the catalyst screening consisted of 5% CzHs, 20%

Ho,

balance He at a total flow rate of 100 sccm. Typically, reaction feed and products

were evaluated every 1 hr using an automated, online Hewlett-Packard 5890 Series Il gas

chromatograph using a flame-ionization detector (FID). These catalysts exhibited high

initial activities and underwent varying degrees of deactivation for several first hours

online. Therefore all the reaction data reported here were based on the stable catalyst

performance after 15 to 20 hrs online to eliminate transient behavior.

5.3.
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Figure 5.4. STEM particle distributions for Pd on the pre-annealed SiO2, oxVXC72
and oxGN-Alfa supports after annealing the catalysts to various temperatures in a
helium environment.

Figure 5.4 reports STEM particle distributions for Pd on the pre-annealed SiO»,

0oxVXC72 and oxGN-Alfa supports after annealing the catalysts to various temperatures

in a helium environment. On silica, the unannealed catalyst shows the smallest sizes with

the

narrowest distribution (Ds=1.8+0.3 nm). Annealing to 600 °C increases the particle

size to 2.6+0.6 nm, but the distribution remains relatively narrow. The Pd/SiO; catalyst

was heated to 600 °C to achieve particle sizes comparable to those on the unannealed

carbon supports (2.5 nm), but the size distribution remains uniform. After heating to 700
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°C, the average particle size increases to 3.7+0.8 nm while maintaining the narrow
distribution. At 800 °C, significantly larger particles are formed (6.2+3.3 nm), but the
distribution becomes bimodal with very small particles (<2 nm) coexisting with larger
ones. It should be noted that that the particles smaller than 4 nm account for only 5% of
the total surface area. Representative STEM images and corresponding particle size
distribution of unannealed Pd/ Silica and that annealed at 800 °C are shown in Figure 5.5.
On the two carbon supports, the average particle size for the unannealed catalyst
is slightly larger at 2.5-2.6 nm, but the distributions are still relatively narrow (0.6-0.8 nm

standard deviation). In the case of Pd on oxGN-Alfa, annealing to only 400 °C results in

Unannealed 800 °C
254
804 D,=1.8+0.3 nm D.=6.2+3.3 nm
D,=1.840.4 nm 20 D,=6.5+3.5 nm
_ 604
(] 154
£ %
£ 40 E 1o
= =
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0_—I_ = T T T 0-—|—l—|'—|'_
2 4 6 8 2 4 6 8
Diameter (nm) Diameter (hm)

Figure 5.5 Representative STEM images of unannealed(left) and
800°C annealed(right) 0.4% Pd/SiO»(0X50) and their
corresponding size distribution.

significantly larger particle size (4.2+1.1 nm), and annealing to 500 °C increases the
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Figure 5.6 Representative STEM images and corresponding particle size
distribution of Pd/oxGN-AIlfa(600): unannealed(top left),annelaed at
temperatures 400°C (top right), 500°C (bottom left) and 600 °C (bottom
right).

average particle size to the much larger value of 10.2+3.5 nm; in both cases, the
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distributions are still reasonably narrow. After heating to 600 °C, the average particle
size increases to 18.7+7.7 nm, and the distribution becomes broad and bimodal. Figure
5.6 shows representative STEM images and corresponding particle size distributions of
unannealed Pd/ oxGN-Alfa catalysts and that are annealed at temperatures of 400 °C, 500
°C, and 600 °C. For Pd on oxVVXC72, large particles (5.7+2.4 nm) with a broad size
distribution are produced after annealing to the lowest temperature of 400 °C. At 500 °C
the average size increases to 9.8+2.5 nm and at 600 °C, almost exclusively large particles
>15 nm in diameter are observed with 80% of the surface area attributed to particles
greater than 20 nm. Figure 5.7 shows representative STEM images and corresponding

particle size distribution of unannealed Pd/oxVVXC72 and that annealed at 600 °C.

Unannealed 600 °C
100- D,=2.5+0.6 nm 8. D.=24.2+6.5 nm
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Figure 5.7 STEM images and corresponding particle size
distribution of Pd/oxVXC72(600):
unannealed(left),annelaed at temperatures 600 °C (right).
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Size estimates for chemisorption, XRD, and STEM are summarized in Table 5.2. The
chemisorption sizes after carbon burn-off are shown in parenthesis. A comparison of particle
sizes determined from STEM and chemisorption measurements demonstrate that the surfaces of
the unannealed Pd particles on oxVXC72 and oxGN-Alfa appear to be decorated by carbon
species (Figure 5.8). The chemisorption experiments were carried out by first reducing the
catalyst in H at 200 °C, followed by exposure to O, at 40 °C and then titrating with H; at 40 °C.
Similarly, on oxGN-Alfa, the chemisorption particle size was 5.4 nm with the STEM particle size
at 2.6+0.8 nm. After the catalysts are subjected to a treatment in 10% O, at 300 °C for 1 hour, the
chemisorption particle sizes for both Pd/C catalysts decreased substantially, and these values

become more consistent with the STEM particle sizes. Thus, it appears that the
decorating carbon species can be burned off in 02.1%2° In contrast, the Pd/SiO; particles,
which cannot be decorated by carbon, have almost identical chemisorption and STEM

particles sizes.

0.4% Pd/Si0,(800) 0
Annealed 600 °C 0.5% Pd/oxVXC72(600) 0.1% Pd/oxGN-Alfa(600)
10 10 10
‘é“ g ¢ Chemi Post g
E Burn- Chemi Post
56 6 off 6 Burn-
D ] . n Chemi o off

Figure 5.8. Comparison of chemisorption and STEM diameters for the unannealed
catalysts on the different supports.

Propylene hydrogenation was studied under the following conditions: 5%
propylene/20% Ha/balance He, -5 °C, 100 sccm total flow, 0.625-5.00 mg catalyst mixed
with alumina support (30 mg total), and ~24-hour reaction time. The mass of the catalyst

was adjusted to keep the conversion below 20%.
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Figure 5.9a shows the rate of product formation/g Pd as a function of time online for

the PATA-NO3/SiO2 (OX50) catalysts annealed to various temperatures. The unannealed

catalyst had high initial activity, which dropped by 45% over the first 10 hours but was

stable after that. All the other catalysts had lower activities that decreased with annealing

Table 5.2. Particle sizes for Pd particles on various pre-annealed supports estimated
by Chemisorption, XRD and STEM measurements. Chemisorption diameters are after
carbon burnoff are shown in parenthesis.

Precursor | Support weight | Annealing Chemi XRD STEM
loadin | temperature | diameter | diamete | diameter (nm)
g (%) | (°C) (nm) r (nm)
PdTA-NOs3 | SiO2 0.39 none 11 <15 1.840.3 (Ds)
(OX50) 1.8+0.4 (D))
PdTA-NOs | SiO: 0.39 600 2.6 <15 2.6+0.6 (Ds)
(OX50) 2.7+0.7 (Dv)
PdTA-NO; | SiO; 0.39 700 4.5 34 3.740.8 (Ds)
(OX50) 3.8+0.9 (Dv)
PdTA-NOs | SiO: 0.39 800 7.2 55 6.2+3.3 (Ds)
(OX50) 6.5+3.5 (Dv)
PdTA-NO; | oxidized 0.50 none 7.6 1.6 2.5+ 0.6(Ds)
VXC72 2.6+0.6 (Dv)
PATA-NO; | oxidized 0.50 400 9.9 3.0 5.742.4 (Ds)
VXC72 6.1+2.7 (Dv)
PATA-NO; | oxidized 0.50 500 17.7 7.9 9.8+2.5 (Ds)
VXC72 10.3+2.8 (Dv)
PdTA-NO; | oxidized 0.50 600 42.5 14.7 24.2+6.5 (Ds)
VXC72 25.4+7.1 (Dv)
PdTA-NO; | oxidized 0.10 none 5.4 2.6+0.8 (Ds)
GN-Alfa 1.7) 2.8+0.9 (Dv)
PdTA-NO; | oxidized 0.10 400 35 4.2+1.1 (Ds)
GN-Alfa (3.1) 45+1.3 (Dv)
PATA-NO; | oxidized 0.10 500 7.7 10.243.5 (Ds)
GN-Alfa (6.0) 11.3+4.2 (Dv)
PdTA-NOs | oxidized 0.10 600 31.2 18.747.7 (Ds)
GN-Alfa 20.1+8.6 (Dv)

temperature and were relatively stable over time.

The conversion for the unannealed

catalyst was over 40% initially but decreased to around 20% by 24 hours, whereas the

conversions for the annealed catalysts were much lower (<15%) (Figure 5.9b).
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To determine turnover frequencies (TOF), the reaction rates were normalized by
dividing by the number of active sites calculated from chemisorption, STEM, and XRD
data. In the chemisorption experiments, the catalyst was reduced at 200 °C for 1 hr in H,
exposed to O at 40 °C, and then titrated with H; at 40 °C. XRD surface areas were
determined from the weight loading and the assumption that all particles have a

hemispherical particle shape with the average particle diameter determined by XRD.
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Figure 5.9. Hydrogenation activity for PATA-NO,/Si0, (OX50) annealed to various

temperatures: a) rate/g Pd; b) conversion; and TOFs calculated using number of surface
sites determined by: ¢) chemisorption; d) STEM; and e) XRD.

STEM surface areas were calculated from the weight loading, diameter measurements for
individual clusters, and the assumption of hemispherical particle size.

For Pd/OX50, plots of TOF vs. time online for all these surface area calculations are
shown in Figure 5.9c. For the TOFs normalized by chemisorption data, the unannealed
surface has the highest average TOF of 24 st after 24 hours; this value drops to 14-18s!

for the 600 °C and 700 °C-annealed catalysts, which have activities are within experimental
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error of each other. The average TOF for the 800 °C-annealed catalysts is further decreased

t0 9.7 %, thus indicating a clear reduction in TOF with increasing particle size. The STEM-

normalized TOF data (Figure 5.9d) also demonstrate the following: the unannealed catalyst

has the highest TOF; the TOFs for the 600 °C- and 700 °C-annealed catalysts are decreased

but similar to each other, and the TOF for the 800 °C-annealed catalysts is the lowest.

Similar results are observed for the XRD-normalized TOFs although particle diameters

were below the detection limit for the unannealed and 400 °C-annealed catalysts (Figure
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Figure 5.10. Hydrogenation activity for PATA-NO,/oxVXC72 annealed to various

temperatures: a) rate/g Pd; b) conversion; and TOFs calculated using number of surface
sites determined by: c¢) chemisorption; d) STEM; and e¢) XRD.

The reaction rates/g Pd are also shown for the oxVVXC72-supported Pd catalysts

(Figure 5.10a). The unannealed and 400 °C-annealed have almost identical initial

activities, but the unannealed catalyst deactivates more quickly than the 400 °C-annealed,

which has the highest activity after 24 hours. The 500 °C- and 600 °C-annealed catalysts
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exhibit activities that decrease with increasing particle size, but there is almost no loss of

activity over time, unlike the catalysts annealed to lower temperatures. Conversions for

all these catalysts were less than 15%, as shown in Figure 5.10b. After correcting the

activity for the number of surface sites from chemisorption, the TOFs as a function of

time online (Figure 5.10c) illustrate that these values are nearly identical for the

unannealed and 800 °C-annealed catalysts and somewhat higher for the catalysts

annealed to intermediate temperatures. The same general trends are observed for the

activities corrected by the STEM and XRD surface sites (Figure 5.10d,e). A possible
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Figure 5.11. Hydrogenation activity for PATA-NO,/0oxGN-alfa annealed to various

temperatures: a) rate/g Pd; b) conversion; and TOFs calculated using number of
surface sites determined by: c) chemisorption.
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explanation for this behavior is that for the small Pd particles, some fraction of the active,
undercoordinated sites are passivated by carbon atoms from the support. The passivation
effect is lower for the intermediate-sized clusters, thus resulting in slightly higher activity
at 400 °C. For the larger particles, the TOFs decrease with particle size since the large
particles have fewer undercoordinated sites. The TOF data normalized by STEM and
XRD surface sites show the same general trend in that the 400 °C- and 500 °C-annealed
catalysts have slightly higher activity than the unannealed, whereas the 600 °C-annealed

catalysts have TOFs more comparable to the unannealed catalyst.

The reaction rates/g Pd are shown for the oxGN-Alfa supported Pd catalysts (Figure
5.11a). The unannealed catalyst had significantly high activity compared to 400, 500,

and 600 °C annealed catalysts but the unannealed catalyst deactivated more quickly than
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Figure 5.12. Propylene hydrogenation activity for unannealed Pd/oxVXC72 and
Pd/oxGN-Alfa catalysts before and after carbon burn off. Reactions conditions
were 5% propylene/20% Ha/balance He at 100 sccm and -5 °C.

annealed catalysts, however, it had highest activity after 24 hours. The 400°C, 500°C-
and 600°C-annealed catalysts exhibit activities that decrease with increasing particle size,
but there is almost no loss of activity over time, unlike the unannealed catalyst.

Conversions for all these catalysts were less than 11%, as shown in Figure 5.11b. After
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correcting the activity for the number of surface sites from chemisorption, the TOFs as a
function of time online (Figure 5.11c) illustrate that the TOF for the unannealed catalyst
was 82 st which decreased to 56 s after 24 hrs with an average TOF of 65 s; this value
was significantly higher compared to catalysts annealed to higher temperatures. This
value drops to 16-17 s for the 600 °C and 700 °C-annealed catalysts respectively. The
average TOF for the 800 °C-annealed catalyst is further decreased to 2.4 s, thus

indicating a clear reduction in TOF with increasing particle size.

Propylene hydrogenation activity was examined as a function of time on stream
for the catalysts before and after carbon burn-off (Figure 5.12). Surprisingly, on both
oxVXC72 and oxGN-Alfa, there is very little difference in activity (umol propane/g Pd/s)
for the catalysts before and after burnoff, even though that the number of chemisorption
active sites increases after burn-off by a factor of 2 for oxVXC72 and a factor of 3 for
oxXGN-Alfa. A possible explanation for this is that the activity of the Pd particles is
dominated by active sites that are not blocked by the decorating carbon. For example, the

decorating carbon may reside at terrace sites, which are not as active for propylene

Less active terrace sites

~ More active
%, edgesites

More active
corner sites

Figure 5.13. Depiction of Pd particle showing

most active edge and corner sites and less active
terrace sites.

100



hydrogenation compared to step and edge sites as shown in Figure 5.13. Figure 5.14
represents propylene hydrogenation activity for the Pd-particles of different sizes on the
three different supports. On the SiO> support, there is a marked decrease in activity with
increasing particle size; this suggests that that the step and edge defect sites, which
comprise a greater fraction of the surface of small particles, are the more active sites

(Figure 5.14a).

For the Pd/oxGN-Alfa catalyst, the activity for the unannealed 2.5 nm particles is
surprisingly high and comparable to that of the smallest Pd/SiO> particles. The activity
of this catalyst also decreases sharply with increasing particles size. In contrast, the
Pd/oxVXC72 catalyst does not show the same decrease in activity with particle size.

However, it should be noted that the Pd/ox\VVXC72 catalysts have extensive carbon
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Figure 5.14. Propylene hydrogenation activity as a function of STM particle size
for Pd particles on 0xGN-Alfa, oxVXC72 and OX50. Reactions conditions were 5%
propylene/20% Ha/balance He at 100 sccm and -5 °C.

decoration for particles of all sizes, whereas the carbon decoration on Pd/oxGN-Alfa is
significant only on the smallest particles. For particles of the same 2.5 nm size, the

activity is greatest for the Pd/GN-Alfa catalyst. To account for the loss in activity due to
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carbon decoration, the activity per chemisorption site was also plotted in Figure 5.14. In
this case, the activity of the 2.5 nm particles is still highest on the Pd/GN-Alfa support,
and the Pd/SiO. and Pd/oxVVXC72 have comparable activity per surface Pd atom. The
larger particles on both carbon supports have similar activity except for the catalysts
annealed to the highest temperature, where the size distributions are the broadest and it is
difficult to fully represent particles sizes with an average value. One possible explanation
for the enhanced activity of Pd/oxGN-Alfa is that hydrogen intercalated in the graphene
nanoplatelets could provide an additional supply of hydrogen.®® A detailed Ho-TPD
(temperature-programmed desorption) investigations as described by Rupprechter etal®
on different Pd catalysts including Pd/GN-Alfa and GN-Alfa supports are underway to
show if the GN-Alfa could intercalate hydrogen that could act as a source of additional

hydrogen during propylene hydrogenation.

5.4 CONCLUSION

Pd particles were deposited on silica, 0XGN-Alfa, and oxVVXC72 supports by SEA
where the particles sizes were varied by annealing at different temperatures. The changes
in the particle’s sizes after the annealing were estimated by chemisorption, XRD, and
STEM measurements. The propylene hydrogenation reaction was studied on these
catalysts. We found that propylene hydrogenation on Pd exhibits a particle size effect on
SiO2 and oxGN-Alfa supports, with greater activity observed on the smaller particles.
This behavior is most pronounced for the Pd/SiO> catalysts, which are not complicated by
carbon decoration effects. On both carbon supports, the Pd particles are decorated by
carbon from the support, based on the larger chemisorption particle sizes that decrease to

approximately the same values as the STEM particle sizes after a carbon burnoff
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treatment. Since carbon decoration is most significant on the ox\VXC72 support, this
catalyst does not exhibit a clear decrease in activity with particle size. For particles of the
same 2.5 nm size on the three supports, the catalytic activity is markedly higher for Pd on
GN-Alfa, indicating that the graphene nanoplatelets promote Pd hydrogenation activity.
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APPENDIX A

SYNTHESIS AND CHARACTERIZATION OF MONOMETALLIC, BIMETALLIC,

AND INCIPIENT WETNESS CATALYSTS

Materials: Cu(NOs)2-2.5H20 (98.3%, Mallinckrodt AR), CoClz-6H20 (>98.0%, TCI
America), Co(OACc)2-4H20 (98%, Alfa Aesar), Co(NOz)2:6H20 (99%, STREM Chem.
Inc), NiCl2-6H.0 (98%, Alfa Aesar), RuClz-H20 (98%, Oakwood Chemical), RhClsz-H,O
(98.98%, Engelhard Chemicals), IrCl3-H20 (99.9%, STREM Chemicals, Inc.), 1,3,5-
benzene tricarboxylic acid (98%, Alfa Aesar), N,N’-dimethylformamide (DMF, ACS

grade, BDH), ethanol (EtOH, 200 proof, Decon Laboratories, Inc.) were used as received.

Cu3(BTC)2(CuBTC): The Cu3(BTC)2 MOF was synthesized based on a previously
reported literature procedure.®® A mixture of Cu(NOs3),-2.5H20 (700 mg, 3.01 mmol),
H3BTC (470 mg, 2.24 mmol), and DMF: H,O: EtOH (1:1:1 — 30.0 mL) was sonicated in
a 40 mL vial for approximately 5 minutes. The mixture was heated at 75 °C in an oven
for 24 hours. After cooling to room temperature, blue crystallites of Cus(BTC)2 were
collected by filtration and washed thoroughly three times with DMF (3 x 20 mL). PXRD
studies confirmed the crystallinity of the bulk material before and after catalysis

experiments (Figure A.1).
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Ni3(BTC)2 (NiBTC): The Ni3(BTC), was prepared according to a previously reported
literature procedure.”® PXRD studies were employed to confirm the crystallinity of bulk

material before and after catalysis experiments (Figure A.2).

Cu2.82Ru0.18(BTC)2 [CuRh(6%)BTC]: The preparation of Cu2.82Ruo.18(BTC)2 was
achieved via direct synthesis based on a previously reported procedure.” A mixture of
Cu(NO3)2-2.5H20 (898 mg, 3.87 mmol), and RuCls-H20 (201 mg, 0.970 mmol) was
dissolved in 25.0 mL of EtOH and poured into a flask containing HsBTC (492 mg, 2.34
mmol) dissolved in 25.0 mL DMF. This mixture was heated in a flask at 60 °C for 24
hours with stirring. The blue-green powder obtained was collected by filtration and
thoroughly washed several times with EtOH to remove any residual RuClz salt. The
material was then evacuated at 160 °C for 24 hours. PXRD studies confirmed the

crystallinity of the bulk material before and after catalysis experiments (Figure A.3).

Cus-xRhx(BTC)2: The preparation of Cuz0:Rho.g9(BTC). [CuRh(33%)BTC] and
Cu2.46Rho54(BTC)2 [CuRh(18%)BTC] MOFs was achieved by stirring a mixture of
Cu3(BTC). powder (226 mg, 0.374 mmol) and 0.0386 M RhCl3-H,0 in EtOH (5.00 mL)
in a flask for two and three days respectively at 90 °C on a hot plate. The green powder
obtained was collected by filtration and thoroughly washed several times with EtOH to
remove any residual RhCls salt. During the wash procedure, the solvent was replaced
twice a day for 72 hours before further characterization. The material was then evacuated
at 160 °C for 24 hours. PXRD studies confirmed the crystallinity of the bulk material

before and after catalysis experiments (Figure A.4 and A.5).
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Cuz2sslro.1s(BTC)2 [Culr(5%)BTC]: The preparation of Cuzsslro.15(BTC)2 was achieved
by stirring a mixture of Cuz(BTC). powder (226 mg, 0.374 mmol) and 0.008 M
IrClz3-H20 in EtOH (5.00 mL) in a flask for three days at 90 °C on a hot plate. The blue-
green powder obtained was collected by filtration and thoroughly washed several times
with EtOH to remove any residual IrCls salt. During the wash procedure, the solvent was
replaced twice a day for 72 hours before further characterization. The material was then
evacuated at 160 °C for 24 hours. PXRD studies were used to confirm the crystallinity of

bulk material before and after catalysis experiments (Figure A.6).

Cu15C015(BTC)2[CuCo(50%)BTC]: It was prepared according to a previously reported
procedure.” Freshly prepared Cus(BTC)2 (0.135gm, 0.203 mmol) was heated in a
solution of CoCl,:6H20 in DMF (0.441 M, 10 mL]) at 90 °C for 24 hours in an
isothermal oven. After heating, the reaction mixture was cooled down to room
temperature, and the resulting green powder was washed thoroughly with DMF to
remove excess CoCl,. During the wash procedure, the solvent was replaced twice a day
over 72 hours before further characterization. After DMF washing, the powder underwent
a solvent exchange process with dichloromethane at room temperature. PXRD studies
confirmed the crystallinity of the samples before and after catalysis experiments (Figure

A7).

Cu2.82Ni0.16(BTC)2 [CuNi(6%) BTC]: It was prepared by modification of the literature
procedure used for Cuy5C015(BTC)2 synthesis. In a 20 mL vial, freshly prepared
Cu3(BTC), (0.135 g, 0.203 mmol) and a solution of NiCl2-6H.0 (0.33 M, 10 mL DMF)

were heated at 90 °C for 24 hours in an isothermal oven. After heating, the reaction
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mixture was cooled down to room temperature, and the resulting green powder was
washed thoroughly with DMF to remove excess NiClz. PXRD studies confirmed the

crystallinity of the samples before and after catalysis experiments (Figure A.8).

Rh2*/SiO2, Rh3*/SiO2 (Incipient Wetness Catalysts): The Rh?*/SiO; (Aerosil, 0X-50)
catalyst was synthesized by incipient wetness impregnation (IW1) using the following
procedure: an aqueous solution of Rh2(OAc)s was prepared (water accessible pore
volume for the silica support=0.82 mL/g), this solution was added in small aliquots to the
support while ensuring the sample was well-mixed, and the catalyst was dried at room
temperature under vacuum for 3 days. XPS analysis confirmed an oxidation state of Rh?*,
The Rh3*/SiO; IWI catalyst was prepared in a similar manner using RhCls and dried at

120 °C.
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Figure A.l. PXRD patterns of
Cuz(BTC)2: simulated (black, for
reference); as-synthesized (green);
and activated before (red) and after
(blue) catalysis experiments.
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Figure A.2. PXRD patterns of
Niz(BTC)2: simulated (black); as-
synthesized (green); and after
catalysis experiments (blue).
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Figure A.3. PXRD patterns of:
Cus(BTC) simulated (black, for
reference); and activated
Cu282RU0.18(BTC)2 before (red)
and after (blue) catalysis
experiments.
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Figure A.4. PXRD patterns of:
Cu3(BTC). simulated (black, for
reference); and Cuz.01Rho.99(BTC)2:
as-synthesized (green); and activated
before (red) and after (blue) catalysis
experiments.
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Figure A.5. PXRD patterns of
Cu3(BTC), simulated (black, for
reference); and
Cuz2.46Rho54(BTC)2:as-synthesized
(green); and activated before (red)
and after (blue) catalysis
experiments.
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Figure A.6. PXRD patterns of
Cuz(BTC)2 simulated (black, for
reference); and activated
Cuzsgslro.15(BTC)2 before (red) and
after (blue) catalysis experiments.
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Figure A.7. PXRD patterns of:
Cuz(BTC), simulated (black, for
reference); Cu15C015(BTC). as-
synthesized (red); and activated
Cu15Co15(BTC). after catalysis
experiments (blue).
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Figure A.8. PXRD patterns of:
Cu3(BTC), simulated (black, for
reference); Cuzs2Nio.18(BTC). as-
synthesized (red); and activated
Cu2.82Nig18(BTC). after catalysis
experiments (blue).
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