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Supported metal catalysts have been used extensively in industry. To construct
supported metal catalysts with low cost and high catalytic performance, high metal
dispersion on the support material is greatly favored in recent years. With the
downsizing of metal active phase, new challenges in catalyst synthesis and
characterization have emerged. The highly dispersed metal active phase is prone to
aggregate to decrease surface free energy, which requires innovative synthesis strategy
to stabilize the metal species on support. High metal dispersion also created more
interfacial sites and bonds between metal and support, therefore the metal-support
interaction has more significant effects on the catalytic properties of high dispersion
catalysts. Defect engineering has attracted much attention due to its ability to help

stabilizing metal species and tune the metal-support interaction.



This dissertation focuses on utilizing defect engineering to develop catalysts
with high activity and selectivity in hydrogenation reaction. Harsh pH condition was
applied in wetness impregnation process to generate cavity sites on TiO2 support
surface, which resulted in stronger metal-support interaction between Pt and TiO2. The
catalyst synthesized under harsh condition showed higher hydrogenation activity
towards -NOz group. Laser engraving was used as another defect engineering technique
to create defects on TiO2 support. The laser engraved support showed distinct electronic
and redox properties, which enhanced the electronic metal-support interaction of Pt and
TiO2 support. The Pt/TiO2-LE catalyst showed superior activity and selectivity in the
hydrogenation of 3-nitrostyrene and furfural alcohol. In addition, an effective method
to probe the metal dispersion of Pt by styrene hydrogenation reaction kinetics was
developed. This method has the potential to be applied to other catalysts systems and

could be used to study the metal-support interaction in catalysts.
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Chapter 1: Introduction

1.1 Supported metal catalysts

Supported catalysts play a critical role in our modern chemical, petroleum, and
petrochemical industry. Many important industrial processes such as chemicals
manufacturing, oil refining, and environmental catalysis rely heavily on supported
metal catalysts.! The supported catalysts usually contain two phases: the active phase
that consists of nm-scale metal or metal oxide clusters/nanoparticles; and support
phases where the active phase is deposited onto. The utilization of support can help
reduce the amount of precious metal usage by increasing the metal dispersion.

As precious metals, especially platinum group metals (ruthenium, rhodium,
palladium, and platinum) are commonly used as active phase due to their ability to
catalyze reactions with higher activity and selectivity under milder conditions as
compared to other metals, it is crucial to reduce the usage of precious metals to meet
the sustainable requirement of catalyst development. The increase of the dispersion of
precious metal could increase the atomic efficiency of the metal active phase, therefore
the development of high dispersion catalysts has become one of the major focuses of
heterogeneous catalyst study. Table 1.1 summarizes several of the most industrially
important reactions and the high dispersion supported metal catalyst used for these
reactions.?*2 Compared to commercial supported catalysts that usually contains metal

nanoparticles with size range between 2-10 nm, the metal active sites on high



dispersion catalysts are finely dispersed on support with size <2 nm. While the size of

the metal structure reduced to nanometer or subnanometer clusters and further to

atoms/ions, the highly dispersed sites exhibit different catalytic properties from bulk

metal crystals due to size effect and metal support interaction etc.'° Therefore another

goal of heterogeneous catalyst research is to understand how the decrease of the size of

metal active phase alters the intrinsic catalytic properties of supported catalysts.

Table 1.1 Summary of industrially important catalytic reactions catalyzed by high

dispersion catalysts

Type of reaction reactants Catalystsused  Reference
Ammonia oxidation NHsz+02 Pt, Ru, Ir, Pt-Ru 2-4
Automobile exhaust NOx+02 Pt, Pd, Ru on 5-6
NOx, SOz, CO S02+02 Al203, CeO2
oxidation CO+02

Acetylene+Hz, Fe, Pt, Pt-Zn on 7-9

Hydrogenation

ethylbenzene, propane,

zeolite and metal

dehydrogenation
ethane oxide
Ligin +Hz2, Pt, Ni, Co, Mo 10-12
Biomass conversion cellulose etc. on zeolite and

metal oxide




1.2 Synthesis of high dispersion metal catalysts

1.2.1 Challenges for synthesizing high dispersion metal catalysts

As the size of metal particle decreases, the surface free energy increases
drastically. The ultra-small metal species have great tendency to aggregate to form
large nanoparticles during the synthesis process. Therefore, it is very challenging to
synthesize high dispersion metal catalyst with high surface loadings. In addition, the
ultra-small metal particles are often unstable because of sintering during catalytic
reactions especially under high temperatures, resulting in the loss of activity or
selectivity. Two mechanisms for sintering of nanoparticles have been proposed:
particle migration and coalescence (PMC) and Ostwald ripening (OR). In particular,
PMC involves the migration of particles in a Brownian-like motion on the support
surface, with subsequent coalescence leading to nanoparticle growth, whereas OR is
caused by the migration of adatoms or mobile molecular species, which is driven by
the differences in free energy and local adatom concentrations on the support surface.®
It is important to design the catalyst structure to prevent the migration of metal atoms
to avoid sintering through either pathways. The anchoring of highly dispersed metal
active sites densely and tightly onto support materials continues to be a main challenge
in the development of novel high dispersion catalyst systems. Many strategies have
been developed to address this challenge, including the utilization of coordinatively

unsaturated sites on support surface,!” support with surface defects and with excess



atoms to form hollow sites.’® In the following sections, the attempts to synthesize

thermally stable high dispersion catalysts were discussed.

Single-atom
o

cluster

&

nanoparticle

Surface free energy

Metal size

Figure 1.1 Scheme of the relationship between the metal sizes and the corresponding

surface free energy on support. °

1.2.2 Approaches for synthesizing high dispersion metal catalysts

1.2.2.1 Wet-chemistry approaches

The synthesis of high dispersion catalyst by wet-chemistry method has a long
history due to the low cost, easy accessibility, and feasibility for large scale
manufacture. The wet-chemistry synthesis of high dispersion supported metal catalyst

usually involves with the following steps: 1) the introduction of metal precursor to
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support by ion-exchange or wetness impregnation, deposition—precipitation, or
coprecipitation; 2) drying and calcination to form metal clusters or single atoms on
support; 3) reduction or activation of the catalyst. In order to prevent aggregation or
sintering during the synthesis process and reaction, the metal loading of wet chemistry
method was typically controlled to be extremely low, therefore this approach is
generally not suitable to synthesize high dispersion catalyst with high density of metal
active sites. In the first paper that prepared single atom Pt on FeOx support by
coprecipitation reported by Zhang’s group,° the Pt loading was only 0.17 wt. %.
Besides low loadings, a portion of the metal sites prepared by this method could be
buried inside the support matrix and not accessible during the reaction. To address this
issue, the adjustment of the interaction between metal precursor and the anchoring sites
of the support became important. Strong electrostatic adsorption has been adapted to
increase the adsorption force between metal precursor and support in wetness
impregnation synthesis.?" 22 Zheng’s group have recently developed a photochemical
route for synthesizing stable singly dispersed Pd on TiO:2 catalyst with Pd loading over
1.5 wt.%.2 The photochemical treatment stabilized the isolated Pd atoms by
strengthening its interaction with support, accompanied by the stepwise removement
of CI" ligands. With deeper understanding of the metal-support interactions, the wet-
chemistry method remains as a promising approach to synthesis high dispersion

catalysts for industrial applications.



1.2.2.2 Morphology engineering of catalyst support

In order to increase the amount of anchoring site and increase the interaction
between metal active site and support, the morphology engineering of catalyst support
was exploited to synthesize high dispersion catalysts. One of the strategies is using two-
dimensional nanomaterial with high surface area and defect density as support. As the
support surface area increase, the support could offer more possible sites (i.e. corner,
terrace and defect sites) to form thermodynamically stable structure with metal atoms.
As the work reported by Zhou et al., self-organized anodic TiO2 nanotube was chosen
as support for the effective iridium atom trapping due to the unique morphology and
abundant density of Ti®*-Oy defects.?* Similar strategy was reported by Hejazi et al.
that the thin sputtered TiO2 anatase was used as support to increase the Pt atom
dispersion for photocatalytic H2 generation reaction.? Besides the ability to increase
anchoring sites, morphology engineering of support can also induce spatial
confinement of the metal species to prevent their mobility. This spatial confinement or
caging effect utilizes the porous properties of the support material such as cavities of
MOFs and tunnels of zeolites to separate and encapsulate metal precursors, and
eventually achieve high dispersion of the metal species. For example, Corma’s group
demonstrated the synthesis of a zeolite-confined subnanometric Pt catalyst by
entrapping Pt complex into the lamellar zeolitic precursor during the swelling
process.?® The molecular-scale cages of the MOFs could also be used to encapsulate
metal atoms. Chen et al. reported Fe precusor confined within the pore and cavity of

ZIF-8 to achieve a high dispersion of metal species. After pyrolysis, the ZIF-8 was fully
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transformed into N-doped porous carbon, where the N-rich defects further provided a

protective fence to avoid aggregation.?’

1.2.2.3 Defect engineering of catalyst support

Defect of metal oxides can affect the fundamental properties of the material.?8
The electrical, optical, magnetic, thermal and mechanic properties of metal oxide
materials could be determined by the intrinsic or externally introduced defect. Defect
engineering introduces defect into the material through mainly two pathways:
modification during crystal growth and post synthesis processing, which gives
tunability and diversity of the engineered defects. Dopant could be added during the
metal oxide synthesis step to improve absorption competence and enhance electron-
hole pair isolation in photocatalysis.?® 3° Surface modification techniques including
high temperature treatment,* and laser irradiation®? were also generally used to tune
the optical and photocatalytic properties of metal oxide materials.

Benefited from the various methods to introduce defect on support materials,
defect engineering became a versatile strategy to stabilize metal atoms for the synthesis
of high dispersion catalyst. These defects in the support can serve as traps to capture
metal atoms during the synthesis process, change the electronic and coordination
environment of the atoms, which fundamentally induced stronger metal-support
interactions to stabilize the metal atoms from aggregation. Many works have employed

this strategy to synthesize high dispersion catalysts with high metal weight loading. He
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et al. used the defect engineering of MOF framework to inhibit metal aggregation, and
the strategy consequently resulted in an approximately 70% increase in single metal
atom yield.® Zhang et al. exploited cation vacancy to synthesize high weight loading
(up to 2.3 wt.%) of Pt single atoms on defect-rich Ni(OH)x nanoboards with abundant
Ni2* vacancies.3* Compared to other synthesis strategy, defect engineering strategy can
easily tune the metal dispersion by controlling the concentration of defects. Besides,
the presence of defects on supports is helpful for the formation of unique
atomic/electronic structure to enhance catalytic performance. It could be foreseen that
defect engineering would continue to be an effective method to construct high
dispersion catalyst with high metal loading and exceptional catalytic performance in

the future.

1.3 Characterization of high dispersion metal catalysts

After the synthesis of high dispersion metal catalysts, it is important to
characterize the catalyst to confirm the structure of catalytic active sites. The
characterization of the catalytically relevant physicochemical properties (i.e. electronic
structure, atomic configuration, charge state, bonding interactions with support) of
catalysts can provide mechanism understanding of the structural-functional
relationship of the synthesized novel catalysts, which could benefit the design and
optimization of catalysts for desired reactions. However, the sub-angstrom

characterization of highly dispersed active site is challenging and requires advanced
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techniques to distinguish highly dispersed metal clusters and single atoms. In the
following sections, characterization techniques for high dispersion metal catalysts,
especially the techniques for single atom catalysts, were compared and the challenges

of characterizing these group of catalysts were discussed.

1.3.1 Technics for the characterization of high dispersion catalysts

The characterization of high dispersion catalysts could be categorized into two
types: 1) the direct characterization methods such as scanning tunneling microscopy
(STM), high-angle annular dark-field imaging (HAADF STEM), and extended X-ray
absorption fine structure (EXAFS) that could provide direct information of the
dispersion and coordination structure of the active sites; 2) the indirect characterization
methods that were able to reveal the important catalytically related physicochemical
properties of the catalysts, for example X-ray photoelectron spectroscopy (XPS), X-
ray absorption near edge structure (XANES), diffuse reflectance infrared Fourier

transform spectroscopy (DRIFTS) and temperature programed reduction (Hz-TPR).

The development of imaging technique enables electron microscopy to resolve
structures in atomic scale and profoundly benefits the studies of high dispersion metal
catalysts especially single atom catalysts. STM, HAADF imaging and aberration-
corrected-STEM have facilitated the direct observation of metal atoms on support.®37
EXAFS technique can be used to characterize the fine structures by studying the

absorption at energies greater than the threshold for core electron release. This
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absorption spectroscopy can provide information about the number of different
coordinating atoms, the distances from the absorber atom, and the angles between
chemical bonds. For example, Ren etal. used EXAFS to study the coordination
environment of Pt single atoms on a Fe203 support that controlled by their synthesis
method.® From the EXAFS spectra, the Pt-O coordination number decreases with
increasing treatment temperature, and the catalytic activity of the catalyst were found

to increase with the decrease of Pt coordination number.

X-ray based spectroscopy techniques are generally used to study the electronic
property of supported metal catalysts. XPS is a surface sensitive technique often used
for catalyst characterization. The electronic state of metal active sites within catalyst
can be determined by this technique, which is helpful in understanding the electronic
structure of the catalyst. X-ray absorption near edge structure (XANES) can be used
for studying the oxidation state, coordination environment as well as local symmetry
of elements, which could provide detailed information of the oxidation state and
coordination of the element of interest.>®* CO probe molecule IR spectroscopy or
DRIFTS is another site-specific technique in high dispersion catalyst characterization.
The CO adsorption behavior on active sites can provide insights into the local geometry,
homogeneity, and reactivity of the active species, therefore are widely used in the
characterization of high dispersion catalysts and single atom catalysts.?: 40 4! |n

addition, advanced computational methods i.e. density functional theory (DFT)
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calculations can be used to confirm the most stable configuration of active sites and

provide important information on atomic structure of the catalyst.*?

1.3.2 Challenges of characterization of high dispersion catalysts

Due to the confounding factors such as low weight loading, ultra-small size, the
atomic scale of heterogeneity of bonding and the presence of metal-support interaction,
the reliable characterization of high dispersion catalysts remains challenging in
heterogeneous catalysis field. For high resolution imaging techniques, since small area
of sample can be scanned at one time, electron microscopy suffers from statistical
limitation. The inability of resolving single atom and relatively high detection yet limits
XPS to completely fulfill the need of atomic scale characterization. As for XAS
technique, though it has higher resolution and sensitivity than XPS, it requires
advanced instrument and is not easily accessible for most researchers. Furthermore, the
mixture of state also increases the complexity in data interpretation when sample
contains inhomogeneous active site. As reported by Resasco group, the Pt/CeO:2
samples consisting of exclusively Pt single atoms and those with coexisting Pt single
atoms and oxidized Pt clusters showed qualitatively similar XAS spectra because both
samples lack of strong Pt-O-Pt scattering.** The difficulty in distinguishing the
vibrational band of CO adsorb to different site by CO DRIFTS originated from metal-
support interaction. The vibrational bands of CO adsorb on different type of sites are

sometimes close to or even overlap with each other, therefore the interpretation of data
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requires caution. Karim group reported that the CO band located at 2082 cm™ is
attributed to linear CO adsorption on Pt single atom.** However, as reported by DeRita
et al., the CO band positioned at the same wavenumber region corresponded to CO
adsorption on Pt clusters of the same catalyst system.?! Limited by the shortcomings of
these characterization techniques, combination of different characterizations are

usually needed to get comprehensive understanding of the catalyst structure.

1.4 Strong metal-support interaction

Strong metal-support interaction (SMSI) in supported metal catalysts has drown
great attention in recent years due to its potentiality in modulating the activity,
selectivity, and stability of heterogeneous catalysts. SMSI typically originated from the
interaction between group VIII noble metal nanoparticles and reducible supports,
which was often accompanied by the formation of encapsulation overlayers on the
metal nanoparticles. This phenomenon was first reported by Tauster et al. in 1978.%°
They discovered that the chemisorption abilities of small gas molecules (such as CO
and H2) of TiOz2-supported Group VIII noble metal catalysts suddenly disappeared
after a reduction treatment at 500 °C, and this adsorption abilities could be entirely
reversible by oxidation treatment of the sample at 400 °C. It was not until 2016, with
the development of in-situ HRTEM technology, the dynamic process of the formation
of the SMSI overlayer of TiOx on Pd nanoparticle at different temperatures was firstly

visualized by Pan’s group.*® The word strong was meant to emphasize that in this
12



metal-support interaction strong interfacial metal-metal bonds were formed.*’ The first
direct evidence of the formation of this metal-metal bond was reported in 1986 by
Haller’s group with extended X-ray absorption fine structure spectroscopy (EXAFS).*8
However due to the difficulty in detecting the small amount of interfacial bonds in
supported metal catalysts, SMSI is usually identified by the apparent physicochemical
property change of the catalyst such as encapsulation of metal active site and loss of
chemisorption ability.

In recent years, several novel catalyst systems that were beyond the category of
noble metal and reducible support were discovered. For example, the SMSI effect
between Au and irreducible metal oxide support ZnO,* and Pt with SiO2.>° Even non-
oxide support can also exhibit this interaction with metal nanoparticle. It has been
reported that hydroxyapatite,®® boron nitride,> and molybdenum carbide® showed the
ability to have SMSI effect. The study of SMSI provides fundamental understanding
of the interaction between metal and support material, which gives possibility to the

rational design and modulation of advanced catalysts for heterogeneous reactions.
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Figure 1.2 Scheme of strong metal-support interaction.

1.4.1 Effects of strong metal-support interaction

The properties of metal and support are greatly affected by strong metal-support
interaction. The formation of interfacial bonds and charge redistribution between metal
and support give rises to unique effects of SMSI. Two major effects of SMSI were
extensively studied: 1) geometric effect, the interfacial atom transport, and 2) electronic
effect, the interfacial charge redistribution.>

It has been agreed that SMSI between metal and reducible oxide support
involves with the formation of oxide overlayer on metal surface by partial or complete
encapsulation of the metal nanoparticle. This encapsulation phenomenon demonstrates

the first effect of SMSI, which is the geometric change of the catalyst surface. Much
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research has been conducted to understand the mechanisms of the encapsulation. The
most popular explanation is that the encapsulation of metal nanoparticle of high surface
energy (such as Pt or Pd) could minimize the surface energy of the system.> Fu et al.
proposed the mechanism of encapsulation of Pd by TiO2 contained two steps.®® Firstly,
due to the high diffusivity of titanium in TiO2 at high temperatures, interstitial Ti
cations would transport to near surface region. Secondly, it was the mass transfer of
TiOx to supported metal nanoparticles that formed the encapsulation overlayer. During
which process, the low surface energy oxides overed the metal particles with high
surface energy. The behavior was caused by the requirement to minimize total energy.
Other geometric effect such as flattening of the metal particle on the reducible support
that reported by Caballero’s group®’ could also be viewed as the effect of SMSI. These
geometric effect of SMSI helped anchoring the metal nanoparticle on the support,
preventing the migration of nanoparticle which enhanced the stability of the catalyst
under harsh reaction conditions.

The second effect induced by strong metal-support interaction is electronic
effect, which is often referred as electronic metal-support interaction (EMSI).>® The
physical contact between metal nanoparticle and support induced a charge
redistribution at the interface and resulted in the electronic effect. The electronic effect
is often used to explain catalytic performance difference of the SMSI system. The
electronic effect is governed by the fermi level of metal nanoparticle and the support,
and ultimately the energy minimization of the electron chemical potentials.>® The local

electronic rearrangement could involve with a few atomic layers at the interface, and
15



sometimes could even change the oxidation state of the metal atoms from the supported
metal nanoparticle. The property of metal nanoparticle and support could both affect
the electronic effect originated from SMSI. As the size of metal nanoparticle decreases,
the electronic state of the nanoparticle becomes more localized, which could affect the
electron transfer. For the support material, many properties have impact on the
electronic effect, such as morphology, conductivity, reducibility, exposed crystal
planes, and surface defects. Modulating these properties of metal nanoparticle and
support could provide insights into the control of charge transfer of the interface, and
eventually the optimization of catalytic performance by changing the electronic
structure of the active sites.

Besides geometric effect and electronic effect, other effects have been recently
discovered that involves with SMSI. One of the effects is the redispersion or
reconstruction of the metal nanoparticle. Zhang’s group reported a method to redisperse
Pt nanoparticle into Pt single atom on FeOx support by strong metal-support
interaction.®® Dong et al. applied the carbonization treatment for Au NPs supported on
MoOs to introduce SMSI effect.r During which process, large Au nanoparticles
redispersed to form thin Au overlayers on Mo2C support. Another effect that introduced
by SMSI was bifunctional effect, which was introduced by the perimeter sites at the
boundary of the metal and support. This effect often associates with the activated
reactant spillover from the metal site to support. For example, in water gas shift
reaction, the oxygen vacancies of TiO2 near the metal-support perimeter can participate

in the reaction path.5?
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1.4.2 Application of strong metal-support interaction

Owning to the unique geometric and electronic property change arise from the
strong metal-support interaction. SMSI were widely used as effective strategy to
enhance the stability, activity, and selectivity in various thermocatalytic and
electrocatalytic reactions. As the encapsulation overlayer could limit the migration of
metal nanoparticles, SMSI has been recognized as a practical method to enhance the
stability of catalysts under harsh conditions. The encapsulation structure also increases
the interface region of metal and support, providing more interfacial sites that exhibit
different adsorption behavior of reactant molecules, which means the selectivity of the
catalyst can be tuned by SMSI. Zhang et al. reported that the CO2 hydrogenation
selectivity from CHas to sole production of CO of Ir/TiO2 catalyst could be tuned by
modulating the strong metal-support interaction.®® The SMSI was also used to modulate
the electronic properties of the active sites of supported metal catalysts to improve the
catalytic activity. Xu et al. reported that the electron density of interfacial Ni (Ni®)
could be increase by introducing SMSI into the Ni/TiO2x catalyst, the optimized
catalyst showed an extraordinary improvement of catalytic activity in water gas shift
reaction.% With a deeper understanding of the metal support interaction mechanism,
constructing SMSI systems can be used for designing unique structures of supported

metal catalysts at atomic scale for applications in numerous of chemical reactions.
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1.4.3 Effects of defects on strong metal-support interaction

Defect engineering strategy has been extensively used in the preparation of
supported metal catalysts, as defect can serve as effective trap for stabilizing metal
species via significantly enhanced metal-support interaction.®® % Defects (i.e. cationic
or anionic defects) that exist widely in metal oxides can function as anchoring sites for
stabilizing metal atoms, and as promoter or active sites to facilitate catalytic reaction.
As defects being introduced in support material, the coordination environment and
electronic structure of metal oxides are changed, which leads to the enhancement of
metal-support interaction by decreased bond distance. In one of the earliest studies of
SMSI behavior of Pt/TiO2 system, Horsley reported that Pt atoms were inserted in the
surface oxygen vacancy of support.8” The oxygen vacancy reduced the bonding
distance between the metal atom and the surface cation and therefore enabled the
formation of metal-metal bond, which provided possible mechanisms for the
suppression of Hz chemisorption of SMSI.

The introduction of defects also causes the redistribution of electrons that could
help stabilize metal species by increasing the adsorption energy around oxygen defects.
Han et al. used DFT calculations to study the adsorption of Pt atoms on defective TiO2
surface.% The oxygen vacancy site was found to be the most active site for Pt adatom
with an adsorption energy of 4.87 eV. Besides changing the adsorption behavior, the
electronic metal-support interaction could also be altered by the introduction of defects.
Dong et al. investigated the electronic states of the supported metal atoms with the

influence of oxygen vacancy using DFT calculations.®® It has been found that when the
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oxygen defect was introduced in the yttrium-stabilized zirconia (YSZ) support, the d-
band centers of the adsorbed metal atoms would shift closer to the Fermi level owing
to the charge transfer to the adatoms. This result indicated that the oxygen vacancy
served as an electron donator, which was beneficial for stabilizing the adatoms and
changing the d-band centers of metal atoms and ultimately their catalytic activity.
Similarly, the experimental studies on the electronic interaction between metal atoms
and defective oxides also have shown that the charge transfer in supported in supported
metal catalysts could lead to more positively charged metal atoms, which granted the

catalysts with superior activity and selectivity.’® '

1.5 Thesis overview

This dissertation with focus on the development of high dispersion supported
metal catalysts for selective hydrogenation via defect engineering approach is divided
into 5 chapters. The first chapter introduces the motivation behind our research on
developing synthesis and characterization strategy of high dispersion metal catalyst, as
well as the investigation of the origin and effect of strong metal-support interactions in
supported catalysts. Chapter 1 also includes a comprehensive review of the current
strategies for high dispersion catalyst synthesis and characterization, along with the
introduction of the effects and application of metal support interaction in heterogeneous
catalysis.

Chapter 2 introduces a new wet-chemistry method to tune the strong metal-

support interaction of Pt/TiO2 system. As series of physicochemical characterization
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on the catalysts indicated, the geometric and electronic properties of Pt/TiO2 catalysts
changed with increasing the pH of impregnation solution. The hydrogenation activity
of the catalysts showed significant difference in the hydrogenation of vinyl and nitro
group, which suggested different extent of strong metal-support interaction. By
controlling the pH of the impregnation solution, the SMSI effect of the synthesized
catalyst could be adjusted.

Chapter 3 establishes the relationship between the Pt dispersion and styrene
hydrogenation activity of Pt/TiO2 catalysts with Pt size ranging from single atoms to
nanoparticles. The nanometer-sized Pt clusters have shown significantly higher activity
than Pt nanoparticles, sub-nanometer clusters or isolated single atoms. Detailed
characterization of Pt/TiO: of different Pt size reveals that the geometric and electronic
properties of the Pt sites affected the hydrogenation activity. With this established
particle size versus hydrogenation activity relationship, the Pt dispersion of a newly
synthesized supported catalyst could be estimated. This method has the potential to be
used as a facile way to pre-screen supported metal catalysts with various particle sizes
in other catalyst systems.

Chapter 4 describes a new defect engineering strategy to introduce structural
defects (i.e., oxygen vacancy (Ov) and Ti**) into TiO2 support material by laser
engraving under ambient atmosphere. The defects created by laser engraving are more
stable than those already existed in the pristine TiO2 or those created by high
temperature reduction treatment. The TiO2 treated by laser engraving showed

significantly higher redox properties because of the defective structure, which caused
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changes in the metal-support interaction between Pt and TiO2 support. Subsequently
the enhanced redox capability of resulted Pt/TiO2 catalyst enabled higher reactivity and
selectivity in hydrogenation of 3-nitrostyrene and furfuryl alcohol.

Chapter 5 summarizes the work conducted on the high dispersion Pt/TiO2
catalysts constructed via defect engineering strategy, along with the effect of metal-
support interaction on the selective hydrogenation reaction performance. Future works
on expending the current project to other metal oxide support materials with different

reducibility was outlined.
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Chapter 2: Tuning the strong metal support interaction of

Pt/TiO2 system by impregnation pH control

2.1 Introduction

Strong metal support interaction (SMSI) in heterogeneous catalyst systems has
played an important role in enhancing the catalytic activity, selectivity, and stability.
Various studies have been dedicated to exploring the approaches to tune the strong
metal support interaction in order to optimize the reaction performance of catalyst. For
example, reduction-oxidation (RO) cycles are the most reported method to regulate the
interaction between group 11 metal on reducible support. In which process, the SMSI
effect is generated by reducing treatment, and the SMSI state can be reversed by
applying a subsequent oxidative treatment. Mejia and coworkers applied this RO cycles
on cobalt on TiO2 or Nb20s catalysts, the catalytic activity of resulted catalyst in
Fischer-Tropsch reaction has been greatly improved.”? Other approaches such as
doping of the support,”® addition of reducing agent,’* overlayer deposition,” ¢ and
adsorbate mediation’’” were explored to induce and control the SMSI effect. However
there were few reports that utilize wet chemistry method to tune the SMSI between

metal and support during the catalyst synthesis stage.’

Wetness impregnation has been a general method to load metal nanocrystal on

support in heterogeneous catalysts synthesis.” Based on this method, by precisely
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controlling the adsorption of metal on support, one can decrease the size of metal
nanoparticle and achieve atomic dispersion. Strong electrostatic adsorption (SEA)
method has been reported to be a simple approach to synthesize single-atom catalyst
by utilizing the coulombic interaction between the metal precursor and support to
increase metal dispersion.?® The surface of metal oxide support is negatively charged
when it is deprotonated above a characteristic pH (point of zero charge (PZC)).
Positively charged metal precursor (e. g. Pt(NH3)4** ) will then be deposited on the
surface via strong electrostatic adsorption. It has been proved this method can achieve
better dispersion than traditional wetness impregnation without pH control.?’ In 2017,
Christopher group has reported the effects of SEA solution pH on the dispersion of Pt
atoms on TiO2 support and the optimal pH to impregnate Pt on TiO2.2 It has been
found that with increasing synthesis pH from 8-12.5, the IR spectra of CO gradually
showed a narrower and symmetric peak at 2112 cm™, which corresponds to single Pt
atom dispersion. However, the study of impregnation at even higher pH was not
covered by their study. Whether further increasing of the impregnation would increase
the adsorption interaction between metal precursor and charged support, and eventually
achieve high Pt dispersion in higher Pt loadings by strong metal support interaction,
has not been studied yet. In this chapter, the effect of impregnation pH on the dispersion
of Pt and the SMSI between Pt and TiO2 was systematically studied. Three catalysts
were synthesized under different pH from neutral to highly basic, series of
characterizations were conducted to understand the geometric/electronic properties

change of the catalysts caused by synthesis pH. The hydrogenation performance of
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different functional groups (vinyl and nitro group) with different polarity was tested to
study the SMSI effect on catalytic activity and selectivity. It has been found that
changing the pH of impregnation solution can tune the SMSI of Pt/TiO2 system, which
provided a new pathway for synthesizing supported catalysts with different metal

support interactions.
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Figure 2.1 scheme of tuning pH during impregnation process to construct catalyst

system with strong metal-support interaction.

2.2 Experiments

2.2.1 Materials

The TiO2 support (anatase, 99.5% purity) was purchased from U.S. Research
Nanomaterial. Tetraammineplatinum(ll) nitrite (TAPN, >99.99% metal basis), was
purchased from Alfa Aesar. The ammonia (NH4sOH) solution (28-30 wt.%) were
bought from VWR. Styrene (>99.5% purity) and 3-Nitrostyrene (>97% purity) was

purchased from Acros Organics. Deionized (DI) water was used herein was lab made.
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2.2.2 Catalyst preparation

The Pt/TiO2 catalysts with 0.50 wt.% Pt loading were prepared using modified
SEA method*®. Three Pt/TiO: catalysts were synthesized under different solution pH.
0.500 g of TiO2 powder was dispersed in 50.00 mL of DI water, 1:3 and 3:1 diluted
NH4OH solution (volume ratio of 28-30 wt.% NHsOH and DI water 1:3 and 3:1)
respectively, which result the final Pt/TiO2 catalysts denote as Pt/TiOz2wi, PUTiOz LpH,
PUTiOznpH. PU/TiO2wi was prepared under neutral condition without the SEA effect,
Pt/TiO2 Lpn was impregnated under pH = 12.85, and Pt/TiO2 wp was prepared under
harsh basic condition with pH = 13.70. 0.085 g of TAPN was dissolved in 5.00 mL of
DI water in a glass vial to form the stock solution. 0.090g of TAPN stock solution was
added into a 25 mL of solvent that was same as the TiO2 suspension respectively. The
diluted TAPN solution was then transferred into a syringe and was added into the TiO2
suspension using a syringe pump (Pump 11, Harvard Apparatus) at a rate of 2 mL/hr.
Afterwards, the mixture was placed in a convection oven (VWR Sheldon
Manufacturing Model, 1350GM Gravity Convection Oven) that was preheated to 343
K. After the sample had fully dried in the oven, it was calcined at 553 K (ramp rate of
5 K/min) for 4 hin a furnace (Thermo Scientific Lindberg/Blue M™ Multipurpose Box
Furnaces). The air (Airgas, research grade) flow rate was kept at 50 mL/min during this
calcination step. After the sample cooled down to room temperature, it was transferred
into a tubular furnace for reduction at 423 K (ramp rate of 5 K/min) for 2 h. The gas

atmosphere consisted of diluted Hz (5%H2/N2 mixture) at a flow rate 100 mL/min. The
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reduced sample was then stored in a desiccator prior to characterization and reaction

tests.

2.2.3 Catalyst characterization

Powder X-Ray diffraction (XRD) patterns of samples were recorded using a
Bruker D8 Advance Lynx Powder Diffractometer (LynxEye PSD detector, sealed tube,
Cu Ko radiation with Ni B-filter). N2 adsorption-desorption isotherms of the samples
were measured using an Autosorb-iQ equipment (Quantachrome Instruments) at 77 K.
The samples were outgassed at 573 K for 10 h at 1 mmHg pressure prior to the
measurements. Brunauer, Emmett and Teller (BET) method was used to determine the
specific surface areas of the samples. The electronic property of Pt was characterized
by X-ray photoelectron spectroscopy (XPS) by Versaprobe Il by Physical Electronics
Inc. (PHI) X-ray photoelectron spectrometer. Powders were deposited on carbon tape
for sample immobilization in the chamber. X-rays were generated with a
monochromated Al Ka anode at 25 W and a beam size of 100 um. The chamber
pressure during analysis was 5 x 10 Pa or less. Surveys were performed with a pass
energy of 224 eV for each sample, and higher resolution elemental scans were collected
with pass energies of 55 eV, both had take-off angles of 45 degrees. The morphology
of TiO2 samples were observed by transmission electron microscopy (TEM) using a
JEM 2100 LaB6 electron microscope. The morphologies of Pt loaded samples were

observed by scanning transmission electron microscopy (STEM) with Thermo
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Scientific (FEI) Titan Themis S/TEM operating in probe mode at 200 kV with HAADF

detector using gun lens 7 and spot size 7.

2.2.4 Ho-TPR and CO chemisorption measurements

Temperature programed reduction of the Pt/TiO2 catalyst with Hz (H2-TPR)
was carried out with same procedure as described in chapter 2 on a Quantachrome
Autosorb iQ instrument. Prior to the measurement, each sample was subjected to a pre-
treatment with 40 mL/min N2 flow (Airgas, Research grade) at 553 K for 2 h. After
cooled to 323 K, the gas was switched to 40 mL/min 5%H2/N2 and the sample was
heated to 1173 K at 10 K/min ramp rate and kept at the final temperature for 10 min.
A cold trap was used to remove water produced throughout each experiment from the
outlet stream to avoid interference with the TCD signal.

The chemisorption of CO molecules on the catalyst was measured by pulse
titration in the same equipment as the one used in H2-TPR. 0.1g of catalyst was first
treated in an Ar flow (50 mL/min) at 553 K for 4 h and then cooled down to 323 K.
5%H2/N: at a flow rate of 50 mL mint was then introduced to in-situ reduce the catalyst
for 1 h followed by Ar gas purge for 2 h. Afterwards, the sample was cooled down to
303 K in the Ar flowing gas. A series of CO pulses (50 uL in each pulse) were injected
with an interval of 5 min until the amount of exit CO pulses reached a steady state value.
The CO signal was recorded using a Prima BT Bench Top Process Mass Spectrometers

(Thermo Fisher Scientific, winsford U.K. CW7 3GA).
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2.2.5 Styrene hydrogenation reaction test

The catalytic activity of synthesized Pt/TiO2 catalysts was tested by styrene
hydrogenation with same procedure as described in chapter 2. 9.00 mL ethanol and
0.050 g catalyst were used in each reaction. After purging the reactor with Hz for 30
min, the styrene solution (0.053 g styrene in 1.00 mL ethanol) was injected into the
reactor, which moment was recorded as the starting time of the reaction. Reaction
mixture was sampled by a syringe equipped with a needle from the left neck of the
reactor. After filtering out the solid catalyst particles by syringe filter, the sampled
solution was analyzed using a gas chromatography (Agilent 7890A) equipped with a
methylsiloxane capillary column (HP-1, 50.0 m x 320 um x 0.52 um) and a flame

ionization detector (FID).

2.2.6 3-nitrostyrene selective hydrogenation reaction test

The 3-nitrostyrene hydrogenation was conducted with similar procedure as
styrene hydrogenation. 9.00 mL ethanol and 0.020 g catalyst were added into a 50 mL
three-neck flask. After sonication of the catalyst mixture, the flask was placed in a
water bath that was preheated to 313 K. A magnetic stirring bar (stirred at 900 rpm)
was used to mix the suspension. After purging for 30 min, the 3-nitrostyrene solution
(0.076 g styrene in 1.00 mL ethanol) was injected into the reactor. Reaction mixture

was sampled by a syringe equipped with a needle from the left neck of the reactor.
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After filtering out the solid catalyst particles by syringe filter, the sampled solution was
analyzed using same gas chromatography equipment as styrene hydrogenation reaction

described above.

2.3 Results and discussion

2.3.1 Geometric properties of TiOsupport treated under different pH

In order to test the effects of SEA synthesis process on the structural properties
of TiO2 support, the as-received TiO2 support particles were exposed to the NH4sOH
solution (NH4OH: water volume ratio=1:3) for 6.25 h, then the solvent was evaporated
at 343 K same as the SEA synthesis process. The as-prepared TiO2 were firstly
characterized by XRD to understand their crystalline structures changes. Figure 2.2
shows that the XRD peaks of the TiO2 support without NH4sOH treatment are
characteristic of anatase phase (JCPDS #75-1537). The average crystalline size is 7.87
nm, calculated from the Scherrer equation using the peak width at half the maximum
intensity of the TiO2 (004) diffraction peak. After the NH4OH treatment process, the
anatase phase of TiO2 support was maintained, as confirmed by the identical XRD
patterns. The broadening in peak width at each diffraction peak indicates that the
crystalline size of TiO2 support was reduced, which could be caused by the corrosive
NHsOH media in the SEA process. The same calculation from the Scherrer equation
showed that the average particle size is 4.13 nm and 3.68 nm, which resulted 42.3%

and 48.6% decrease respectively compared to the TiO2 support prior to exposure to the
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basic solution. The decrease is more significant as the pH of the NHsOH solution
increases. The particle sizes evaluated from the XRD data are comparable to those

measured by TEM images and BET surface area.
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Figure 2.2 XRD patterns of TiO2 treated by NH4sOH solution of different pH.

Figure 2.3 shows the TEM images of the as-received TiO2 support particles and
the ones after exposing to the SEA synthesis process at pH=12.85 and 13.70. As shown
in Figure 2.3, before and after the SEA process, the TiO2 support contains a number of
aggregated particles. Individual particles were circled. The inset plot in each image is
the particle size distribution data. The average particle sizes of TiO2 support before

SEA process are 6.72 nm. After SEA process the average particle size gradually
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decreased to 6.60 nm and 6.21 nm, respectively. The decrease of average particle size
of TiO2 after NH4OH treatment process was a direct indication of the corrosion of TiO2

surface by basic NH4OH solution.
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3

Figure 2.3 TEM images of as-received TiO2 support (a), TiOz support after SEA
synthesis procedure under pH =12.85 (b), TiO2 support after SEA synthesis procedure

under pH =13.70 (c).

Nitrogen (N2) adsorption-desorption isotherms were used to determine the
surface areas of TiO2 particles. The measurements were conducted at 77 K on an
Autosorb-iQ analyzer (Quantachrome Instruments). The samples were pretreated at
573 K and 1 mm Hg for 12 hours. The surface areas were determined using the
Brunauer-Emmett-Teller (BET) method. Figure 2.4 show the Nz isotherms of TiO:
particles before and after the NH4OH (pH=13.70) treatment in the SEA solution. The
surface area of the TiO2 particles increased from 185 to 228 m?/g, accordingly, after
the exposure to the basic NHsOH solution. From these textural property
characterization results, it could be concluded that the basic NH4OH solution was able
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to corrode the TiO2 nanoparticle surface during the impregnation step. This corrosion
decreases the particle size of TiO2 and increases the BET surface area of the material.
Due to the morphology change of the TiOz nanoparticle, it could also be inferred that
the surface properties of the TiO2 was also altered by the NH4sOH treatment, which
could possibly change the dispersion and binding environment of the Pt loaded onto

TiO2 surface during the impregnation process.
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Figure 2.4 N2 adsorption-desorption isotherms of TiOz particles before (a) and after

(b) pH=13.70 NH4OH treatment.

2.3.2 Geometric properties of Pt nanoparticle in Pt/TiO, catalysts
synthesized under different pH characterized by STEM

In order to study the effects of impregnation pH on the dispersion of Pt particles
on TiO2 support, the Pt/TiO2 catalysts were examined by HAADF STEM imaging. As

shown in Figure 2.5, the Pt dispersion on these three samples were uniform. Pt
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nanoparticles with sizes around 1 nm were observed across the TiO2z support. From
detailed particle size analysis, it could be found that the Pt/TiO2 LpH has the smallest
average Pt particle size of 1.06 nm, which was smaller than Pt/TiOz wi that was
prepared under neutral condition. This suggests that SEA synthesis method at
appropriate pH could indeed increase the Pt dispersion on TiO2 support. However, if
the impregnation pH is further increased as in the Pt/TiO2 vpn sample, the Pt average
particle size increased as compared to the sample prepared at neutral condition (Pt/TiO2
wi) and lower SEA pH (Pt/TiOzpH), which meant that further increasing SEA solution
pH did not create stronger adsorption force between Pt precursor and support. Instead,
the Pt dispersion decreased slightly if the impregnation pH increased beyond the
optimal pH region. It should be noted that STEM images are two-dimensional
projection of the sample imaged, the contrast comes from the difference in atomic
number and sample thickness. Therefore the relative position of Pt nanoparticle on
support, for example whether the Pt locates on TiO2 surface or encapsulated in TiOz,

could not be analyzed from the HAADF STEM images.
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Figure 2.5 HAADF-STEM images and Pt particle size analysis of Pt/TiO2 catalysts

prepared under different pH condition (a) Pt/TiOz2wi, (b) PU/TiO2 LpH, (C) Pt/TiO2 HpH.
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2.3.3 Electronic properties of Pt/TiO: catalysts synthesized under different
pH

The charge transfer from/to supported metal nanoparticle is a common
phenomenon of strong metal-support interaction. The electronic structure of the metal
nanoparticle could be changed by the charge transfer between the interface of metal
and metal oxide support. To study the electronic properties of Pt nanoparticle loaded
under different pH conditions, XPS spectra of Pt 4f region was obtained. Since the Pt
4fs2 peak overlaps with the Ti 3s peak at 75.75 eV, only Pt 4f72 peak was selected for
the electronic property analysis. As shown in figure 2.6, the Pt 4f72 peak of Pt/TiO2wi
catalyst was located at 71.4 eV. This peak position blue shifted significantly when the
impregnation pH was changed. The Pt 47,2 peak of Pt/TiOz Lpn shifted to 72.0 eV. This
0.6 eV shift could be caused by the decrease of Pt nanoparticle size. As the size of Pt
decreases, more Pt atoms stay at the interface of TiO2. Therefore, due to the charge
transfer from Pt to support the Pt nanoparticle became more cationic. Besides the
formation of more interfacial Pt sites, as the Pt ultra-small nanoparticles were easily
oxidized in air environment, more PtOx could also be formed with the decrease of
particle size. For Pt/TiOz npr catalyst which the pH of impregnation solution was the
most basic, the Pt 4f7;2 peak continued to shift to 72.2 eV. As indicated by the STEM
image particle size analysis of Pt, the Pt particle size did not continue to decrease in
Pt/TiO2 nph catalyst. The electronic property change of Pt/TiO2 vpH was not caused by
changes in particle size, instead it was possibly due to the change of Pt coordination

environment. The Pt atoms in Pt/TiO2 ven were more coordinated to O instead of Pt,
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which lead to the formation of cationic Pt nanoparticle. The cationic property of
Pt/TiOz2 npn suggested there was possible strong metal-support interaction between the

Pt nanoparticle and TiO2 support in this catalyst.
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Figure 2.6 Pt 4f XPS spectra of Pt/TiO2 synthesized under different pH conditions.

To further verify the Pt electronic property change, XANES was conducted on
1.0 wt% Pt/TiO2 synthesized under different pH. It has been reported that the Pt edge
position and intensity were affected by the geometry, alloying and absorbates of the Pt
nanoparticle. The Pt loading was increased due to the instrument sensitivity here in this

experiment. As shown in Figure 2.7, the Pt edge of Pt/TiO2z npH has shifted to higher
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edge energy and the white line intensity has slightly increased as compared to the
Pt/TiOzLpn sample. This change has indicated possible broadening of metal d band and
an increase in the electron deficiency of Pt nanoparticle on of TiO2npH.8° The enhanced
cationic property of Pt nanoparticle on TiOzHpH Was in agreement with the XPS spectra,
the change in metal nanoparticle d band structure could lead to different absorption

energy of absorbates such as CO and H.
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Figure 2.7 XANES of Pt edge of Pt/TiO2 synthesized under different pH conditions.
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2.3.3 Reduction and dispersion of Pt species in Pt/TiO, catalysts

H2-TPR was conducted on Pt/TiO: catalysts to investigate the interaction
between Pt and TiO2 support. As Figure 2.8, there were 4 major reduction peaks. In
Pt/TiOz2 weu sample, the first reduction peak located at ~360 K was assigned to the
reduction of the surface PtOx complex to metallic Pt.8! The second peak at around 604
K was caused by the TiO2 surface oxygen reduction with the help Pt nanoparticle.?
The last two peaks at ~790 K and 860 K were related to the reduction of bulk oxygen
of TiO2 lattice with and without the help of Pt respectively. When the pH of
impregnation solution increases, the first reduction peak moved to higher temperature
(370 K) and the peak intensity decreases. The peak intensity change was caused by
lower Pt dispersion, that larger Pt nanoparticles have smaller proportion of surface PtOx
complex. However, it’s been reported that larger Pt nanoparticles were easier to
reduce,® which contradicted with the 10 K shift to higher temperature of PtOx
reduction. Therefore the particle size effect cannot merely explain the changes of this
reduction peak. One possible explanation was that the interaction between PtOx and
TiO2 npH is stronger than that of Pt/TiO2 LpH. The second reduction peaks of these two
samples were at approximately the same position, which suggested that once reduced
to Pt metallic nanoparticle, the ability of Pt to dissociatively adsorb H2 and facilitate

the TiO2 surface reduction are same. The third reduction peak of Pt/TiO2 vpH has
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relatedly higher intensity than the last reduction peak. This could be due to the higher

efficiency of activated H migration to the bulk of TiO2 crystal in Pt/TiO2 vpH sample.
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Figure 2.8 H2-TPR of Pt/TiO2 synthesized under different pH conditions.

It is typical that the adsorption of small molecules such as Hz and CO became
suppressed when strong metal support interaction occurred on the catalyst sample.®*
The CO chemisorption was used to quantify the Pt species accessible to CO molecules
in the Pt/TiO2 catalysts. The number of exposed Pt atoms and percentages of Pt
dispersion (D) were be evaluated with the method discussed in chapter 3. As shown in

Table 2.1, the Pt dispersion in Pt/TiO2wi was 40.6%, which was lower than that of the
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Pt/TiOz Lpr but higher than the Pt/TiOz wpH, Which was consistent with the trend from
STEM particle size analysis of Pt nanoparticle. However, if the difference in calculated
Pt dispersion was only cause by different Pt particle size, Pt/TiOz Lrn should only have
~5% more surface Pt than Pt/TiO2npH. Comparing the Pt dispersion of the two samples
synthesized by SEA method, the difference in Pt dispersion was ~20% instead of 5%,
which indicated that there was other interaction between Pt nanoparticle and support
that suppressed the adsorption of CO molecules. This discrepancy between the CO
chemisorption and STEM image of Pt nanoparticle on Pt/TiO, ner SUQQeESts possible
strong metal support interaction between the Pt and TiO2 support, or partial

embedment/encapsulation of Pt by TiOz.

Table 2.1. The dispersion of Pt in Pt/TiOz catalysts determined by CO chemisorption

Sample name Pt dispersion (%)
Pt/TiO2wi 40.6%
PUY/TiOz2 LpH 55.4%
PUTiO2 HpH 35.3%
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2.3.4 Styrene hydrogenation over Pt/TiO catalysts synthesized under

different pH

As styrene hydrogenation has been established as structure sensitive reaction to
discriminate difference in Pt particle sizes on TiO2 support, the catalytic performance
of these three catalysts synthesized under different pH was firstly tested by styrene
hydrogenation. The mild reduction pretreatment prior to the catalysis tests was
purposely chosen in order to prevent SMSI induced by harsh reduction conditions.
The activity differences would be caused by the difference in Pt aggregation state or
the strong metal support interaction formed during the synthesis process. As the
reaction results shown in Figure 2.9, the TOF of Pt/TiO2w and Pt/TiO2 Lp1 were 0.25
and 0.21 mol s** [mol Pt]%, which were similar to each other. These TOF numbers were
in good agreement with the relationship between Pt size and activity developed in
chapter 3. However, Pt/TiO2 np+ catalyst showed TOF of 0.025 mol s [mol Pt] %, which
was ~10 times lower than that of Pt/TiOz Lpn. This low activity of Pt/TiO2 we1 sample
could not be explained by solely the Pt size difference. As the electronic property
characterization by XPS and XANES, the Pt nanoparticle in Pt/TiO2 vp1 was more
electron deficient with broadened d band that shifted away from the fermi level. These
electronic structure differences were the main reason for the change in adsorption of

styrene molecules and subsequently the difference in catalytic activity.
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Figure 2.9 styrene hydrogenation performance of Pt/TiOz synthesized under different

pH conditions.

2.3.5 3-nitrostyrene selective hydrogenation over Pt/TiO; catalysts

synthesized under different pH

It has been reported by Zhang’s group that the 3-nitrostyrene hydrogenation
activity and selectivity of Pt/TiO2 catalyst could be significantly enhanced by the SMSI
between Pt single atom and TiO2.2¢ The change was attributed the different adsorption
and activation models of substrate.®” In order to selectively hydrogenation the -NO2

group of the substrate, metal catalyst with engineered structure were needed as the -
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C=C group was prone to be hydrogenated and produce 3-ethylnitrobenzene (3ENB)
byproduct. If the hydrogenation activity of the active site became too high, the complete
hydrogenation byproduct, 3-ethylanillin (3EA), would be produced. To verify the
effect of electronic property change of Pt by SMSI, 3-nitrostyrene selective
hydrogenation reaction was conducted with the Pt/TiOz catalysts prepared under
different pH condition. As shown in Figure 2.10, after 90 min of reaction time, Pt/TiO2
LpH had higher conversion and 3-vinylanillin product selectivity than Pt/TiO2 wi. For
PU/TiO2 wpH catalyst, since the catalytic activity was too high, at 90 min the 3-
nitrostyrene substrate was completely consumed. The reaction was sampled at 30 min
instead of 90 min. The Pt/TiO2 wpn catalyst showed comparable conversion and 3VA
selectivity as Pt/TiOz Lpn with 1/3 of reaction time. This enhancement in catalytic
activity was a indication of SMSI between the Pt nanoparticle and TiO2 support in this
catalyst. The SMSI effect changed the electronic property of Pt/TiO2 wpH, causing the
Pt species to become more cationic. The cationic Pt sites favored more of the adsorption

of -NOz2 group and eventually yield a higher catalytic activity.
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Figure 2.10 3-nitrostyrene hydrogenation performance of Pt/TiO2 synthesized under

different pH conditions.

2.4 Conclusion of Chapter 2

In summary, the Pt/TiO2 catalysts were prepared by wetness impregnation with
solutions of different pH. The effect of solution pH on the textural properties of TiO2
support were studied firstly by XRD, TEM and N2 physisorption. It has been found that
the basic NH4OH solution was able to corrode the TiO2 surface, which effect was more
significant as the pH of the NH4OH solution increase. This surface property change of
TiO2 could cause Pt particle embedment or encapsulation during the SEA synthesis
process. The dispersion of loaded Pt under different conditions were studied by STEM

imaging and CO chemisorption, which results suggest that SEA synthesis needs to be
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conducted under proper pH to increase the Pt dispersion. As the discrepancy between
Pt size and CO quantity adsorbed indicated, further increasing the impregnation pH did
not continue to decrease Pt particle size, instead it caused strong metal support
interaction between Pt and TiO2 support. The electronic property characterization of
the Pt/TiO2 catalysts showed more cationic Pt property on Pt/TiO2 npH catalyst, and
changes in the Pt d band structure. This electronic structure change caused the catalytic
performance difference of Pt/TiO2 npn in the hydrogenation of vinyl and nitro group.
The activity of Pt/TiO2 npr catalyst in the hydrogenation of polar nitro group has been
significantly enhanced. The Pt/TiOz npn sample showed two characteristic phenomena
of strong metal support interaction: the suppression of adsorption of CO and charge
transfer from metal nanoparticle to support as the characterization results suggested. It
could be concluded that the metal support interaction could be tuned by changing the
pH of wetness impregnation solution. When the solution causes dissolution of the
support material, the metal atoms from precursor solution would locate on the
vacancy/cavity site created by corrosive solution, resulting in embedded or
encapsulated in the support surface. This resulted metal nanoparticle on support
structure would have stronger metal support interaction compared to catalysts
impregnated at milder conditions. This study is the first one to propose that the SMSI
between metal and support could be tuned without redox interactions. The wet
chemistry approach offers an efficient way to enhance the SMSI effect in

heterogeneous catalyst.
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Chapter 3: Differentiating supported platinum single atoms,

clusters and nanoparticles by styrene hydrogenation

3.1 Introduction

Supported noble metal catalysts are extensively used in the petrochemical and
pharmaceutical industries to facilitate chemical reaction processes. Due to the natural
scarcity and high cost of noble metals, decreasing metal loadings by reducing particle
sizes is desired in the heterogeneous catalysis field.8°° As a new frontier of this study,
single atom catalysts achieving maximized metal dispersion and the potential of
atomically-precise active sites are being actively pursued.® 20 %1 92 By transiting the
metal active sites from nanoparticles to sub-nanometer clusters and then to single atoms,
differences in the degree of metal atom aggregation and coordination structures in
supported catalysts exist,*-% which can influence their behavior in catalytic reactions.
Therefore, it remains a necessity to identify and differentiate these metal sites and their
functionalities, as supported metal catalysts often consist of a mixture of nanoparticles,
sub-nanometer clusters and/or single atoms.

Advanced characterization technigques have been used to study the geometric and
electronic properties of supported metal single atom, cluster and nanoparticle catalysts.

For example, high-angle annular dark-field scanning transmission electron microscopy
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(HAADF-STEM) detects metal particles down to the limit of atomically dispersed
species. The metal atoms with different aggregation behavior and particle sizes within
the support can be analyzed from this imaging technique.® % %7 X-ray absorption
spectroscopy (XAS) probes the electronic state as well as coordination environment of
metal catalysts.® X-ray absorption near-edge structure (XANES) measures the
chemical state of elements of interest by measuring changes in absorption
characteristics.®® First - or even second-shell coordination environments of atoms of
interest can be obtained with extended X-ray absorption fine structure (EXAFS)
spectroscopy.'® Diffuse reflectance infrared Fourier transform spectroscopy of carbon
monoxide (CO) adsorbate (CO-DRIFTS) is another commonly applied characterization
technique for supported metal catalysts, which can provide information on local
coordination environment, homogeneity, and reactivity of metal active species.?! 10
Catalytic reaction testing is a direct strategy used to examine the performances
of supported metal catalysts in selected reaction conditions.** 192104 For example,
single atom catalysts have high reactivity in CO oxidation® 1% and high selectivity in
the selective hydrogenation of acetylene groups,'®” 1% while nanoparticles showed
opposite trends in both reactions. The metal clusters showed higher reactivity than the
nanoparticles in ethylene hydrogenation.'% However it has also been reported that the
co-existence of single atoms and nanoparticles yields the best activity in the
hydrogenation of ketones and aldehydes.**® It should be noted that a systematic

comparison of the supported catalysts with a wide range of metal sizes consisting of
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nanoparticles, nanometer and sub-nanometer clusters, and single atoms has been rarely

reported.

In this chapter, we employed styrene hydrogenation to identify and differentiate
the metal sites and their activities in supported catalysts with different metal particle
sizes. The exemplary catalysts are titania (TiOz) supported platinum (Pt) made by a
strong electrostatic adsorption (SEA) approach. The average Pt particle sizes were
varied from nanoparticles to sub-nanometer clusters and single atoms by decreasing the
Pt loadings during the synthesis. With decreasing particle sizes, the Pt atom reactivity
in the styrene hydrogenation reaction shows an increasing then decreasing trend,
indicating structure sensitivity of the reaction. Together with other characterization
techniques including HAADF-STEM, X-ray photoelectron spectroscopy (XPS),
XANES, temperature programmed reduction by hydrogen (i.e., H2-TPR) and
chemisorption, the geometric and electronic properties of Pt sites were analyzed. These
properties were correlated to the catalytic activity of Pt/TiO2 catalysts in the styrene
hydrogenation reaction. We would like to note that the reaction was performed under
ambient condition in a wet lab that is equipped with a fumehood and general glassware
apparatus. The simplicity in experimental operation together with the correlations
obtained among particle size, geometric/electronic properties and reaction behavior
indicates that this process could be used as a general method to pre-screen supported

metal catalysts with various particle sizes in other catalyst systems.
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Figure 3.1 Hydrogenation activity of Pt with different aggregation state.

3.2 Experiments

3.2.1 Materials

The titania support (anatase, 99.5% purity) was purchased from U.S. Research
Nanomaterial. The Pt precursor, tetraammineplatinum(ll) nitrite (TAPN, >99.99%
metal basis), was obtained from Alfa Aesar. The ammonia (NH4OH) solution (28-30
wt.%) were bought from VWR. Styrene (>99.5% purity) stabilized with 10 to 20 ppm
4-tert-butylcatechol was purchased from Acros Organics. Deionized (DI) water was

used in the work.

3.2.2 Catalyst preparation

The Pt/TiO2 catalysts with Pt concentrations ranging from 0.04 wt.% to 5.00
wt.% were prepared using the SEA method®. In a typical synthesis, 0.500 g of as-

received TiO2 powder was dispersed in 50.00 mL of diluted NH4sOH solution that was
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prepared by mixing 28-30 wt.% NH4+OH and DI water with volume ratio of 1:3. 0.085
g of TAPN was dissolved in 5.00 mL of DI water in a glass vial to form the stock
solution. Based on the desired Pt loading in the Pt/TiO: catalyst, a certain amount of
TAPN stock solution was added into a 25 mL of diluted NH4OH solution (volume ratio
between 28-30 wt.% NH4OH and DI water = 1:3). The TAPN in NH4OH solution was
then transferred into a syringe and was added into the TiO2 suspension using a syringe
pump (Pump 11, Harvard Apparatus) at a rate of 2 mL/hr. Afterwards, the mixture was
placed in a convection oven (VWR Sheldon Manufacturing Model, 1350GM Gravity
Convection Oven) that was preheated to 343 K. After the sample had fully dried in the
oven, it was calcined at 553 K (ramp rate of 5 K/min) for 4 h in a furnace (Thermo
Scientific Lindberg/Blue M™ Multipurpose Box Furnaces). The air (Airgas, research
grade) flow rate was kept at 50 mL/min during this calcination step. After the sample
cooled down to room temperature, it was transferred into a tubular furnace for reduction
at 423 K (ramp rate of 5 K/min) for 2 h. The gas atmosphere consisted of diluted H2
(5%H2/N2 mixture) at a flow rate 100 mL/min. The reduced sample was then stored in

a desiccator prior to characterization and reaction tests.

3.2.3 Catalyst characterization

The Pt concentration in each Pt/TiO2 sample was determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES, Galbraith Laboratories). The
crystal phase was determined by powder X-Ray diffraction (XRD) patterns recorded

using a Bruker D8 Advance Lynx Powder Diffractometer (LynxEye PSD detector,
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sealed tube, Cu Ko radiation with Ni B-filter). The morphologies of Pt/TiO: catalysts
with Pt concentrations of 2.00 wt.%, 4.00 wt.% and 5.00 wt.% were observed by STEM
measurement with a Thermo Scientific (FEI) Titan Themis S/TEM operating in probe
mode at 200 kV with HAADF detector using gun lens 7 and spot size 7. For all other
samples, HAADF-STEM imaging was conducted by a Hitachi HD2700C STEM
operated at 200 kV and equipped with a probe aberration corrector (spatial resolution
~1 A). The coordination status of Pt and Ti atoms in the catalysts was probed using a
Versaprobe I11 by Physical Electronics Inc. (PHI) X-ray photoelectron spectrometer.
Powders were deposited on carbon tape for sample immobilization in the chamber. X-
rays were generated with a monochromated Al Ka anode at 25 W and a beam size of
100 pm. The chamber pressure during analysis was 5 x 10 Pa or less. Surveys were
performed with a pass energy of 224 eV for each sample, and higher resolution
elemental scans were collected with pass energies of 55 eV; both had take-off angles
of 45 degrees. A combination of an electron neutralizer and low energy Ar ion
neutralizer was used to mitigate surface charging.

The X-ray absorption fine structure spectroscopy (XAFS) measurements at the
Pt L3 edge (~11560 keV) were performed on the Quick X-ray Absorption and
Scattering (QAS) beamline at the National Synchrotron Light Source (NSLS) II,
Brookhaven National Laboratory. XAFS data were collected in the fluorescence mode
under ambient condition using a passivated implanted planar silicon (PIPS) detector.
The intensity of the incident beam and the absorption of the Pt reference foil were

measured with ionization chambers. Athena (0.9.26) software was used for processing
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XAS data. To obtain good signal to noise ratio all spectra was merged with 80 scans.
Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectrum of styrene
adsorbate in the catalyst was recorded with a spectrophotometer (Thermo Nicolet
NEXUS 670) in the range of 500-4000 cm. Each sample was measured with 32 scans

at an effective resolution of 2 cm™.

3.2.4 H>-TPR measurements

Temperature programed reduction of the Pt/TiO2 catalyst with H2 reducing gas
(H2-TPR) was carried out on a Quantachrome Autosorb iQ instrument. A thermal
conductivity detector (TCD) was used to record the Hz consumption in the process.
Prior to the measurement, each sample was subjected to a pre-treatment with 40
mL/min N2z flow (Airgas, Research grade) at 553 K for 2 h. After cooled to 323 K, the
gas was switched to 40 mL/min 5%H2/Nz and the sample was heated to 1173 K at 10
K/min ramp rate and kept at the final temperature for 10 min. A cold trap was used to
remove water produced throughout each experiment from the outlet stream to avoid

interference with the TCD signal.

3.2.5 Pt site quantification by CO chemisorption

The chemisorption of CO molecules on the catalyst was measured by pulse
titration in the same equipment as the one used in Hz2-TPR. The catalyst was first treated
in an Ar flow (50 mL/min) at 553 K for 4 h and then cooled down to 323 K. 5%H2/N:

at a flow rate of 50 mL min"* was then introduced to reduce the catalyst for 1 h followed
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by Ar gas purge for 2 h. Afterwards, the sample was cooled down to 303 K in the Ar
flowing gas. A series of CO pulses (50 uL in each pulse) were injected with an interval
of 5 min until the amount of exit CO pulses reached a steady state value. The CO signal
was recorded using a Prima BT Bench Top Process Mass Spectrometers (Thermo

Fisher Scientific, winsford U.K. CW7 3GA).

3.2.6 Styrene hydrogenation reaction test

Styrene hydrogenation was used to test the catalytic activity of synthesized
Pt/TiO2 catalysts. Figure 3.2 shows the experimental setup. In the reaction, 9.00 mL
ethanol and 0.050 g catalyst were added into a 50 mL three-neck flask in sequence. The
resultant catalyst suspension was sealed in the flask by septa and sonicated for 20 s
using an ultrasonic bath (Fisher Scientific FS60). The flask was then placed in a water
bath that was preheated to 303 K. A magnetic stirring bar (stirred at 500 rpm) was used
to mix the suspension. The center neck of the flask was connected to a condenser. The
septum in the right neck was pushed through with a syringe needle to deliver the H:
gas (50 mL/min, Airgas Ultra High Purity 99.9%) to purge the flask and supply Hz for
the reaction. After purging for 30 min, the styrene solution (0.053 g styrene in 1.00 mL
ethanol) was injected into the reactor from the left neck. This moment was recorded as
the starting time of the reaction. Reaction mixture was sampled by a syringe equipped
with a needle from the left neck of the reactor. After filtering out the solid catalyst

particles by syringe filter, the sampled solution was analyzed using a gas
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chromatography (Agilent 7890A) equipped with a methylsiloxane capillary column

(HP-1, 50.0 m x 320 um % 0.52 pm) and a flame ionization detector (FID).

T ®

Figure 3.2 Experimental setup for styrene hydrogenation.

(1)Stirring hotplate, (2)Fiberglass insulation, (3)water bath, (4)H2 inlet port, (5)syringe
for sampling, (6)magnetic stir bar, (7)3-neck flask, (8)septum for sealing, (9)condenser,
(10)gas outlet.

Under the tested conditions, styrene did not have any conversion in the reactor
either in the absence of any catalyst or in the presence of TiO2 support. The influence
of mass transfer limitations on the measured reaction rate data were purposely
excluded. Since the catalyst support is nonporous, internal mass transfer limitation is
not expected to exist. For the external mass transfer limitation, we eliminated it by
running the reaction at high stirring speed. As shown in Figure 3.3a, the conversion

increased with increasing the stirring speed when the stirring speed was low. After the
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stirring speed was higher than 300 rpm, the conversion was kept constant. All the
reaction data presented in the manuscript were collected at 350 rpm, so the external
mass transfer limitation was absent. To test the catalyst deactivation, we recycled the
catalyst from reaction mixture by centrifugation. Afterwards, the catalyst was dried in
a vacuum oven overnight, and then used for the next cycle of reaction test. As shown
in Figure 3.3b, the recycled catalyst showed comparable conversions to that of the fresh

catalyst, indicating the absence of deactivation in our studied reaction conditions.
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Figure 3.3 (a) conversion versus stir rate; (b) conversion of recycled catalysts at 5 min
of reaction time. (1.00 wt.% Pt/TiO2, 303K, 1 atm pressure, 50 mg catalyst and 0.5

mmol styrene in 10 mL ethanol.)

Eq. 1 was used to calculate the turnover frequency of Pt sites (TOFy, mol s [mol Pt]

1y, where r is the measured reaction rate (mol s%), Npt is the quantity of Pt atoms [mol
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Pt] in each catalyst, and D is the Pt dispersion determined by the CO chemisorption
method.

TOFpy =1/(Npe * D) (3.1)

3.3 Results and discussion

3.3.1 Geometric properties of Pt/TiO> catalysts with different Pt loadings

The as-prepared Pt on anatase TiO2 catalysts with Pt concentrations in the range
of 0.04 wt.% - 5.00 wt.% were firstly characterized by XRD to understand their
crystalline structures. Figure 3.4 shows that the XRD peaks of the TiO2 support are
characteristic of anatase phase (JCPDS #75-1537). After the SEA synthesis process,
the TiO2 support maintained the anatase phase, as confirmed by the identical XRD
patterns of Pt/TiO2 samples as that of the TiO2 support. The XRD patterns of Pt/TiO2
with Pt concentrations lower than 2% were not shown, since they are identical to those
of the 2.00 wt.% Pt/TiO2 sample. The diffraction peak associated with Pt species was
not observed until the Pt concentration was increased to 4.00 wt.%. As shown in the
XRD patterns of 4.00 wt.% and 5.00 wt.% Pt/TiO2 samples, the peak at 26 = 40° is
assigned to Pt (111) diffraction, suggesting Pt nanoparticles are formed in these two
samples. 26 =39-41° region was zoomed in 5 times to clearly show Pt (111) peak. For
all other Pt/TiO2 samples, the Pt structures are too small to detect in the XRD

measurement due to low Pt loading. It should be noted that the elemental composition
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analysis from ICP-OES shows that no Pt was lost during the SEA process; the Pt
concentration in each sample remains nearly the same as the nominal loading used in

the catalyst synthesis process.

r

5.00 Wt.% PY/TiO,

4.00 wt.% PY/TiO,

Intensity (a.u.)

2.00 wt.% PYTIO,

TiO
0 BV1n ) (220)(3012)

20 30 40 50 60 70 80
2 0 (degree)

Figure 3.4 XRD patterns of TiO2 supported Pt metal catalysts with Pt concentrations

varied from 2.00-5.00 wt.%. The XRD data of TiO2 support is included for

comparison purpose.

To understand geometric properties of the Pt atoms in the TiO2 support, HAADF-
STEM images were collected, with representative images shown in Figure 3.5. For the
0.04 wt.% Pt/TiO2 sample, Pt stays as single atoms, as reported previously.?: 11t When
the Pt concentration was increased to 0.12 wt.% (Figure 3.5a), single atoms and
nanoclusters coexist on the TiO2 support, but the density of Pt nanoclusters was very

low. The continual increase in Pt concentrations to 0.25 wt.% (Figure 3.5b) increased
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the density of nanoclusters, but the cluster size did not show any obvious change. In
the 0.50 wt.% and 1.00 wt.% Pt/TiO2 samples (Figures 2.5c-d), more Pt clusters are
observed, some with slightly larger sizes, as indicated by the circled regions in the
images. The further increase in Pt concentration to 2.00 wt.% (Figure 3.5¢) leads to an
increase in density of larger Pt clusters, and the sizes of these clusters also increased.
We further increased the Pt concentrations to 4.00 wt.% (Figure 3.5f) and 5.00 wt.%
(Figure 3.5g), and both samples showed a high density of large Pt clusters, where some
are connected to form even larger particles, as indicated by the red arrows in both
images.

The Pt particle size distribution histogram of each Pt/TiO2 sample was analyzed
using statistical analysis of the STEM images. Figures 2.6a-g show the particle size
data obtained for the samples with Pt concentrations from 0.12 wt.% to 5.00 wt.% in
sequence. Due to the resolution cutoff (~0.4 nm) of the STEM instrument, the single
atoms and dimers were not included in the size distribution analysis. From direct
morphology visualization of the STEM images in Figure 3.5, samples with Pt loadings
of 0.12 wt.% and 0.25 wt.% have average sizes of 0.72 and 0.75 nm (Figures 2.6a-b),
respectively. The majority of Pt particles are less than 1 nm, which are denoted as sub-
nanometer clusters. The increase in Pt loadings to 0.50 and 1.00 wt.% increased the
average particle sizes to 1.06 nm and 1.08 nm, respectively, in Figures 2.6¢c-d. The
predominant particle sizes in these two samples are close to one nanometer. We defined
them as nanometer clusters. For the samples with even higher Pt loadings (i.e., 2.00

wt.%, 4.00 wt.% and 5.00 wt.% in Figures 2.6e-g), the average particle size increased
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monotonically with Pt loadings to 1.28, 1.32 and 1.46 nm in sequence. Most of the Pt
atoms in these three samples aggregate into nanoparticles, as the dominant particle sizes

are above 1 nanometer.
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Figure 3.5 HAADF-STEM images of Pt/TiO2 catalysts with Pt concentration of (a)
0.12 wt.%, (b) 0.25 wt.%, (c) 0.50 wt.%, (d) 1.00 wt.%, (e) 2.00 wt.%, (f) 4.00 wt.%

and (g) 5.00wt.%, respectively.

Pt single atoms, clusters and nanoparticles are indicated by orange arrow, red circle and

red arrow, respectively.
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Figure 3.6 Particle size distribution of Pt/TiO2 catalysts with various Pt concentration

of (a) 0.12 wt.%, (b) 0.25 wt.%, (c) 0.50 wt.%, (d) 1.00 wt.%, (e) 2.00 wt.%, () 4.00
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wt.%, and (g) 5.00 wt.%, respectively. ~50 and ~150 particles were counted in (a)-(b)
and (c)-(g) respectively. (The vertical red dash line in each figure is used to guide the

particle population centered around 1 nm.)

Table 3.1. Activity analysis of Pt sites in isolate single atoms or aggregated

nanoclusters and nanoparticles in Pt/TiOz catalysts in styrene hydrogenation reaction.

Catalyst Pt Pt TOF @y TOFprsa) TOFeuy
(denoted by Pt | aggregation | concentration " -Si (mol s** [mol (mol s [mol (mol s* [mol
loading, wt.%) state * ([umol Pt] g*) ® oo P ¢ Pt ¢ P

0.04 single atom 2.05 100.0 0.0056 0.0056 -

0.12 subnanomet 6.15 70.5 0.023 0.0056 0.0636
0.25 er cluster 12.8 65.7 0.020 0.0056 0.0480
0.50 nanometer 25.6 11.7 0.267 0.0056 0.302
1.00 Cluster 51.3 29 0.460 0.0056 0.474
2.00 103 0.0 0.446 - 0.446
4.00 nanoparticle 205 0.0 0.364 - 0.364
5.00 256 0.0 0.290 - 0.290

2 Defined from particle histogram data in Figure 3; ® Calculated from Pt loading in each sample; ©
Calculated by ratio of single atom quantity to Pt loading quantity; ¢ Calculated from Eq. (2.1); ©
Evaluated from 0.04 wt.% Pt/TiO, and applied to other catalysts that contain both Pt single atoms and
aggregates; f Calculated from Eq. (2) by assuming the catalyst contains a mixture of Pt single atoms and

Pt single-form aggregates.
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The quantity of Pt atoms in the states of single atoms, sub-nanometer clusters,
nanometer clusters and nanoparticles in the Pt/TiO2 samples were further evaluated
from the particle size histograms and total Pt loadings (refer to Section 2.3.2 for
details). Table 3.1 summarizes the calculated results. Due to strong metal-support
interaction (SMSI) between Pt and TiOz support,®® Pt clusters adapt different geometry
than the typical hexagonal close-packed cluster on the TiO2 surface.*® 112 In fact, the
structure of sub-nanometer and nanometer Pt clusters was assumed to be planar, as
reported previously.!? 113 In this work, the geometry of Pt clusters is calculated based
on the work from Zhou et al,*'* in which Pt atoms stay as raft-like, 2-dimensional
islands instead of 3-dimensional clusters. For Pt nanoparticles (i.e., larger than 1 nm),
Pt reveals a more metallic property, therefore the prediction of Pt nanoparticles with
half-octahedrons from Teo at al'*® was adapted. The deduction of Pt atom quantities in
the Pt clusters and nanoparticles from the total Pt loading provided the quantity of Pt
single atoms. The percentage of Pt single atoms decreases with increasing Pt loading
in the Pt/TiO2 samples. When Pt content is lower than 0.50 wt.%, majority of Pt atoms
stay as isolated single atoms. In 0.50 wt.% and 1.00 wt.% Pt/TiO2 samples, a small
percentage of Pt single atoms co-exist with nanometer clusters. In the samples with Pt
content above 1.00 wt.%, nearly all Pt atoms agglomerate into clusters and

nanoparticles.
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3.3.2. Calculation for Pt quantity in isolated single atom state or aggregate

state by STEM image analysis

The Pt atom quantities in single atom and aggregate states in each Pt/TiO:
sample were analyzed on the basis of the composition and geometry of Pt and TiO2
components. Three steps were used to obtain the results in Table 3.2 below.

(1) Overall Pt density on TiO2 particle:

From TEM images of TiO2 support, TiO2 particles can be assumed to have the
spherical geometry with an approximate diameter (d) of 6.60 nm. The cross-sectional
area (Stioz2) of TiO2 particle is calculated to be 34.19 nm2 from Eq. (3.2) below. The
volume of each TiO2 particle is 150 nm3 by assuming the density of TiOz is 3.9 g cm-
3 from Eq. (3.3) If we use 1g sample basis, the number of TiO2 particle (NTio2) is
evaluated by Eq. (3.4). From the loading in each sample, the number of Pt atoms (Npt)
is calculated by Eg. (3.5). The density of Pt atoms (Dpt) on each TiO2 particle is

calculated by Eq. (3.6). Table 3.2 shows the calculation results for each catalyst.

2 2
Srio, =T (g) - (6'6"2”’”) = 34.19 nm? (3.2)
4 (a\3 4 (660nm\3 3
VTiOZ = ET[ (E) = ET[( > ) =150 nm (33)
1g+(1-wt.%Pt
Nrioz = vioi*szo< 93)) (34)

__ 1gxwt.%Pt

NPt _W(mL;I)*NA (35)
N
Dpe = NTIi)(;z (36)
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Table 3.2. Analysis for overall Pt and TiOz in 1g catalyst basis.

Catalyst (denoted by Pt | Nrio2 Npt Det
loadings, wt.%)

0.12 1.71*10%8 3.70*%10'® 2.17
0.25 1.71*10%8 7.71*10% 6.33
0.50 1.71*10%8 1.54*10% 9.04
1.00 1.71*10%® 3.08*10% 18.08
2.00 1.71*10%8 6.17*10% 36.16
4.00 1.71*10%8 1.23*10% 72.32
5.00 1.71*10%8 1.54*10%° 90.40

(2) Visible Pt density on TiO2 particle:

The visible Pt density on the TiOz particle was evaluated from the STEM image.
The image shows the morphology of both Pt and TiO2 particles. We select the area that
is representative of all STEM images to do Pt and TiOz2 particle density analysis. The
size of Pt particles was measured first, and this gave the particle size distribution data
in Figure 3.6. From reports in literature,1-2 the number of aggregated Pt atoms of each
size is found and included in Table 3.3 below. The Pt atoms in the aggregated states
(i.e., sub-nanometer cluster, nanometer cluster and nanoparticle) are obtained by Eq.

(3.7).
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_v2.6nm (2" column entry in Table S4) * % of aggregated Pt particles 3.7
NPt atom aggr‘Zo.an , . ( . )
in each size

In the same selected area in the STEM image, the number of TiO: particles were

estimated by Eq. (3.8).

Selected area in STEM area
NTio2-vis= * 3 (3.8

STio2

where Nrio2-vis iS the TiO2 particle in the visualized region, Stioz is the cross-section
area of each TiOz2 particle, “3” denotes for the assumption that Pt species on 3 layers
of TiO2 particles close to the imaging plane could be visualized.

Number of Pt clusters (Nptciuster) in specific area were counted, and then the

number of Pt in cluster in that area was calculated by Eq. (3.9).

Nptvis=N pt cruster * Npt atom aggr (39)

Then the number of Pt atoms in that visualized area could be calculated by Eqg.

(2.10).

Ntotal pt= DPt * NTiOZ (310)
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Table 3.3. Pt atom distribution in Pt/TiO2 catalysts with different Pt loadings.

Property of Pt/TiO; catalyst Pt quantity in each aggregate category ([mol Pt] g* catalyst)

- Surfac . .
. Pt/TiO, samples (denoted by Pt loading, wt.%
Part'CI Atom#in eatom 2 ples ( y g )
e size )
range each #in 20
(nn?) range each 004 012 025 050 100 ' 400 500
range
0-0.2 1 1 2.05 4.33 8.43 2.99 1.472 - - -
b
0.2-04 30 3 - 0.0169 @ 0.0342 0.0952 0.0195 - - -
0.4-0.6 7 7 - 0.0983 0.186 0.629 0.228 - - -
0.6-0.8 10 9 - 0.253 0.495 1.32 0.521 0%(18 0.152 -
0.8-1.0 37 33 - 0.831 1.97 450 6.02 2.26 5.07 1.10
1.0-1.2 73°¢ h1¢ - 0.615 0.833 5.40 12.83 22.2 27.8 16.2
1.2-14 115 73 - - 0.875 4.86 16.47 33.0 52.5 54.6
1.4-1.6 172 99 - - - 4,55 8.958 22.5 41.9 56.1
1.6-1.8 244 129 - - - 1.29 4.765 12.7 55.7 61.5
1.8-2.0 335 163 - - - - - 5.83 15.3 29.8
2.0-2.2 445 201 - - - - - 3.88 6.77 26.4
2.2-2.4 578 243 - - - - - - - -
2.4-2.6 725 289 - - - - - - - 10.7
Singl sub-nanometer Nanometer
Pt aggregate state e cluster cluster nanoparticle

atom
& Obtained by deduction of Pt atoms in categories of sub-nanometer Pt cluster,

nanometer Pt cluster and Pt nanoparticle from total Pt atoms in each sample; ® Based
on DFT calculation of Pt cluster on anatase TiO2; ¢ Based on the number of atoms in

half-octahedron configuration.

(3) Invisible Pt on TiOz particle:

From steps (1) and (2), the invisible Pt atoms in TiO2 particle can be calculated,
which is the difference between overall (Ntotal Pt) and visible (NPt-vis) densities.
Invisible Pt atoms are assumed to stay in the isolated single atom state. The percentage

of Pt single atom in that samples is then obtained, as shown in Table 3.1. The rest of Pt
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particles were categorized as sub-nanometer clusters, nanometer clusters, or

nanoparticles, depending on the size histogram in Figure 3.6.

3.3.3 Electronic properties of Pt/TiO: catalysts with different Pt loadings

XPS measurements were performed to study the electronic properties of TiO2
supported Pt catalysts. In the XPS spectra, the Ti3s line has a satellite peak present in
the 70-80 eV binding energy range, overlapping with the Pt 4f XPS spectra, which
should be subtracted to obtain precise Pt4f peaks.1!® For this purpose, the XPS spectrum
of pure TiO2 support was recorded under the same measurement conditions. After the
intensity of the background line is normalized by the Ti3s line recorded for the Pt/TiO:
catalysts and pure TiO2 support, we subtracted the contribution of the lines from the
TiO2 support within the Pt4f XPS peak region in our analysis. Figure 3.7 shows the
XPS spectra of Pt 4f regions scanned for Pt loading from 0.12 wt.% to 5.00 wt.%. The
Pt 4f7/2 peak shifts from 72.53 eV of 0.12 wt.% Pt/TiO2 sample to 71.07 eV for the 5.00
wt.% sample, which predominately contains Pt nanoparticles. The peak shift to lower
binding energy is attributed to the size and bond geometry change of Pt aggregates on
the TiO2 support. Due to the charge transfer to the support, isolated Pt single atoms on
metal oxide have been reported to be cationic.?’ Similarly, small Pt clusters appear to
be electron deficient because of the intimate interaction between their two-dimensional
flat structure and the support.!'® 11"With increasing Pt concentrations, Pt atoms start to

form three-dimensional structures’'® where the top layer does not have direct
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interaction with support. Therefore, the sample shows metallic Pt properties. With
increasing Pt loadings in Pt/TiO2 samples, the Pt aggregate sizes increase as confirmed
by geometric properties in Figures 2.5 and 2.6 above, and thus the Pt species transitions

from cationic into metallic species.

spectra
— fitted data
— Pt2*7/2
Pt?*5/2

— P12 5.00 wi.%
— Pt%/2

5
S L
> 4.00 Wt.%
)
c
9
£
2.00 Wt.%
.-;_',",, ;
/
[0.12 wt.% [1.00 wt.%
78 76 74 72 70 78 76 74 72 70 68
B.E. (eV) B.E.(eV)

Figure 3.7 XPS spectra of Pt 4f of Pt/TiO2 samples with Pt concentration in the range

of 0.04 wt.%-5.00 wt.%.

The spectra were calibrated with O1s of anatase TiO2 at 530.0 eV.

A quantitative analysis of cationic and metallic Pt sites in each Pt/TiO2 sample
was attempted by deconvoluting the Pt 472 spectrum into Pt?* and Pt° peaks (details

enclosed in Section S2.3). The peak area ratio of each deconvoluted peak based on the
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total area of both peaks is used to indicate the relative quantity of cationic Pt species.
As summarized in Table 3.4, the Pt** percentage decreases from 100% in the 0.04 wt.%
Pt/TiO2 sample that contains solely isolated Pt single atoms to 23.78% in the 5.00 wt.%

Pt/TiO2 sample.

Table 3.4. Peak areas of deconvoluted Pt 4f region.

Catalyst Peak area of Pt 4f region Pt2*

(denoted 4f 7 PE2* 4f 70 PO 4fspp PE2* 4Afsjo PO (%)°

by Pt | positio area position area position area position area

loadings | p(ev) V) ) )

, Wt.%)

0.12 7253 | 3852 |71.02 |3.00 75.86 |28.89 |74.35 |2.25 92.77

0.25 7221 | 4357 | 7116 |451 7554 | 32.67 |74.49 |3.38 90.62

0.50 7252 | 6598 |71.38 |32.10 | 7585 |49.49 | 7471 |24.07 |67.27

1.00 72.02 | 68.04 | 70.70 |33.55 | 7535 |51.03 | 74.03 |25.16 |66.97

2.00 7210 | 178.1 | 70.69 | 14294 | 75.43 | 133.61 | 74.02 | 107.20 | 55.48
4

4.00 72.65 | 102.0 |70.96 | 288.34 | 7598 | 76.52 | 74.29 | 216.25 | 26.14
3

5.00 7211 | 4530 |70.77 | 14517 | 7544 | 33.97 | 74.10 | 108.87 | 23.78
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& Spectra was fitted with gaussian peaks, the peak areas shown were integrated by
XPSPEAK 41 software; ® calculated by the ratio of peak area of 4fz2 Pt?* to the sum of

4f772 Pt?* and 4f72 Pt°

Deconvolution of Pt 4f XPS spectra of Pt/TiO2 catalysts were done by using
XPSPEAK 41. The Pt 4f region was deconvoluted into 47 Pt?* (72.2 eV) and 4f72 Pt°
(71.1 eV), 4fs;2 Pt2* (75.5 eV) and 4fs;2 Pt° (74.4 eV), and Ti 3s (75.75 eV) peaks. The
full width half maximum (FWHM) of all deconvoluted peaks were kept the same. The
relative peak intensity is shown in Table S2. The quantity of cationic Pt in each sample
is indicated by the percentage of 4f72 Pt>* among all 472 Pt peaks.

Ex-situ XANES characterization on pre-reduced sample in Figure 3.8 also
confirmed this conclusion. The oxidation state of Pt metal can be quantitively
represented by white line intensity.®” The overall oxidation state of TiO2 supported Pt
samples lies in between the Pt foil (Pt«)) and PtO2 (Ptav)) references. The white line
intensity drops with increasing Pt loading from 0.25 wt.% to 1.00 wt.%, which indicates

the overall oxidation state of Pt species decreases with increasing particle size.
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Figure 3.8 XANES spectra of 0.25 wt.% and 1.00 wt.% Pt/TiO2 samples. The

XANES spectra of Pt foil and PtO2 are included as reference.

3.3.4 Reduction and dispersion of Pt species in Pt/TiO, catalysts

To study the reducibility of Pt at different aggregate sizes on TiO2 support, Hz-
TPR was carried out on the Pt/TiO2 samples with Pt concentration was varied from
0.04 to 5.00 wt.%. As shown in Figure 3.9a, three major H2-TPR peaks centered at
different temperatures were observed in each sample. The first peak located at ~400 K
is associated with the reduction of the PtOx complex to metallic Pt.8%11° The second H2
consumption peak at ~640 K appears as the largest one among these three peaks, which

can be ascribed to the reduction of TiO2 surface oxygen facilitated by activated
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hydrogen spillover from Pt,2% 120 while the last one at ~940 K is due to the reduction of
bulk oxygen of the TiO2 support.t?! The position of the first reduction peak shifts to
lower temperatures with increased Pt loadings in the catalysts, which should be caused
by the different Pt aggregation state. For example, the reduction of Pt single atoms in
the 0.04 wt.% Pt/TiO2 sample happened at ~435 K. This reduction peak shifted to ~410
K for Pt sub-nanometer clusters in 0.12 and 0.25 wt.% Pt/TiO2, ~400 K for Pt
nanometer clusters in 0.50 and 1.00 wt.% Pt/TiOz, and then ~360 K for Pt nanoparticles
in Pt/TiO2 catalysts with loadings above 1.00 wt.%. The stronger interaction between
Pt single atoms and the support adds difficulty on Hz activation on single atoms, and
thus shifts the peak to slightly higher reduction temperature. The intensity of this low
temperature Hz-TPR peak increases with increasing Pt content in these Pt/TiO:
samples.

The chemisorption of CO molecules was used to measure the Pt species
accessible to reactants in the Pt/TiOz catalysts. By assuming one CO molecule adsorbs

onto one Pt site'??, the number of exposed Pt atoms on the catalyst samples and

percentages of Pt dispersion (D) can be evaluated. As shown in Figure 3.9b, the Pt
dispersion in 0.04 wt.% Pt/TiO2 is nearly 100%, consistent with the atomically
dispersed nature of single atoms. The Pt dispersion on 0.12 wt.% and 0.25 wt.% Pt/TiO2
samples are 72% and 74%, respectively. When Pt loading was increased to 0.50 wt.%,
the dispersion dropped to 58%. As a further increase in Pt loading from 1.00 wt.%, 2.00

wt.%, 4.00 wt.% to 5.00 wt.%, the dispersion decreased to 38%, 30%, 28% and 22%
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in sequence. The CO-chemisorption data indicates different degree of accessibility of

Pt sites on Pt/TiO2 catalysts with different Pt loadings.
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Figure 3.9 H2-TPR profiles (a) and Pt dispersion (b) of Pt/TiOz catalysts with various

Pt concentrations (0.04 wt.%-1.00 wt.%).

3.3.5 Styrene hydrogenation over Pt/TiO. catalysts with different Pt
loadings

As a structure sensitive reaction, styrene hydrogenation has been used to
discriminate carbon supported metal catalysts with sub-nanometer sizes.'? 124 |n this
study, we used this reaction to study metal oxide (i.e., TiO2) supported Pt species with
sizes spanning from single atoms, clusters and nanoparticles. We would like to note
that all the catalysts were calcined at 553 K in an air flow followed by reduction at 523

K in 5% H2/N2 flow prior to the catalysis tests. The effect of SMSI causing
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encapsulation of Pt species was not expected to influence the catalytic measurements,
because SMSI overlayer formation happens at harsher reduction conditions than those
explored here, such as ~673 K for metal particles® and ~873 K for single atoms® 12°,
All the activity differences measured in the reaction should be directly correlated to the
Pt aggregation state that resulted from the SEA synthesis.

Figure 3.10a shows the styrene conversions over all the Pt/TiO2 samples. The
increase in Pt content in the catalysts led to a monotonic increase in styrene conversion.
The Pt single atom catalyst (0.04 wt.% Pt/TiO2) had a conversion of ~0.04%, while the
Pt nanoparticles in 5.00 wt.% Pt/TiO2 reached 42.0% conversion. The turnover
frequencies (TOF) of these catalysts were extracted from reaction data that the styrene
conversion was controlled below 20%. The TOF of these catalysts showed a volcano-
shaped trend (Figure 3.10b). The 1.00 wt.% Pt/TiO2 showed the peak reactivity, in
comparison to the samples that have lower or higher Pt concentrations. In particular,
0.04 wt.% Pt/TiO2 sample has a TOF of 5.60 mmol s [mol Pt], ~82-fold lower than
that of 1.00 wt.% Pt/TiO2. When Pt loadings were increased to 0.12 and 0.25 wt.%, the
TOFs were, respectively, increased to 23.09 and 19.73 mmol s* [mol Pt]t. A
significant increase in TOF was observed for the 0.50 wt.% Pt/TiO2 sample, reaching
266.75 mmol s [mol Pt]. Above 1.00 wt.% Pt loadings, the TOF decreases slowly
with increasing Pt content in the Pt/TiO2 samples. The reactivity of Pt atoms in the
catalysts follow the order of nanometer clusters > nanoparticle > sub-nanometer
clusters > single atoms. We would like to note that ethylbenzene was the only observed

product in the reaction. Therefore, the measured TOFs were solely attributed to the
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hydrogenation activity of the Pt active sites in the catalysts. We would like to note that
ethylbenzene was the only observed product in the reaction. Therefore, the measured

TOFs were solely attributed to the hydrogenation activity of the Pt active sites in the

catalysts.
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Figure 3.10 Styrene conversion (a), TOF of active Pt atoms (b), and TOF of Pt
aggregates in styrene hydrogenation over Pt/TiO2 catalysts with various Pt
concentrations (0.04 wt.%-5.00 wt.%). (reaction condition: 303K, 1 atm pressure, 50

mg catalyst and 0.5 mmol styrene in 10 mL ethanol.)

The activity of each category of Pt aggregates (i.e., single atom, sub-nanometer
cluster, nanometer cluster and nanoparticle) in the Pt/TiOz catalysts was further
analyzed by referring to the quantity of isolated Pt atoms and aggregated atoms (Table

3.1), and the measured overall TOFs in the catalysts. Eq. (3.11) below was used for the

calculation,
79



r = TOF sy * Npg—sa + TOF 3y * Nipr—y) (3.11)
where r is the measured reaction rate (mol s), TOFsa) is the turnover frequency (mol
st [mol Pt] ™) of Pt single atoms, Nrt-sa is the quantity of Pt single atoms ([mol Pt] g%)
obtained from the product of percentage of single atoms (f..ss) and catalyst usage
quantity (g), TOF is the turnover frequency (mol s [mol Pt]?) of Pt atoms in the
aggregates (i.e., clusters or nanoparticles), and Netx is the quantity of active Pt atoms
(mol g1) in these aggregates and calculated by the multiplication of (1- <), catalyst
quantity (g) and Pt dispersion (D). For sub-nanometer clusters, nanometer clusters and

nanoparticles, “x” is denoted by “sub-C”, “nano-C” and “NP”, respectively. The
reactivity of Pt single atoms was obtained from 0.04 wt.% Pt/TiO2 samples that were
prepared by our group as well as in the Christopher'® and Vlachos?® groups. These
samples have been characterized to exclusively contain Pt single atoms. In 0.12 wt.%
and 0.25 wt.% Pt/TiO2 samples, Pt single atoms and sub-nanometer clusters coexist.
Under the assumption that Pt sites in each category of Pt atom aggregates independently
contribute to the reaction, the sub-nanometer Pt clusters have the reactivity of 55.8
mmol s [mol Pt] 2, ~10 times higher than the Pt single atoms. Similar calculations by
using Eqg. (2) were conducted to solve for the reactivity of nanometer Pt clusters in 0.50
wt.% and 1.00 wt.% Pt/TiO2 samples, which showed TOF of 302 and 474 mmol s
[mol Pt]? respectively. The Pt nanoparticles in 2.00 wt.%, 4.00 wt.% and 5.00 wt.%
Pt/TiO2 catalysts had the TOFs of 446, 364, and 290 mmol s [mol Pt]* in sequence in

the reaction. The TOF of Pt single atoms is ~87 fold lower than that of the nanometer

clusters.
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Hydrogenation of unsaturated bonds in olefins has been traditionally
categorized as a structurally-insensitive reaction because the reactivity does not change
with metal particle sizes in the typical range of 1.5 nm — 10 nm.1% 126-128 The advent
of new catalyst synthesis techniques that produce metal catalysts with sizes of < 1.0 nm
recently challenged this conception. For example, the carbon nanotube supported Pt
catalysts prepared by atomic layer deposition (ALD) showed that the metal reactivity
in styrene hydrogenation changes with Pt particle sizes prepared from different ALD
cycles.* Similarly, the Pt clusters prepared from the platinum thiolate complexes on
Ketjenblack support showed the clusters containing 10 Pt atoms had the maximum
reactivity in styrene hydrogenation.*® A surface science experiment (i.e., under ultra-
high vacuum (UHV) and 150K condition) studied ethylene hydrogenation on MgO
supported Ptn clusters (n = 8 to 15, size is smaller than 1 nm). The results showed that
the onset for the hydrogenation reaction happened at Ptio clusters and a maximum rate
yielded at Pt13 clusters.'® The significant reactivity differences among Pt single atoms,
clusters and nanoparticles, and appearance of the maximum reactivity in the 1.00 wt.%
Pt/TiO2 catalyst that was prepared by the SEA synthesis approach in this study seems
to be consistent with these previous studies. It should be noted that the predominant Pt
cluster sizes in 1.00 wt.% Pt/TiO2 is ~1.1 nm, about 0.3 nm larger than the Pt/carbon
catalysts**** showing the maximum reactivity. This difference could be caused by
different supports, as TiOz is traditionally viewed as a material capable of providing
stronger interaction with the supported metal species.*> '?° In comparison to the

ethylene hydrogenation over Pt/MgO catalyst conducted at UHV and low temperature
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condition,*®® we worked with metal oxide supported Pt catalysts at more realistic
catalysis conditions. The earlier studies only examined reactivity of Pt clusters,%® 123
while we compared the reactivity of Pt sites ranging from single atoms to clusters and

to nanoparticles systematically.

3.3.6 Correlations between activity and geometric/electronic properties of

Pt/TiO; catalysts

The mechanism of structure sensitivity of supported Pt clusters in styrene
hydrogenation has not been resolved. Hypothetically, it can be attributed to the
electronic and geometrical properties of supported Pt clusters that have metastable
fluxional structures.**** For supported metal catalysts, the geometric and electronic
properties, and the correlation between these two properties (or one of them) and the
catalyst activity have been discussed in several reports.’*>132 The electronic property
often refers to: (i) the quantum size effect of metal nanoclusters compared to the bulk
metal and (ii) charge transfer between the support and metal. The geometric property
is often linked to the topology of the active sites (e.g., local shot-range structure
containing several atoms or a long-range structure that forms the crystal planes). In our
study, given the small sizes of Pt aggregates (i.e., average size less than 1.5 nm, which
does not form crystalline plane yet), we considered the electronic property as the charge
transfer between the support and metal site and the geometric property as the atom

topology in the Pt aggregates. The electronic property is thus linked to the Pt atom
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coordination environment that is reflected by Pt oxidation state and binding energy
position. The theoretical studies showed that a structural transition happens from
(quasi-) two-dimensional small clusters to rigid pyramidal clusters with an increasing
number of Pt atoms in the catalyst, in which the Pt atoms at the vertices of the pyramidal
clusters are electron-rich and can activate carbon double bonds effectively.*® The
experimental evidence for such structural transition is still lacking due to the current
instrumentation limitation. This geometric structure change is related to the Pt
aggregate size. Therefore, we used the fraction of Pt?>* and particle size to represents
these two properties in our discussion below. Given the distinct geometric and
electronic properties of Pt/TiO2 catalysts with different Pt loadings, as discussed in
Sections 2.3.1-2.3.3 above, some correlations between these properties and the
catalytic reactivity should exist. Here we aim to develop these correlations, which could
be potentially used to prescreen the properties of as-synthesized supported metal
catalysts.

To verify the geometric effects on styrene adsorption in the reaction, ATR-FTIR
was conducted on the Pt/TiOz catalysts before and after styrene chemisorption. As
shown in Figure 3.11a, adsorption on Pt single atoms in 0.04 wt.% Pt/TiO2 and Pt sub-
nanometer clusters in 0.12 wt.% Pt/TiO2 showed similar spectra as pure TiO2 support,
in which the absorption of styrene was barely noticeable. In samples containing Pt
nanometer clusters and nanoparticles e.g., (0.50 wt.% and 5.00 wt.% Pt/TiO2), two
peaks (1545, 1420 cm™) associated with aromatic C=C bending were observed,

indicating the chemisorption of styrene on the samples.
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Styrene hydrogenation has been recognized to involve the surface reaction of co-
adsorbed m-bonded ethenyl groups in styrene and dissociated hydrogen.*® The
dissociative adsorption of hydrogen can take place on Pt single atoms, but adsorption
of ethenyl group in styrene, however, is unlikely due to spatial restriction. To study the
metallic property of the Pt/TiO2 catalysts,!3* H.-TPR of Fe20s in the presence of
Pt/TiO2 catalyst was studied. As shown in Figure 3.11b, two major peaks at ~643 K
and ~893 K were observed in the Hz-TPR profiles, which can be assigned to the
reduction of Fe203 to FeO and then to Fe, respectively.®® The H2-TPR peaks from the
reduction of Pt/TiOz catalyst are negligible. The reduction peaks in the physical mixture
of Fe203 and 0.04 wt.% Pt/TiO2 or Fe203 and 0.12 wt.% Pt/TiO2 stayed at the similar
positions, while both peaks moved slightly to lower temperatures when the nanometer
Pt clusters in 0.50 wt.% Pt/TiO2 and nanoparticles in 5.00 wt.% Pt/TiO2 exist. These
data suggest the Pt sites with larger aggregation sizes are more effective in enabling the
hydrogenation. The synergism between noble metal single atoms and nanoparticle has
been reported to have the ability to boost the hydrogenation activity of supported metal
catalysts.*% 38 This synergetic effect could also explain the high activity of nanometer
cluster Pt/TiO2 catalysts. On these catalysts (0.50 -1.00 wt.% Pt/TiO2) Pt single atom
and nanometer cluster coexist on the support; as the H2-TPR results indicates, hydrogen
dissociation preferably happens on metallic nanometer cluster and the activated H atom
would spillover towards Pt single atom site to facilitate the hydrogenation of styrene.

Whereas on Pt/TiO catalysts with lower or higher loadings, due to the absence of Pt
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nanocluster or single atom there was no synergetic effect, which resulted relatively

lower hydrogenation activity as compared to nanometer cluster catalyst.
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Figure 3.11 (a) FTIR of Pt/TiO2 catalysts with various Pt concentrations (0.04 wt.%-
1.00 wt.%) before (dotted line) and after (solid line) styrene chemisorption. (b) He-
TPR of mixture of Fe203 and Pt/TiOz catalysts with various Pt concentrations (0.04

wt.%-5.00 wt.)
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The electronic properties of Pt sites in each catalyst should also contribute to the
observed reactivity differences. The electron-deficient cationic Pt single atoms do not
favor electron donation to the ethynyl group in styrene to enable the reaction.*®” When
the Pt size increases from single atoms to sub-nanometer and nanometer clusters as
well as nanoparticles, the capability of hydrogenating C=C bond in styrene should be

strengthened due to the increasing metallic property.
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Figure 3.12 Geometric (indicated by particle size) and electronic (denoted by cationic

Pt percentage) properties of Pt/TiO2 catalysts versus Pt loadings.
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Figure 3.13 (a) Geometric (indicated by particle size) and electronic (denoted by
cationic Pt percentage) properties and (b) TOFs of Pt/carbon nanotube catalysts versus

Pt loading. The data used in these plots were extracted from reference!?,

To quantify the geometric properties of the Pt/TiOz catalysts, the average particle
sizes obtained from the HAADF-STEM images were simply used as the descriptor. As
shown in Figure 3.12, the particle size monotonically increases with increasing Pt
loadings in the catalysts. The electronic properties of these catalysts were represented
by the percentage of Pt cationic sites that was obtained from XPS measurements.
Opposite to the trend of particle size versus Pt loading, the percentage of cationic Pt
sites decreases with increasing Pt content. The intersection of these two plots seems to
coincide with the Pt/TiO2 catalysts (i.e., 0.50 wt.% Pt/TiO2 and 1.00 wt.% Pt/TiO2

samples) that have the maximum reactivity in the hydrogenation of styrene. This

88



indicates that a coupling between the electronic and geometric properties of the catalyst

is required to enable effective styrene hydrogenation.

3.4 Conclusion of Chapter 3

In summary, the TiO2 supported Pt catalysts with different Pt aggregate sizes,
I.e., single atoms, sub-nanometer clusters, nanometer clusters and nanoparticles, were
prepared by varying Pt loadings on the support using the SEA synthesis process. The
geometric, electronic, and catalytic properties of these catalysts were studied by a
combination of physicochemical property characterization and styrene hydrogenation
reaction behavior. The reactivity of Pt active sites in the form of isolated single atoms
is very low. The reactivity increases gently when Pt active sites exist in the sub-
nanometer clusters. A significant reactivity increase is observed on the Pt sites in the
nanometer clusters. The Pt sites in the nanoparticles showed a slightly decreasing
reactivity with increasing Pt particle size in the nanometer scale. The significant
variation in reactivity over the Pt sites in single atoms, sub-nanometer and nanometer
clusters reflects the structure sensitivity of metastable fluxional catalysts. The
maximum reactivity is observed in the Pt/TiO2 catalyst, in which the predominant Pt
cluster size is ~1.1 nm, about 0.3 nm larger than the Pt sizes in the Pt/carbon catalyst
showing the maximum reactivity. This difference could be caused by the effect of
catalyst support since TiO2 is traditionally viewed as a material capable of providing

stronger interaction with the supported metal. To develop a facile method to screen the
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quality (i.e., Pt aggregate size) of synthesized supported Pt cluster catalysts, the
reactivity was plotted against the Pt loadings. A volcano-shaped trend of the reactivity
of these catalysts with different Pt loadings was found, which is correlated to the Pt
particle size and percentage of cationic Pt sites. The correlation developed in this study
is also applicable to Pt sites on carbon nanotube supports. It could potentially be used
as a general tool to pre-screen supported metal catalysts developed by different

synthesis approaches.
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Chapter 4: Laser-Engraved Defects in TiO2 Support:
Enhancing Reducibility and Redox Capability of Pt/TiO:

Catalyst for Reactive and Selective Hydrogenation

4.1 Introduction

Titanium dioxide (TiOz) has been intensively studied as a catalyst or catalyst
support in various photocatalytic?®, electrocatalytic® and thermal-catalytic*®
reactions. The efficiency of TiOz in these applications depends on its structural, optical
and/or electronic properties that are controlled by the material preparation and
modification approaches. For example, as a semiconductor material with the large
bandgap (3.2 eV for anatase polymorph), TiO2 absorbs Ultra-violet (UV) light to
produce hydrogen'*® and to decontaminate water** in solar driven photocatalytic
reactions. The modification of TiO2 material by metal loading®*?, metal ion doping®,
hydrogen treatment!, etc. increases its response to the visible light and efficiency in
photocatalysis under natural solar radiation. Due to poor electrical conductivity and
unfavorable hydrogen intermediate adsorption/desorption capability,}4* TiO2 has been
an inactive electrocatalyst. The tuning of electronic configuration of TiO2 by doping or

alloying®®, creating defects/vacancies'*®, or structural engineering*¥’, etc. has
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successfully improved the activities of TiOz2 in Hz evolution in electrochemical
processes. As the catalyst support, TiO2 not only carries and stabilizes the metal
particles but also creates interface between metal and support to promote the catalyst
activity. The metal-support interaction depends on the TiO2 polymorphs, defective
vacancy structures, and morphologies.1#® 149 A rational design and modification of TiO2
materials is therefore crucial to obtain efficient catalysts with high activity, good
selectivity, and low rate of deactivation.

Laser irradiation has proven to be a simple and versatile technique to create
nanostructured metal oxide materials.®®® The technique is primarily based on the
photothermal effect induced by a focused laser that remotely generates a confined
temperature field at a desired position in the treated materials. The process has fast
heating and cooling rates and localized thermal effects, allowing selectively annealing
the films and nanostructures without thermal interference with the underlying
substrates and adjacent structures. The laser processing of TiO2 materials has been
reported previously, mainly focused on the laser direct writing to create surface
microstructures or patterns on substrate surfaces'®* and laser ablation in liquid phase to
synthesize TiO2 nanostructured particles'®2. The laser processing of a substrate surface
has shown great potential in fabricating TiOz structures for micro-electro-mechanical
systems, diffractive optical elements and bio-applications. For example, the laser
processing of a titanium substrate induced selective and localized formation of TiO2
layer with anatase, rutile or mixed polymorph phases, which wrought and optimized

the titanium substrate for bioimplant application.*>® The laser irradiation on a rutile
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TiOz2 crystal led to oxygen deficiencies and crystal structure distortion due to stacking
faults caused by the large oxygen deficiency. The obtained oxygen-deficiency TiO2«x
layer, however, exhibited unconventional metallic behavior as the electrical resistivity
exceeded 10* Q cm below 42 K.1>

Different form the surface fabrication induced by the laser direct writing, laser
ablation in the liquid phase works with a solid target to produce nanoclusters that is
released into the liquid environment to form a colloidal nanoparticle suspension. The
synthesis of metal oxide particles using laser irradiation of metal targets in a liquid
medium was started around 1990s.1°5-157 The first synthesis of TiO2 nanoparticles using
this approach was reported in 1997 by Kawasaki group.>® These TiO2 materials made
by laser irradiation method have led to important applications in the research fields of
electrocatalysts'®®, photocatalysts*®®-16! and photoelectrochemical materials®? for
clean energy applications. It should be noted that the application of laser-processed
TiO2 materials for thermal catalytic applications has been rarely studied. Specially, as
the catalyst support, the TiO2 support and the carried-metal species often have metal-
support interaction that influences catalytic performance significantly.%® The property
of the laser-treated TiO2 structures and its influences on the supported metal species
and the catalytic reaction under thermal catalytic reaction conditions still remain as an
less explored subject.

In this work, we applied the laser engraving onto an anatase TiO2 sample and
studied the physiochemical property changes endured by the laser treatment. The

process was done by direct laser writing followed a designed pattern on the TiOz2 pellet,
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in which an infrared (IR) laser (i.e., carbon dioxide (CO3) laser with wavelength of 10.6
pum) in the engraving mode was employed. We then used the laser-engraved TiO: as a
support for the platinum (Pt) catalyst (i.e., Pt/TiO2) to examine the metal-support
interactions and catalytic performances. The laser engraving caused particle sintering
and crystalline phase heterogeneity in the TiO2 support. It also created structural defects
such as oxygen vacancy and Ti®* species and changed the optical and electronic
properties. The defect stability, reducibility and redox ability of the laser-engraved
TiO2 were investigated. The Pt/TiOz catalyst has stronger interaction between the Pt
clusters and laser-engraved TiO2 support. The catalytic reaction tests (i.e., selective
hydrogenation of 3-nitrostyrene and furfuryl alcohol) showed that the Pt/TiO2 catalyst
with laser-engraved defects is more active and selective compared to the catalyst

containing pristine TiO2 support.

4.2 Experiments

4.2.1 Materials

The TiO2 nanoparticle with 5 nm diameter (anatase, 99.5% purity) was
purchased from U.S. Research  Nanomaterial. The Pt  precursor,
tetraammineplatinum(I1) nitrite (TAPN, >99.99% metal basis), was obtained from Alfa
Aesar. Styrene (>99.5% purity) stabilized with 10 to 20 ppm p-tert-butylcatechol and
3-Nitrostyrene (>97% purity) was purchased from Acros Organics. Furfuryl alcohol
and anhydrous 2-propanol were purchased from Sigma-Aldrich. Ethanol (200 proof)

was purchased from VWR.
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4.2.2 Preparation of defective TiOz support by laser engraving

Prior to the laser engraving experiment, the as-purchased TiO2 sample was
pressed into a pellet (12.7 mm in diameter, 0.5 mm in thickness) using a pellet die set
(MSE supplies) and 38.7 MPa pressing pressure. The as-prepared TiO2 pellet was then
placed on a glass slide and the glass slide together with supported TiO2 pellet was
brought to the X-Y sample stage in the laser engraving equipment (Epilog FusionPro
model 16000 with COz2 laser). The wavelength of the COz2 laser from this equipment is
10.6 um with a maximum power of 120 W. The laser beam with a diameter of 0.13 mm
was concentrated on the sample by focus lens with a focal length of 50.6 mm. The
engraving path of the laser beam was pre-designed (see Figure S1) and controlled by a
computer during the engraving experiment. The writing power was 75% of maximum
power and scan speed of 8.6 mm/s. The laser-engraved TiO2 sample was named as
TiO2-LE1, where “1” stands for the number of laser treatment cycle.

To increase the degree of laser treatment on the TiO2 sample, after one cycle of
laser engraving, the pellet was grounded into fine powder, pelletized using the same
procedure as described above, and then exposed to the laser-engraving treatment. The
pellet pressing, laser treatment and grinding procedures were repeated for 4 times, and
the resulted sample was denoted as TiO2-LE4. For comparison purpose, we also
prepared the reduced TiO2 (denoted as TiO2-RE) sample by exposing the as-purchased

anatase TiO2 to 5% H2/N2 gas flow (50 mL/min) at 873 K for 2 h (5 K/min ramp rate)
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in a tubular furnace. The defects induced by chemical reduction in TiO2 were compared

to those of the laser-engraved TiO:z to examine their property differences.

4.2.3 Preparation of Pt/TiO; catalyst

The Pt/TiO2 catalysts with Pt concentration of 0.50wt% were prepared by the
wetness impregnation method. In the experiment, 0.15 g TiO2 powder sample (either
as purchased or laser-engraved) was dispersed in 15 mL DI water by 10 min of
sonication using an ultrasonic bath (Fisher Scientific FS60). In the meantime, 0.085 g
of TAPN was dissolved in 5.00 mL of DI water in a glass vial to form the Pt stock
solution. 0.18 g of the Pt stock solution was then diluted with DI water into 3.75 mL.
The diluted TAPN solution was then added to the TiO2 suspension dropwise. Vigorous
stirring by a magnetic stirring bar on a stirring plate was applied in the mixing process.
The resultant suspension was kept stirring condition for 30 min and then was
transferred to a 343 K convection oven (VWR Sheldon Manufacturing Model,
1350GM Gravity Convection Oven) to evaporate the solvent. Afterwards, the dried
TAPN/TIO2 sample was calcined at 553 K (ramp rate of 5 K/min) for 4 h in a furnace
(Thermo Scientific Lindberg/Blue M™ Multipurpose Box Furnaces). The air (Airgas,
research grade) flow rate was kept at 50 mL/min in this calcination step. The calcined
sample was transferred to a tubular furnace for reduction at 423 K for 2 h with diluted
H2 (5%H2/N2 mixture) at a flow rate 100 mL/min. The reduced samples were then

stored in a desiccator prior to the characterization and catalytic reaction experiments.
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4.2.4 Catalyst characterization

Diffuse reflectance (DR) Ultraviolet-Visible (UV-Vis) spectra of TiO2 samples
were measured using an Ocean Optics USB2000+ spectrometer, which was equipped
with an 1S200-4 integrating sphere detector, and the white high reflectance sphere
material (manufactured from Polytetrafluoroethylene (PTFE) based bulk material) was
used as reference. Powder X-Ray diffraction (XRD) patterns of samples were recorded
using a Bruker D8 Advance Lynx Powder Diffractometer (LynxEye PSD detector,
sealed tube, Cu Ka radiation with Ni B-filter). The Raman spectra was obtained using
a Yvon Jobin LabRam ARAMIS spectrometer with a 532 nm laser as an excitation
source. N2 adsorption-desorption isotherms of the samples were measured using an
Autosorb-iQ equipment (Quantachrome Instruments) at 77 K. The samples were
outgassed at 573 K for 10 h at 1. mmHg pressure prior to the measurements. Brunauer,
Emmett and Teller (BET) method was used to determine the specific surface areas of
the samples. The coordination environment of Pt was characterized by X-ray
photoelectron spectroscopy (XPS) using a Versaprobe |11 by Physical Electronics Inc.
(PHI) X-ray photoelectron spectrometer. Powders were deposited on carbon tape for
sample immobilization in the chamber. X-rays were generated with a monochromated
Al Ko anode at 25 W and a beam size of 100 pm. The chamber pressure during analysis
was 5 x 10 Pa or less. Surveys were performed with a pass energy of 224 eV for each

sample, and higher resolution elemental scans were collected with pass energies of 55
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eV, both had take-off angles of 45 degrees. Electron paramagnetic resonance (EPR)
measurements were performed on a Bruker EMX EPR spectrometer. The microwave
frequency was varied around 9.5 GHz. Microwave power of 5.0 mW, frequency
modulation of 100 kHz, and modulation amplitude of 3.12 G were applied during the
experiment. The scans were run at 3350 G center field and a sweep width of 1000 G.
Four scans were added to improve signal-to-noise ratio. The morphology of TiO2
samples were observed by transmission electron microscopy (TEM) using a JEM 2100
LaB6 electron microscope. The morphologies of Pt loaded TiO2 samples were observed
by scanning transmission electron microscopy (STEM) with Thermo Scientific (FEI)
Titan Themis S/TEM operating in probe mode at 200 kV with HAADF detector using

gun lens 7 and spot size 7.

4.2.5 Ho-TPR, O2-TPO and CO chemisorption measurements

The temperature programed reduction by hydrogen (i.e., H2-TPR)
measurements of the TiO2 samples were carried out in the Quantachrome Autosorb iQ
instrument, which is equipped with a thermal conductivity detector (TCD) to record the
H2 consumption. Prior to the measurement, the TiO2 sample was pretreated with 40
mL/min N2 (Airgas, Research grade) at 553 K for 2 h. After cooled to 323 K, the Hz-
TPR measurement was started by switching the N2 gas to 5%H2/N2 (N2 as balance gas
in the gas mixture) at 50 mL/min flow rate. The sample was then heated to 1173 K at

10 K/min ramp rate and kept at the final temperature for 10 min. A liquid nitrogen cold
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trap was used to remove water produced throughout measurement to avoid interference
with the TCD signals. For the H2-TPR measurements of Pt/TiO: catalysts, the as-
prepared samples were firstly calcined at either 553 K (mild condition) or 873 K (harsh
condition) (ramp rate of 5 K/min) for 4 h in a furnace (Thermo Scientific Lindberg/Blue
M™ Multipurpose Box Furnaces). The air (Airgas, research grade) flow rate was kept
at 50 mL/min. The calcined sample was then exposed to the same procedure as that of
the H2-TPR measurement of TiO2 samples described above.

The temperature programed oxidation by oxygen (O2-TPQO) measurements of
the TiO2 samples were conducted using the same equipment and nearly the same
procedure as those of H2-TPR measurements. The only differences were that the
5%02/N2 (N2 as balance gas) gas was used and the catalyst sample was heated to 873
K. After the first TPO measurement, the TiO2 sample was cooled down to room
temperature. Then, we repeated the O2-TPO measurement on the sample for three more
times successively to examine the redox property of the corresponding TiO2 material.

The chemisorption of carbon monoxide (CO) on the Pt/TiO2 samples was
measured by pulse titration in the same Quantachrome Autosorb iQ instrument. The
catalyst was pretreated in an Ar flow (50 mL/min) at 553 K for 4 h and cooled down to
323 K. The sample was then reduced at 523 K in 5%H2/N2 (50 mL/min) for 1 h,
followed by Ar gas purge for 2 h at the same temperature. Afterwards, the sample was
cooled down to 303 K in the Ar flowing gas. A series of CO pulses (50 uL in each

pulse) were injected with an interval of 5 min until the amount of exit CO pulses
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reached a steady state value. The CO signal was recorded using a Prima BT Bench Top

Process Mass Spectrometers (Thermo Fisher Scientific, winsford U.K. CW7 3GA).

4.2.6 Catalytic reaction test

The catalytic performance of Pt/TiO: catalysts were tested by hydrogenation of
3-nitrostyrene (3-NS) and hydrodeoxygenation of furfural alcohol (FA), respectively.
In 3-NS hydrogenation, 0.020 g of Pt/TiO2 catalyst, 9 mL of ethanol and a Teflon
coated magnetic stirring bar (cylindrical shape, 30 mm length and 8mm diameter) were
added into a Teflon liner (20 mL volume) of a stainless-steel autoclave reactor. After
the catalyst/ethanol suspension was sonicated for 20 s, 0.076 g of 3-NS was dissolved
in 1 mL of ethanol. The 3-NS/ethanol solution was transferred into the Teflon liner.
The liner was then placed into the stainless-steel jar and sealed by the cap of the
autoclave. We charged 5.0 bar of Hz (Airgas Ultra High Purity 99.9%) into the reactor
to purge the air inside. The step was repeated for 3 times. After purging, the reactor
was charged again to 3.0 bar of Hz and transferred to a water bath that was preheated
to 313 K. The water bath was placed on a stirring hot plate with a stirring speed of 900
rpm. The moment of placing reactor into the water bath was recorded as the reaction
start time. When desired reaction time was reached, the reactor was taken out of the
water bath. The pressure in the reactor was then slowly released, and the reaction
mixture was sampled by a syringe, filtered by syringe filter and placed into a glass vial.

A gas chromatography (Agilent 7890A) equipped with a methylsiloxane capillary
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column (HP-1, 50.0 m x 320 um x 0.52 um) and a flame ionization detector (FID) for
the sample composition analysis.

Hydrogenation of FA over the Pt/TiO2 catalysts was evaluated using method
reported by Fu et al.!! In the experiment, 0.10 g of furfuryl alcohol and 0.05 g of
catalyst were added to 10 mL of anhydrous 2-propanol, and the mixture was transferred
into the Teflon liner of the Parr reactor (50 mL volume). The reaction mixture was
firstly flushed three times with N2 (Airgas, Research grade). The reactor was then
pressurized to 11.0 bar of hydrogen and an additional 6.9 bar of nitrogen was added.
The reaction temperature was set 443 K. After reaction, 2 mL of liquid products were
purified with a syringe filter. Liquid samples were analyzed with an Agilent 7890B GC
system equipped with an HP-INNOWAX-19091N-133I column and a FID. Products
were identified using a SHIMADZU gas chromatography mass spectrometry (GCMS)
QP2010 Plus system. Initial rates were calculated by regressing the total concentration
of relevant products vs. time at short times (differential conditions; conversion <15%)

after the reaction temperature was reached.

4.2.7 DFT calculation methods

The Vienna Ab-initio Simulation Package (VASP) code was used for all
calculations.%4 165 The Perdew-Burke-Eruzerhof (PBE) functional in the generalized
gradient approximation (GGA) framework was used for the exchange and correlation

functional.*®® The projector-augmented wave (PAW) pseudopotentials were used to

101



model the interaction between ions and electrons.®” The electron wave function was
expanded in plane waves up to a cut-off energy of 400 eV. The convergence accuracy
of the force is set to 0.02 e /A at structural relaxation. The Gamma meshes of only
Gamma point sampling in the Brillouin zone were applied to all relaxation calculations,
which has been proven to be effective in dealing with large supercell systems.2% The 4
x 4 x 1 Gamma meshes were used for the density of states (DOS) calculations. The
standard DFT using the GGA method underestimates the band gap of TiO2 because the
GGA method is unable to accurately model the strongly correlated localized 3d
electrons of Ti atoms.'%® However, as an effective approximation method, the relative
values calculated by GGA method are accurate and have no effect on the DOS and
charge density analysis.

The substrate systems we employed in this study are all based on a typical (3 x
1) supercell of anatase TiO2 (101) surface, shown in figure 1. The supercell contains
five TiO2 monolayers with a total of 180 atoms. Each slab contains a 15 A of vacuum
layer to separate the surrounding identical slab. The surface Ti atoms contain 5-
coordinated Ti (Tisc) and 6-coordinated Ti (Tisc), and the surface O atoms contain 2-
coordinated O (O2c) and 3-coordinated O (Osc). During structural relaxation, the bottom
two layers were fixed to simulate the bulk phase structure, while the top three layers
were allowed to fully relax with the Pt clusters on the surface. The construction of the
surface oxygen vacancy is obtained by deleting an Ozc atom on the anatase TiO2 (101)
surface. The Pts cluster was selected as a representative of Pt clusters because Pt is a

typical unit of large Pt clusters.!”® The Pts cluster was put into a 10 x 10 x10 A3 cubic
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box and the Gamma meshes of 6 x 6 x 6 k-point sampling were used to calculate the
total energy of the Pt4 cluster. The adsorption energy of the Pts cluster on the anatase
TiO2 (101) surface was defined as the difference between the total energy of the
adsorption system of the anatase TiO2 (101) surface with Pts cluster adsorbed and the
sum of the energies of the free Pts cluster and clean anatase TiO2 (101) surface. The
larger the absolute value of the adsorption energy, the more likely that the

corresponding adsorption system is to be stable.

4.3 Results and discussion

4.3.1 Morphology, crystalline phase and optical properties of laser-

engraved TiOzsample

The appearance of TiO2 samples, prior to and after the laser engraving
treatment, has distinct colors. The digital photographs (inset in Figure 4.1) show that
the as-purchased TiO2 has a white color. After the laser treatment, the sample changed
into grey. The increase in the treatment cycle darkened the greyish color. The changes
in sample color occurred in the laser engraving treatment are consistent with those
observed from the laser direct writing'’* or laser ablation in liquid environment!®2, The
origination of the color change is the response of laser-engraved sample to the visible
light in the natural solar radiation. The DR UV-vis spectra in Figure 4.1a confirmed the

increase in the absorption of visible light (e.g., wavelength of 400-800 nm) of the laser-
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engraved TiO2 samples. In contrast, the pristine TiO2 only absorbs in the UV region
(i.e., < 400 nm). The presence of structural defects such as Ti®* or oxygen vacancy
species could attribute to the changes of the optical properties such absorption onset
wavelength (Aonset, N(Mm) and bandgap (Eg, €V), as reported for the black TiOz prepared
by hydrogen treatment!’2 or laser ablation in liquid solution!®2. The onset wavelength
of the light absorption can be directly obtained from extrapolating the straight-line
portion of the absorption curves to zero absorption (Figure 4.1a).1® The onset of light
absorption (Figure 4.1a) for the laser-engraved TiO: particles was extended to the
visible region (e.g., TiO2-LE1, 406 nm; TiO2-LE4, 420 nm), compared to 387 nm of

the pristine anatase TiOz.
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Figure 4.1 (a) DR UV-vis spectra and (b) Tauc plots of TiO2, TiO2-LE1 and TiO2-LE4

samples. (Inset digital images in (a) show color appearances of these three samples.)
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The band gap can also be obtained from the Tauc Plot (Figure 4.1b) by plotting
(ahv)? versus hv curve and extrapolating the data to the photon energy axis where (athv)?
=0, in which a is the energy-dependent absorption coefficient, h is Planck constant and
v is the photon’s frequency (refer to Section S1 in the Supporting Information). The
band gap reduced from 3.09 eV of pristine TiO2 to 2.91 eV of TiO2-LE1 and then to
2.85 eV of TiO2-LEA4. The decrease in the band gap could result from formation of the
rutile phase with a band gap (~3.0 eV) smaller than that (3.2 eV) of anatase TiO2. The
close contact between anatase and rutile phase can induce band gap narrowing as a
result of the characteristic band alignment at the anatase/rutile interface.l’® The
formation of defects in TiO2 could be another reason for the band gap narrowing.!”
The light absorption and band gap values suggest that defects were created in the TiO2
sample by the laser engraving treatment.

TiO2 exists multiple polymorphs such as anatase, brookite, rutile.’® The laser
treatment could cause phase transformation across these polymorphs. The XRD data in
Figure 4.2a shows that the anatase phase exists in the pristine TiO2 sample (JCPDS
#75-1537). After the laser treatment, the rutile phase (JCPDS #21-1276) appeared and
become more obvious with the number of laser treatment cycles. According to
reference intensity ratio (RIR) analysis in Table 4.1, the percentage of rutile phase
increased from 26.4% of TiO2-LE1 to 39.6% of TiO2-LEA4. To further study crystalline
phase change caused by the laser irradiation, Raman spectra of TiO2 and TiO2-LE4
samples were measured (Figure 4.2b). The pristine TiO2 showed well resolved

characteristic bands related to the anatase phase!’” at 148 cm™ (Eg), 394 cm™ (Bug), 513
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cm? (A1), and 640 cm™ (Eg) regions, respectively. The TiO2-LE4 showed mixed

phases of anatase and rutile, in which 237 cm™ (multi photon absorption), 438 cm™*(Eg)

and 608 cm™ (A1g) peaks are attributed to the rutile phase!’8,
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Figure 4.2 (a) XRD patterns of TiO2, TiO2-LE1 and TiO2-LE4 samples (A: anatase

phase; R: Rutile phase). (b) Raman spectra of TiO2 and TiO2-LE4 samples.

Table 4.1. ratio of anatase/rutile phase from XRD

L/, XX, Anatase%o Rutile%
LEx1 3.96032 2.78165 73.5565 26.4435
LEx4 2.17568 1.52815 60.4454 39.5546
LEX8 0.64219 0.45106 31.0849 68.9151
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The morphology changes in TiO2 samples caused by the laser irradiation were
revealed by the electron microscopy examination. The SEM image in Figure 4a shows
that the anatase TiO2 contains uniform nanoparticle aggregates. After the laser
treatment, the particle aggregate sizes increased (Figure 4.3b-c). Some large aggregates
in TiO2-LE1 and TiO2-LE4 samples were highlighted by the white circles. The increase
in particle size should result from the thermal sintering effects occurred during the laser
engraving. As shown in Figure 4.3d, the as-prepared TiOz pellet has a rough and uneven
surface, in which the loosely attached nanoparticles are clearly visible. In contrast, the
pellet surface of the TiO2-LE1 sample in Figure 4.3e is smoother and contains large
grains and grain boundaries. The COz2 laser with a wavelength of 10.6 ym in the laser
irradiation primarily endured the thermal heating effects, similar to the high
temperature sintering process occurred in the conventional furnace. A cross-section
view of the laser-engraved TiO2-LE1 sample (Figure 3f) showed ~5 um thickness of
the top surface of the pellet was sintered. The sample pellet thickness was ~500 pum. If
we assume the entire pellet has uniform density. It is estimated that 1% of TiOz in the
pellet was impacted by the laser irradiation. Nevertheless, according to the RIR analysis
of the XRD pattern in Figure 4.2, 26.4% of the anatase TiO2 sample has transformed
into the rutile phase in TiO2-LE1, which is equivalent to ~132 um penetration thickness
into the sample pellet. Either by direct heating or conductive heating or thermal
shocking, the influences of laser engraving on the temperature field in TiO2 sample is
far more remote than visualized by morphology changes in Figure 3e-f. The increase

in the TiO2 particle size leads to the surface area reduction. As shown in Figure 4.4, the
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N2 uptake decreases with the number of laser treatment cycles on the TiO2 sample. The
BET surface area of TiO2 decreased from 185 m?%/g to 142 m?/g of TiO2-LE1 and to 81

m?/g of TiO2-LE4, respectively.

Figure 4.3 SEM images showing morphologies of (a) TiOz, (b) TiO2-LE1 and (c) TiO2-

LE4 powder samples. (d) and (e) show top-view morphologies of TiO2 sample pellet
before and after 1 cycle of laser engraving treatment, respectively. (f) shows cross-

sectional view of the sample pellet in (e).
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Figure 4.4 N2 adsorption-desorption isotherms of TiO2z, TiO2-LE1 and TiO2-LE4

samples.

Transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HR-TEM) were used to study the lattice structures in the pristine
and laser-engraved TiO2 samples. The as-purchased TiO2 contains aggregations of
uniform nanoparticles (Figure 4.5a). After the laser treatment, bigger TiO2 particles
were found in the low magnification images as shown in Figure 4.5b-c. After one cycle
of laser engraving, the TiO2-LE1 (Figure 4b) has showed small density of large TiO2

nanoparticles. The continual laser treatment leads to growth in density and size of large
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TiO2 nanoparticles, as seen in Figure 4c. The Fast Fourier Transform (FFT) of HR-
TEM was used for phase determination as shown in the Figure 4d-f. The d spacing was
calculated by the formula d = 2/L, where L is the distance between the two bright spots
from the FFT pattern. Before the laser treatment, the TiO2 nanocrystals (Figure 4.5d)
showed clear well-defined lattice fringes with an average particle size ~6.72 nm. The
indexed d spacing showed characteristic lattice spacing of anatase (101) plane. The big
particles that were larger than the pristine anatase TiO2 nanoparticle were found to be
rutile phase. The indexed d spacing in Figure 4.5e-f showed rutile (110) and (101) plane
respectively. Besides the crystalline phase change, the defects created by laser
engraving treatment were visualized by HR-TEM as shown in Figure 4.6. As the inset
image of magnified region showed, the lattice fringes became discontinuous in laser-
engraved TiOz2, and the lattice fringes became distorted throughout the nanocrystal. The
increased particle size with laser-treatment cycles were in good agreement with the
surface area tested by N2 adsorption-desorption isotherms. The distorted lattice fringes
on the TiO2 were indication of defect formation on the nanocrystal, which further

proved the disordered structure after the laser-engraving treatment.*’
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Figure 4.5 TEM images of TiOz2 (a, d), TiO2-LE1 (b, e) and TiO2-LE4 (c, f) samples.
Highlighted regions in (b) and (c) are large particles in the corresponding samples. (e)

and (f) are the high magnified images of circled regions in (b) and (c), respectively.

Inset images in (d)-(f) show FFT of the area where the d-spacing was measured. (A:

anatase phase; R: Rutile phase).
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Figure 4.6 HR-TEM images of TiO2-LE4 showing the defects on TiO2 nanocrystal

4.3.2 Defects in laser-treated TiO, sample

The change in color appearances (inset in Figure 4.1a) and DR UV-vis
absorption spectra (Figure 1a) from the pristine TiO2 to laser-engraved TiO2 samples
has indicated the laser treatment induced defects formation in the laser-treated TiO2
material. To further study the generated defects, we measured EPR spectra of the laser-
treated TiO2 samples as well as the spectrum of the as-purchased TiO2 sample. The
perfect TiOz structure is silent for EPR, due to the close-shell electron structures for
both Ti** and O sites. The introduction of defects in TiO2 could generate oxygen
vacancy (Ov) or Ti®* centers, which can trap a single electron to produce active EPR
responses.

Figure 4.7 shows that the pristine TiO2 had one weak signal at g factor of 2.004.
After one cycle of laser treatment, this signal increased obviously in the TiO2-LE1

sample, accompanied with a small shoulder signal at g factor of 1.999. The increase in
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the laser treatment cycles apparently enhanced the intensity of the signal at g = 2.004
and the shoulder signal at g = 1.999, as visualized in the TiO2-LE4 sample. From
literature reports, the lattice Ti** centers give a g value in a range of 1.94-1.99,17%-18!
and Ov centers gives a g value of 2.001-2.005,'®2 and the surface Ti** center tend to
adsorb atmospheric Oz to produce O?", which shows EPR signals at g~2.02.14¢ The
EPR signal at g factor of ~2.004 is attributed to electron trapped in oxygen vacancies
(Ov) of TiO2183:18 although it is not sufficient to confirm the Oy sites are from anatase
phase, rutile phase, or a combination of both phases. The EPR spectra in Figure 6
suggest that the laser engraving treatment created both oxygen vacancy and Ti** defects
in TiO2, but the dominant defects are the oxygen vacancies. This structural feature is
quite different from that of defective TiO2 created by reductive annealing processes.
The previous studies show that reduced TiO2 at high temperature (e.g., > 600°C) in

either hydrogen atmosphere or vacuum condition predominantly contains Ti" sites.'®
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Figure 4.7 EPR spectra of TiO2, TiO2-LE1 and TiO2-LE4 samples.

4.3.3 Reducibility and redox property of laser-treated TiO, sample

To study the reducibility and redox property of laser-engraved TiO2, H2-TPR,
02-TPO and successive O2-TPO experiments were carried out on both TiOz and TiO2-
LE samples. For comparison purpose, the H2-TPR profiles of commercial Degussa P25
and TiO2 annealed in reducible hydrogen were measured at the same conditions. As
shown in Figure 4.8a, the pristine TiO2 sample has three reduction regions, located at
~570 K, ~870 K and 953 K, respectively. The peak around 570 K is quite weak, which
is attributed to the reduction of oxygen species associated with defects in the as-
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purchased TiO2. On the contrary, the peak at ~870 K was quite strong, which can be
ascribed to the reduction of the surface oxygen, leading to the creation of oxygen
vacancies on the TiOz surface in the hydrogen gas atmosphere.1?° The high temperature
peak at 953 K was associated with the reduction of bulk oxygen of TiO: particles.!?
After the laser treatment, the low temperature peak became stronger while the medium
and high temperature peaks became weaker. In addition, the medium-temperature peak
at ~870 K moved to lower temperatures, i.e., ~850 K in TiO2-LE1 and ~820 K in TiO2-
LE4, respectively. The increase in the number of laser treatment cycles strengthened
these changes. The increase in the intensity of peak at 573 K was caused by the increase
in defects in the structure. The decrease in the peak position and change in the medium-
temperature peak shape might be related to the rutile phase formation, as it is a more

reducible than the anatase phase. 8 187
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Figure 4.8 H2-TPR profiles of TiOz, TiO2-LE1 and TiO2-LE4 samples measured after
pretreatment at (a) mild (553 K, 10 K/min ramp rate, 20% O2/N2 flow of 50 mL/min)
and (b) harsh (873 K, 10 K/min ramp rate, 5% O2/N2 flow of 50 mL/min) conditions,

respectively.

To examine stability of the laser-engraved defects in the TiO2-LE samples, we
selected TiO2 and TiO2-LE4 samples and exposed them to the calcination temperature
of 873 K for 1 h in 5%02/N2 gas flow prior to the H2-TPR measurement. The H2-TPR
profiles obtained on samples treated under this condition are shown in Figure 4.8b. The
low-temperature reduction peak (~570 K) associated with defects was absent from the
pristine TiO2 sample. The high temperature peak relevant to the surface oxygen species
narrows the peak width and absence of fine feature. In comparison, the TiO2-LE4
sample still keeps the low temperature peak, indicting the preservation of the defects
created by the laser treatment. The high temperature reduction peak had a very narrow
shape, locating at 20 K lower temperature position than that of the TiO2 sample. In
comparison, the greyish TiO2 sample prepared in the reducible environment showed a
peak at 842 K with a shoulder peak at 734 K. The commercial P25 had a poor reduction
with Hz due to the presence of a large amount of anatase. The reducibility of TiO2
samples depended on the surface area, exposed crystal planes and crystalline phase.

But still the presence of the low temperature reduction peak in TiO2-LE4 suggests
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oxygen vacancies created by laser treatment is quite robust which resists the oxidative
treatment at higher temperature conditions.

We further tested the reversibility of oxygen update and release (i.e., redox
property) via the oxygen vacancy sties created by the lates treatment in TiO2. The
experiment was done by running successive Oz2-TPO measurements. In the first O2-
TPO cycle, both TiO2 and TiO2-LE4 showed a bulk oxidation peak at 673 K, which
could be assigned to the oxidation of surface Ti* sites to the Ti*" state (Figure 4.9).
The ramp of temperature to 873K in the oxidative environment healed a fraction of
these sites. As shown in the second O2-TPO cycle, the oxidation peak was reduced
significantly and the peak position shifted to 578 K, 95 K lower than the one in the first
0O2-TPO cycle. The consecutive O2-TPO cycles in the third and fourth times continued
to heal the defect sites in the TiO2 sample, but not in the TiO2-LE4 sample since the
peak kept similar intensity after the second O2-TPO measurement. The peak shift
towards lower temperature during the repeated TPO test could be caused by the phase
change from anatase to rutile at ~873 K due to lower Gibbs free energy of rutile
phase.! The laser engraving created defective TiO2 showed the ability to adsorb and
desorb oxygen without permanently transforming to defect-free crystal during multiple

cycles of oxidation treatment.
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and between the TPO measurement, sample was pretreated at 553 K in N2 flow (50

mL/min) for 4 h.)

4.3.4 Metal-support interaction in laser-treated TiO, supported Pt catalysts

The characterizations for laser-engraved TiO2 samples show that defective TiOz
has great reducibility and redox capability. How do these properties affect the
supported metal catalysts since TiOz is often used as the catalyst support in thermal
catalysis? To answer this question, we loaded Pt species onto the TiO2 supports and
studied the properties of Pt/TiO2 catalysts. Figure 4.10a-c showed the representative
HAADF-STEM images of Pt/TiO2 and Pt/TiO2-LE samples, in which the Pt
concentration was controlled at 0.50wt%. The Pt species were evenly dispersed on the

TiO2 supports before and after laser engraving treatment. No obvious particle
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aggregates or large particles were observed from these images. The Pt particle size
distribution histograms of the Pt/TiO2 samples were analyzed from the STEM images.
Figures 4.10d-f show the particle sizes range from 1.175 nm for Pt/TiO2 sample, to
0.955 nm for Pt/TiO2-LEL, and to 1.201 nm for Pt/TiO2-LE4. Due to the resolution
cutoff (~0.40 nm) of the STEM instrument, the single atoms and dimers were not
included in the size distribution analysis. It should be noted that the surface areas of
these samples were very different due to the laser treatment. With the same Pt loading,
the sample with a smaller surface area is supposed to have a lower Pt dispersion and
larger particle sizes. The comparable Pt particles sizes on these three TiO2 support
samples in Figure 9 suggest that the metal-support interaction in the TiO2-LE supports
should be stronger than the pristine TiO2 support. The defects created by the laser
engraving could act as trapping sites to promote Pt dispersion against clustering or
aggregation, even the surface areas of the TiO2-LE supports are lower. Previous studies
have shown that metal species prefer to nucleate on the oxygen vacancies sites in the

reducible metal oxide support that yields stronger metal-support interanction.’® 18
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Figure 4.10 HAADF-STEM images of 0.50wt% Pt/TiO: catalysts with (a) TiOz, (b)

TiO2-LE1 and (c) TiO2-LE4 support, respectively. (d)-(f) show the corresponding Pt

particle size distribution histograms accordingly.

The bonding environment of Pt species in 0.5wt% /TiO2 and 0.5wt% Pt/TiO2-
LE samples were examined by the XPS spectra. Figure 4.11 shows that the Pt 4f spectra
in both samples in the 77 - 70 eV binding energy range. The spectra were calibrated to
C 1s peak at 284.8 eV. It should be noted that the Ti 3s line has a satellite peak presents
in the 70-80 eV binding energy range that overlaps with the Pt 4f XPS spectra, which

should be subtracted to obtain precise Pt 4f peaks.!'® For this purpose, the XPS
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spectrum of pure TiO2 support was recorded under the same measurement conditions.
After the intensity of the background line is normalized by the Ti 3s line recorded for
the Pt/TiO2 catalysts and pure TiOz support, we subtracted the contribution of the lines
from the TiO2 support within the Pt4f XPS peak region in our analysis. The Pt 4f7
peak shifts from 71.3 eV of 0.5 wt.% Pt/TiO2 sample to 71.8 eV for the 0.5 wt.%
Pt/TiO2-LE4 sample. The blue-shift of the peak indicates Pt species is more electron
deficient on the TiO2-LE4 support. Due to the charge transfer to the support, isolated
Pt single atoms on metal oxide have been reported to be cationic.?® Similarly, small Pt
clusters appear to be electron deficient because of the intimate interaction between their
two-dimensional flat structure and the support.!*® 14 The defective structure and
improved redox ability of the laser-engraved TiOz support likely induce more cationic
Pt species than that of the pristine Pt/TiO2 catalyst. With creating defects in the TiO2
support, this apparently strengthened the metal-support interaction and thus created

more cationic Pt species.
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Figure 4.11 XPS spectra of Pt 4f of 0.50wt% Pt/TiO2 and Pt/TiO2-LE4 samples. The
spectra were calibrated with C1s of adventurous carbon species at 284.8 eV. (80%

Lorentzian-Gaussian peak deconvolution was done using XPSPEAK41.)

We deconvoluted Pt 4f7 region into Pt?* (72.2 eV) and Pt° (71.1 eV) peaks to
quantitively understand the electronic state changes of Pt on the TiO2 supports. The
cationic Pt component has increased from 43.4% in the Pt/TiO2 catalyst to 75.1% in
the Pt/TiO2-LE4 sample. The increase of cationic Pt would be correlated with the Pt of
higher dispersion or strong metal-support interaction. Since both samples have the
similar particle sizes, it could be inferred that the stronger metal support interaction is
the dominant cause for the increased oxidation state of supported Pt species.?® The

interfacial charge transfer was also studied by computational modeling of the wave
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function of Pt cluster on TiO2 support. As shown in Figure 4.12, the charge transfer
from Pt to TiO2 support with oxygen vacancy was more significant than that of Pt and
pristane TiO2. This enhanced charge transfer supported the cationic Pt property
concluded from XPS experiment, and further suggested a stronger electronic metal

support interaction in the Pt/TiO2-LE catalysts.

Figure 4.12. The differential charge densities of (a) Pts cluster on clean anatase TiO2

(101) surface and (b) Pts cluster on anatase TiO2 (101) surface with an O vacancy. (Ti
in grey, O in red, and Pt in yellow; positive charge density in magenta, negative charge
density in cyan, isosurface level: 0.005 e/Bohr3).

H2-TPR profiles were recorded to investigate the reducibility of supported Pt
species, which reflects the interaction between metal and TiO2 support. Figure 4.13
shows that the Pt/TiO2 sample has four reduction peaks centered at 424 K, 460 K, 664
K and 975 K. The first three peaks were assigned to the reduction of surface species:
the reduction of amorphous PtOx species, reduction of Pt-TiOx interface sites and

reduction of the surface oxygen on the TiOz support by spillover hydrogen from Pt site,
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in sequence.® The last peak at ~973 K was related to the reduction of bulk oxygen of
TiO2. The H2-TPR profiles of Pt/TiO2-LE1 and Pt/TiO2-LE4 also have three surface
reduction peaks, but these three peaks shifted to slight lower temperatures. For
example, the peak assigned to the reduction of PtOx species was shifted to 400 K, 24 K
lower than that of PtOx on the TiO2 support. The STEM imaging analysis (Figure 4.10)
shows that the Pt particle size did not change on TiO2-LE support. The easy reduction
of PtOx species could be caused by the easy reduction and redox capability of the laser-
treated TiO2 support. Similarly, the intermediate temperature peak assigned to the Pt—
TiOx interface sites shifted from 460 K to 453 K. This second surface reduction peaks
in the laser-engraved samples have also become broader. Since the second reduction
peak was caused by the strong interaction of Pt with reduced Ti®" sites, the broadening
of this peak indicated stronger interactions with the laser-engraved support.t®t 192 The
last reduction peak of the laser-engraved samples showed decreased intensity and a
shift towards lower temperature. The reduction of rutile was easier than anatase which
caused the bulk reduction peak to move to lower temperature and gradually joined the

shoulder peak of anatase phase surface reduction at 785 K.
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Figure 4.13. H2-TPR profiles of 0.50wt% Pt/TiOz, 0.50wt% Pt/TiO2-LE1 and 0.50wt%

Pt/TiO2-LE4 samples, respectively.

4.3.5 Catalytic performance of Pt/TiO> catalysts in hydrogenation

The catalytic performance of Pt/TiO2 and Pt/TiO2-LE catalysts was tested by
probe reaction of hydrogenation of 3-nitrostyrene (3-NS) to 3-vinylanilline (3-VA).
The reaction can take place either through hydrogenation of the nitro (-NOz2) group to
form 3-vinylaniline (3-VA) or via the hydrogenation of the vinyl group (-CH=CHy)

towards 3-ethylnitrobenzene (3-ENB). The over-hydrogenation, i.e., hydrogenation of
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both -NO2 and -CH=CHz2 groups, leads to formation of the final 3-ethylaniline (3-EA)
product. Due to the high sensitivity of hydrogenation of C=C double bond in the -
CH=CHz2 group to the particle sizes of supported metal catalysts, the chemoselective
hydrogenation of the -NO2 group in 3-NS has been explored by employing supported
metal catalysts with reducing metal particle sizes (e.g., down to small metal clusters or
single atoms)'% and/or tuning the metal-support interactions by employing different
metal-support pairs'®*. It has been reported that the absence of Pt-Pt metallic bonding
and presence of positively charged isolated Pt single atoms or nanoclusters favor the
preferential adsorption of -NO2 groups, and thus enhance the chemoselectivity .
Figure 4.14a shows the conversion and product formation rates in
hydrogenation of 3-NS over Pt/TiO2, Pt/TiO2-LE1 and Pt/TiO2-LE4 catalysts. In
comparison to the pristine Pt/TiOz, the Pt/TiO2-LE1 catalyst showed comparable
conversion but higher 3-VA production rate. The Pt/TiO2-LE4 catalyst has much
significant high activity, showing 19% conversion enhancement and ~4 times higher
3-VA production rate. Since all these three Pt/TiO2 catalysts have comparable Pt sizes,
the higher activity and better selectivity towards 3-VA over the Pt/TiO2-LE catalysts
are not likely caused by the Pt particle size effects. Instead, the metal-support
interaction that favors the charge transfer from Pt to TiO2 support might be the
dominating factor. The great redox capability of the TiO2-LE support and the resulted
more cationic Pt species could be responsible for the enhancement in the observed
catalytic performances. The polar nitro (-NO2) group of 3-NS preferentially adsorbs on

the cationic Pt site compared to nonpolar vinyl (-C=C) group.'*>%7 Previous studies
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have shown that inducing SMSI in Pt/TiO2 catalysts by high temperature reduction

treatment could yield higher conversion and 3-vinylanillin (3-VA) selectivity.8¢ 198
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Figure 4.14. Conversion and reaction rate of hydrogenation of 3-NS (a) and FA (b)
over Pt/TiOz, Pt/TiO2-LE1 and Pt/TiO2-LE4 catalysts. (0.50wt%Pt in each catalyst; 3-
NS reaction: 313 K, 3 bar Hz, 10 mL ethanol, 0.02 g catalyst, 0.076 g 3-NS, 1.5 h; FA
reaction: 443 K, 11 bar H2 + 7 bar N2, 10 mL 2-propanol, 0.05 g catalyst, 0.10 g furfuryl

alcohol, 8 h)

Hydrogenation of furfural alcohol (FA) was used as the second probe reaction
to test the catalytic performance of the laser-engraved TiO2 supported Pt catalysts. The
reaction involves multiple reaction pathways, among which the desired one is the
hydrodeoxygenation (HDO) where the C-OH bond of FA is selectively cleaved to form

2-methylfuran product; and the ring saturation (RS) of C=C in furan ring to generate
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2-methyltetrahydrofuran etc. As reported by Vlachos group'!!, the HDO reaction was
favored on the ultra-low loading Pt/TiO2 catalysts that contain isolated Pt single atoms
or small clusters. It was proposed that the Pt atoms in direct contact with the oxide
support was the most active centers of HDO reaction, followed by the metallic Pt from
nanoparticle centers which however catalyzes ring saturation reaction simultaneously.
Mechanism studies for FA hydrogenation have shown that surface oxygen vacancies
generated by hydrogen are the active centers in the course of the reaction.®°

Figure 4.14b shows the reaction rate of HDO increased from 0.822 mol/m?/h of
Pt/TiO2 to 1.690 mol/m?%h of Pt/TiO2-LE1 catalyst, while the undesired RS reaction
rate decreased from 0.703 mol/m?/h to 0.683 mol/m?/h. The suppression of RS could
be due to the stronger metal support interaction in Pt/TiO2-LE catalyst. As the laser
treatment cycle increased, the HDO reaction rate continued to increase. The Pt/TiOz-
LEA4 catalyst showed nearly 4 times enhancement of the HDO rate compared to Pt/TiO:
catalyst without laser treatment on the support. Similar to the hydrogenation of 3-NS,
the reactivity and HDO selectivity enhancements in hydrogenation of FA could also be
caused by the laser-engraved defects in TiO2 support which result in high reducibility

and redox capability of the Pt/TiO2 catalysts.

5.4 Conclusion of Chapter 4

In summary, we employed a laser engraving method to create defects in an

anatase TiO2 sample and studied the physicochemical properties of the resultant
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defective TiO2 substrates. The combinational characterizations show that the laser-
engraving treatment increased the particle sizes and introduced rutile phase into the
anatase TiO2. It also created defects such as oxygen vacancy and Ti®* state that reduced
the band gap and enhanced the light absorption in the visible region of the DR UV-vis
spectrum. The defects in the laser-engraved TiO2 substrate are stable, enabling the
defective TiO2 with great reducibility and redox capability. The influence of laser
engraved TiO2 on the supported metal catalysts was studied by Pt/TiO2-LE catalysts.
In composition to the pristine Pt/TiO2 catalyst, the Pt/TiO2-LE catalysts have
comparable Pt sizes although the latter TiO2 supports have lower surface areas. This
suggests a higher Pt dispersion and stronger metal-support interaction exist in the
defective TiO2 support that could favor charge transfer from Pt clusters to the defective
support. The catalytic performance of Pt/TiO2-LE catalysts was probed by the
hydrogenation of 3-nitrostyrene and furfural alcohol. In 3-nirostyrene hydrogenation
reaction, the Pt/TiO2-LE catalysts with strong metal-support interaction yielded higher
activity in chemoselective hydrogenation of the -NO2 group in 3-NS. Similarly, the
laser engraved TiO2 supported Pt catalyst showed a higher activity in HDO of FA
towards C-O bond scission of furfuryl alcohol to yield 2-methylfuran product. reaction,
the enhanced reducibility of support by laser treatment accelerated the. The undesired
side reaction pathways were suppressed by the strong metal support interaction
between supported Pt and laser-engraved support. The laser engraving method is

simple and flexible to operate, which can be generally applied to other metal oxides or
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metal oxide supported metal catalysts to engineer their defects to develop advanced

catalyst materials.
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Chapter 5: Conclusions and future work

5.1 Conclusions

To achieve high specific activity and product selectivity in heterogeneous
catalysis, supported metal catalysts with uniformly small metal sites are desired.
However, with the continue downsizing of metal particle to metal clusters or even
single atoms, the highly dispersed metal species show significant changes in catalytic
properties from the bulk metal crystal. The effective anchoring of these ultra-small
metal particles on the support surface is also a challenge due to the high aggregation
tendency caused by elevated surface free energy. The synthesis and characterization of
high dispersion catalysts have become the major focus in the development of novel
catalyst with high atomic efficiency. As the metal dispersion increases, more metal-
support interfacial sites would be formed, which causes the catalytic properties of high
dispersion catalyst more subject to the metal-support interaction. Therefore, deeper
understanding of metal-support interactions will also benefit the study of high
dispersion catalyst. This dissertation was focused on the synthesis and characterization
of high dispersion catalyst and how the synthesis parameters/support properties affect
the interaction between metal and support. The effect of the interaction were studied
by the hydrogenation reaction of different molecules.

Supported metal catalysts often consist of a mixture of metal sites ranging from
nanoparticles to subnanometer clusters and single atoms. It remains a necessity to

uniquely differentiate these sites and their activities to guide the design of optimal
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catalysts. However, the characterization of these highly dispersed metal species is
extremely demanding due to the ultra-small size of these metal particles. Chapter 2
introduced a simple method to assess the distribution of metal active site structures in
heterogeneous sample which utilized the structure sensitivity of styrene hydrogenation
over titania supported platinum (Pt) catalysts. The results showed that nanometer-sized
Pt clusters have significantly higher activity than Pt nanoparticles, sub-nanometer
clusters or isolated Pt single atoms. The relationship between activity and
geometric/electronic properties of Pt sites influenced by particle sizes was developed.
Similar volcano-shaped trend has been observed in catalysts with other support
material, which suggests that this correlation has the potential be used to pre-screen
supported Pt catalysts with other type of support materials.

Strong metal-support interaction (SMSI) has been found to have significant
impact on the geometric and electronic properties of supported catalysts. Numerous
studies have been dedicated to studying how to tune the strong metal support interaction
to enhance the catalytic activity, selectivity, and stability of heterogeneous catalysts.
Chapter 3 discussed a new method to introduce strong metal-support interaction during
the wetness impregnation process by solution pH control. Compared to the traditional
approach to induce SMSI by reduction-oxidation cycle, this wet chemistry method is
less demanding with respect to both energy and environment requirement. The SMSI
between Pt nanoparticles and TiO2 support caused significant catalytic performance

change in styrene hydrogenation and 3-nitrostyrene selective hydrogenation. This
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method could be used to induce and tune the SMSI effect in supported catalysts to
achieve excellent catalytic activity and selectivity.

Defect engineering has been extensively employed to control the structural,
optical, and electronic properties of catalysts via synthesis or post-synthesis
modification approach. Chapter 4 described laser engraving method for creating high
dispersion catalyst Pt/TiO2 catalyst and studied how the defect created by laser
treatment affect the metal support interaction of the synthesized catalyst. The laser
engraving treatment on anatase TiO2 material caused changes in its structure and
physicochemical property as well as the properties of TiO2 supported platinum catalyst.
The laser engraving enlarged the particle size, formed rutile phase and created defects
in TiO2, which induced band gap change and visible light absorption enhancement. The
defects created by laser engraving are stable than those existed in the pristine TiO2 or
created by high temperature annealing in reducible hydrogen atmosphere. The resultant
defective TiO2 material by this laser treatment method has stable and superior redox
property. The strength of metal-support interaction in the defective TiO2 supported Pt
catalyst was modified from that of the pristine Pt/TiO2 catalyst, which enabled higher
reactivity and selectivity in hydrogenation of 3-nitrostyrene and furfuryl alcohol. This
work provides understanding of material property and catalysis performance of laser

treated catalysts in thermal catalysis.
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5.2 Future work

5.2.1 Expansion to metal oxide supports with various reducibility

The interaction between metal and support strongly depends on the reducibility
of the support material.2® We believe that harsh treatment on support including using
corrosive solution during wetness impregnation and laser engraving have the potential
to become a general method to tune the metal-support interaction. These methods could
be used to explore beyond our current Pt/TiO2 system. For the metal species on highly
dispersed catalysts, precious metals (Pd, Rh, Au, Ir, Ag, etc.) and low-cost metals (Fe,
Co, Ni, etc.) could be employed. Besides mildly reducible TiO2z, metal oxide with
various reducibility from highly reducible CeO2 and Fe20s3, reducible SnO2 and Eu20s,

and irreducible Y203 and Al203 could be used as supports.2°
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Figure 5.1. Metal oxide (MOX) spectrum with increasing reducibility.

Although SMSI has been reported mostly between group VIII metal and
reducible metal oxide support, with the change on support surface properties and the
introduction of defect, SMSI could also occur on support that were irreducible. Pt on
different metal oxide could be to study the effect of SMSI on the metal aggregation
since the stability of single atom and ultrasmall cluster strongly depends on the bond
strength between metal and support. Besides the effect on metal dispersion, the charge
redistribution between metal and different support could result in electronic property
change that would alter the metal-adsorbate bond and affect the catalytic activity and
selectivity in reaction. By introducing SMSI into different catalyst systems and
adjusting the interaction strength, the most effective catalyst for desired reactions could
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be constructed and the mechanistic understanding of the catalyst functionality could be

achieved.

5.2.2 Extend the styrene hydrogenation probe reaction by decoupling the

electronic and geometric effect of Pt catalyst

With the relationship established between the Pt aggregation state and styrene
hydrogenation activity, the fast screening of metal aggregation state in supported
catalyst has become possible. However, it would be even better if the relationship could
be further extended to other supported catalyst systems. The electronic and geometric
properties of metal active species are generally coupled together due to the charge
redistribution at the metal support interface. The decoupling of the electronic and
geometric properties is the key challenge of applying this relationship to other systems.
Recently Wang et al. reported a method to decouple these effects by a novel orthogonal
decomposition method.?? Their study on supported Pt catalysts synthesized by particle
size and shape control indicated that the degree of electron transfer between Pt
nanoparticles of similar size and shape and supports was positively correlated with the
work function (Wr) of support, and were independent with the particle size of Pt. The
distinctions of Fermi levels of support and supported Pt nanoparticles had significant
impacts on the reaction activity and selectivity. By acquiring the work function of
support materials by either experimental or computational approach, we could apply

this correction on the electronic properties of Pt species supported on other materials
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while retaining their geometric properties. Similar volcano-shaped trend of
hydrogenation activity would be expected for catalysts with different Pt size on other
support materials, however the deviation on the absolute activity value of Pt/TiO2

system could be determined by the work function of the support material.

5.2.3 High dispersion catalyst synthesis by laser powder bed fusion (L-PBF)

Due to the low thermal conductivity of metal oxide materials, the laser
engraving and laser thermal shock method discussed in chapter 4 were limited by the
uneven temperature distribution across the thickness of the sample pellet. The main
challenge of laser treatment of the metal oxide support is how to allow laser power to
penetrate the entire treatment region. Addictive manufacturing technique has drowned

great attention and widely used in the manufacturing of industrial metallic components.
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Figure 5.2. Scheme of laser powder bed fusion process.
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Among the addictive manufacturing techniques, laser powder bed fusion (L-
PBF) processes utilize laser to precisely sinter the metal powder and are currently able
to produce metal parts with complex features.?® During the laser powder bed fusion
process, thin layers of atomized sample powder are evenly distributed using a re-
coating mechanism onto a substrate plate that is fastened to an indexing platform that
can move in the vertical direction (Z direction). The laser beam is directed in the X and
Y directions with scanning mirrors with intense laser energy to permit full melting or
fusion of the particles to form a solid structure, which is similar to the laser engraving
method discussed in previous chapter. These processes are repeated layer after layer
until the part is complete. This L-PBF could be adapted in the synthesis of defect
stabilized high dispersion catalysts because with it has the ability to treat powder layer
by layer which overcomes the thermal conductivity issue along the Z direction. With
the laser selective sintering, the nucleation process of metal atoms could be controlled
by the ultra-fast kinetics of laser heating and cooling, defects could be created
simultaneously to stabilize the highly dispersed metal species. Since L-PBF technique
can continuously treat powder materials with high speed (up to 50mL per hour), this
method has great potential to the mass production of high dispersion catalyst for

industry.
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