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ABSTRACT
Atomically distributed metal centers with maximized atom utilization efficiency
called single-atom catalysts (SACs) have attracted significant attention in catalysis. SACs
with the advantages of both homogeneous and heterogeneous catalysts have been rising as
a new frontier in the field of catalysis. New catalytic technologies are ever-growing,
considering 90% of all chemical processes employ catalysts, securing modern society’s
sustainable future. A classical field in catalysis has been dedicated to catalysis by supported
metals. Recently, a vast effort has been devoted to smaller catalyst particles where size is
restricted to a single atom on a surface. Single atoms supported or embedded on the surface
of solid support involving covalent, coordination, or ionic bonds help rationalize the
structure and the reactivity.
Heterogeneous single-atom catalysts have tremendous potential, but a facile synthesis at
high metal loadings remains a challenge. Herein, we present two simple, scalable methods
for doing so, applicable to a wide variety of metals and carbon and oxide supports. The
methods of “switched solvent synthesis” (SwiSS) and “chelate fixation” (CheFi) prevent
precursor agglomeration during drying and reduction caused by the presence of water. A
non-soluble chelating agent dissolved in a polar solvent with a higher dipole moment of
water can replace water and fixate the precursor ions during activation of the catalyst.
These methods can yield relatively high loadings of single atoms, up to at least 1 atom per
nm2. In this manner, CheFi applied to carbon support with a surface area of 1200 m2/g has
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yielded 30wt% Pt as single isolated atoms. This density is achievable over other carbons,
including those with no functional groups (diamond powder) as well as on oxide supports.
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CHAPTER 1
INTRODUCTION
Overview of Single-Atom Catalyst
Atomically distributed metal centers with maximized atom utilization efficiency
called single-atom catalysts (SACs) have attracted significant attention in catalysis. SACs
with the advantages of both homogeneous and heterogeneous catalysts have been rising as
a new frontier in the field of catalysis. New catalytic technologies are ever-growing,
considering 90% of all chemical processes employ catalysts, securing modern society’s
sustainable future. A classical field in catalysis has been dedicated to catalysis by supported
metals. Recently, a vast effort has been devoted to smaller catalyst particles up to where
size is restricted to a single atom on a surface. Single atoms supported or embedded on the
surface of solid support involving covalent, coordination, or ionic bonds help rationalize
the structure and the reactivity. Earlier than SACs, surface organometallic catalysis
(SOMCat) emerged, including single metal atoms covalently or ionically bound to a solid
substrate (figure 1.1).
Isolated atoms in SACs feature unique reactivity. Considering the host materials
having similar functions to ligands in homogeneous catalysis, the robust nature and
recovery of the heterogeneous catalysts make them very attractive. A scalable and facile
synthesis method for SACs is of great importance to fully exploit their potential for
commercial applications. A large number of synthesis method resulting in a varied
population of atomic species have been developed but a facile targeted synthesis of isolated
1

metal atoms remained a challenge. The previous methods are not readily scalable for larger
scale (X. Sun et al. 2020; Kaiser et al. 2020; K. Qi, Chhowalla, and Voiry 2020).
Zhang et al. first established the term heterogeneous single-atom catalyst referring
to cases in which the active sites consisted of metal atoms (Qiao et al. 2011). The definition
of a single-atom catalyst can be expanded to an ensemble that consists of an atom of any
element (metal, metalloid, non-metal, halogen) that is spatially isolated from atoms of the
same chemical identity directly bound to a solid carrier. The electronic structure of the
minority element can be significantly hybridized with the host because of the degree of
orbital overlap (e.g., heteroatom-doped carbons). Diversity of anchoring sites in the host
results in various structural and electronical coordination environment so the active centers
are not necessarily uniform. Either organic or inorganic ligands may be present due to
synthesis procedure or reaction condition comprising surface organometallic catalysts. A
distinguished fundamental characteristic of SACs is that the single atom must be directly
involved in the catalytic cycle keeping SACs apart from single atom dopants/promoters
and catalytically active agglomerates (i.e., dimers, trimers, clusters, or nanoparticles)
during reaction (Samantaray et al. 2020; Hulva et al. 2021).
Figure 1.2 represents the geometrical and electronical structures of nanoparticles,
cluster, and single atom in gas phase. The electronic structure of a metal nanoparticle with
a size about 5 nm is a continuous metal energy band while the electronic structure of metal
cluster of 1 nm looks like discrete molecular orbitals. In theory, the electronic structure of
a metal single atom in gas phase is expected to represent atomic orbitals that may be
promising for uniformity of active sites. However, heterogeneous catalysis is only possible
for supported catalyst on the surface of a support substrate. The microenvironment of the
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single atom greatly contributes to the electronic structure of the catalyst. For example, DFT
speciation analysis of Pt single atom on nitrogen doped carbon (Kaiser et al. 2020) showed
that there are a number of anchoring sites on the surface of the support (figure 1.2). Each
site on the surface of the support contributes differently to the electronic structure of the
single atom catalyst resulting in different reactivity and stability for each given anchoring
site.
As utilized herein, the term “single-atom catalyst” can refer to an ensemble that
includes an atom of any element (metal, metalloid, non-metal, halogen) that is spatially
isolated from atoms of the same chemical identity and directly adhered (e.g., physically
and/or chemically bonded) to a solid support. The electronic structure of a minority
element can be significantly hybridized with a host due to the degree of orbital overlap
(e.g., heteroatom-doped carbons). Diversity of anchoring sites in a host support can result
in various structural and electronical coordination environments so the active centers are
not necessarily uniform. Either organic or inorganic ligands may be present in a catalyst/
support composite due to synthesis procedure or reaction condition comprising surface
supported organometallic catalysts. Extremely high surface area and single atom catalysts
are highly desirable as they can provide the highest possible utilization efficiency of the
catalyst materials with high activity levels and selectivity as well as providing unique
reactivity in some embodiments. Unfortunately, formation of such catalysts remains
difficult and elusive, particularly for large scale production.
Thermo-catalytic, electrocatalysis, and photocatalysis applications have expanded
to major areas of interest for single atom catalysis in the last years holding high promises
for the fields. The choice of host materials expanded with the growing in the scope of
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applications. A wide range of technology is ever growing to produce well defined SACs
(Chang et al. 2021; Huiyu Zhang et al. 2021; Fan et al. 2021; Weon et al. 2021; Shen et al.
2021; Hu et al. 2020; Singh et al. 2021; Ahn et al. 2021; Babucci, Guntida, and Gates 2020;
Q. Xu et al. 2021; R. Liu et al. 2021; Zhao et al. 2021; Maurer et al. 2020; Tieu et al. 2021;
Jing Zhang et al. 2021; H Sykes and Christopher 2020; J. Qi et al. 2020; Zhou et al. 2020;
Tang et al. 2019; Thang et al. 2018; DeRita et al. 2017; Malta et al. 2020; Serp 2021;
Bulushev and Bulusheva 2021; Owen and Jenkins 2021; J. Wang et al. 2021; D. Gao et al.
2021; J. Wu, Li, and Yu 2021; Z. Li et al. 2021). Here, we review the most widely used
approaches and concisely review their current limitations. The major approaches to
produce SACs are divided into two categories, direct (bottom-up) synthesis method in
which the minority element is isolated during the preparation of the host and the post (topdown) synthesis approach where the minority element hosted to an existing substrate with
desired characteristics (Kaiser et al. 2020; X. Sun et al. 2020).
The second approach, post (top-down) synthesis; the introduction of minority
precursors into the pre-prepared substrate materials included wet chemistry,
electrochemical, and gas phase approaches. The majority of the literature reported these
methods depend on existence of appropriate coordination sites on the support substrates
mostly stable with very low areal density of minority element. The attractive features of
the top-down approach are benefiting the surface location of the catalytically active sites
and in case of wet chemistry, its low cost, easy steps, and amenability to scalable
procedures. There are some draw backs because of no control over capillary forces during
drying. The wet chemistry approach usually is consisting of two steps, deposition of
precursor ions and activation of the catalyst (Figure ). The effecting parameters on
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generation of single atom sites are including choice of solvent, pH, temperature, chelating
agents, and stabilizers/linkers (X. Sun et al. 2020; Kaiser et al. 2020).
It is known that capillary forces cause inhomogeneity in the resulting catalysts
using wet chemistry approaches. Sun et al. (X. Sun et al. 2020) used an effective approach
to produce single atom catalysts from exotic acetylacetonates precursors soluble in acetone
(almost insoluble in water) and used low-boiling-point, low-polarity solvent such as
acetone to impregnate 1 wt.% Pd/C, Pt/C, Ru/C and Au/C materials through wet
impregnation. They systematically investigated the synthesis of Au/C by wet impregnation
of HAuCl4 in aqueous solution, different mixtures of acetone/water, and pure acetone. The
aqueous solution and mixtures resulted in Au nanoparticles and pure acetone resulted in
single atom catalysts(X. Sun et al. 2020).
Atomically dispersed metal precursors form ultrasmall nanoparticles upon drying
and pretreatment; in the presence of excess water (sample placed into reduction furnace
before completely dried) the NPs were larger (Figure 1.4). This hints that the remaining
water in the sample exerts a major influence on metal precursor movement during
pretreatment. Hutchings recently demonstrated the isolation of Au, Ru, Pd, and Pt atoms
using acetone as a solvent, together with acetylacetonate and other metal precursors soluble
in acetone. They concluded that atom isolation is accomplished by combining a low
polarity solvent which increases support wettability with mild drying conditions.
Typical catalyst formation methods include defect engineering, metal-support
interaction, heteroatom tethering, spatial confinement, and atomic alloying, among others.
While aspects of the various formation approaches can vary greatly, many catalyst
formation techniques include wet chemistry approaches in which a salt solution of the
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catalyst precursor is deposited on a support. Following deposition, the solution is dried to
provide precursor ions on the support. Subsequent activation of the precursor ions forms
the catalyst. Unfortunately, such formation techniques do not adequately prevent migration
and agglomeration of the precursor ions and thus relatively large precursor crystallites and
subsequent catalyst nanoparticles are formed rather than the preferred smaller and single
atom catalysts.
Disclosed methods have been developed through insight to the root causes of
precursor ion migration and agglomeration common in previously known wet chemistry
approaches. In particular, disclosed methods have been developed through understanding
of the affinity of precursor ions toward the high dielectric constant solvents used in
traditional wet chemistry formation techniques (generally water) combined with the
surface tension of the high dielectric constant solvents on the supports of interest and the
effect of interactions between precursor ions and support materials on the solvent surface
tension. The combined result of such interactions leads to migration and agglomeration of
the precursor ions, with eventual formation of relatively large nano-sized particles of the
catalysts.
To resolve these issues, the presently disclosed methods utilize a two-solvent
approach in which an initial solvent that exhibits desirably high dielectric constants and
dipole moments so as to be useful for initial formation of a precursor solution can be
displaced with a second solvent following application of the initially-formed solution to a
support. The second solvent can be one that exhibits a lower surface tension on the support
and prevents agglomeration of the precursor ions prior to and during activation. In some
embodiments, a method need not include drying of the support and removal of the solvent
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prior to activation. In other embodiments, however, the solvent(s) of a solution can be
removed prior to activation by drying in an atmosphere that is free of water. Beneficial,
through displacement of a first solvent with a second solvent, disjoining pressure between
precursor ions in the second solvent can be retained during activation and as such there is
no need in disclosed methods to include anchoring functional sites on a support surface as
is often required in other previously known catalyst formation techniques.
The presently disclosed methods are based upon the identification of problems such
as those mentioned above due to the use of highly polar solvents such as water in wet
chemistry-based catalyst formations.

Water is the most common solvent for ionic

compounds because of its high polarity, i.e., the negative (oxygen) side of a dipolar water
molecule attracts and is attracted by any positive ion in solution and similarly, the positive
(hydrogen) ends of water molecules are attracted to negative ions, providing excellent
solvating characteristics. Unfortunately, however, the use of such solvents also leads to
the formation of nanoparticles during drying and activation of the catalyst.
Disclosed methods answer these issues by utilizing two different solvents during a
catalyst formation process. A first solvent can be one that is useful for initial formation of
a precursor solution, e.g., water or another highly polar solvent. A second solvent can be
selected that can exhibit suitable polarity so as to maintain the precursor in solution, but
also exhibits a lower surface tension on the support as compared to the first solvent so as
to prevent the formation of droplets and consequently agglomeration of the precursor ions
prior to and during activation.
According to disclosed methods, a first solvent of a precursor solution can be
displaced, or switched, with a second solvent prior to activation. The second solvent can
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be a wetting solvent that exhibits a lower surface tension on the support than the first
solvent and that can form a uniform thin film of a precursor solution during activation of
the catalyst.
Depending upon the parameters of a formation approach, disclosed methods can be
utilized to produce single atom catalysts or small nanoparticle catalysts. For instance,
relative dielectric constant, surface tension, viscosity, boiling point, hydrogen bonding and
other physical properties of the two solvents can affect the characteristics of a formed
catalyst. The ratio of the solvents, heating ramp, and activation process of the catalyst can
also be utilized to control the final form of the catalyst.
By way of example, and without limitation, Table 1.1 and Table 1.2, below,
provide examples and physical characteristics of typical polar protic (Table 1.1) and
aprotic (Table 1.2) solvents as may be utilized in disclosed methods. Following formation,
a precursor solution including the first solvent can be applied to a support. There is no
particular limitation on supports that can be utilized in the formation process, and generally,
any support known or unknown suitable for supporting the catalyst in the desired
application can be utilized. For instance, and depending upon the desired application of
the catalyst, a support can be highly stable in harsh environments for chemical applications
and/or can exhibit good electrical conductivity for electrochemical applications.
A second solvent can be added to a system following application of the initial
precursor solution to the support. Upon this addition, the second solvent can displace and
replace the initial solvent at the support surface. The addition can be carried out
according to any suitable methodology, with a preferred approach generally depending
upon the nature of the catalytic system. For instance, in those embodiments in which the
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support is a particulate and the first precursor solution system is in the form of a
suspension or dispersion, the addition of the second solvent can be carried out simply by
adding an amount of the second solvent to the suspension/dispersion. In those
embodiments in which the support is of a larger form, e.g., a film, fibers, or the like and
the support is immersed in the first precursor solution, an amount of the second solvent
can be added to the system.
In general, the amount of the second solvent to be added to the system can be greater
than the amount of the first solvent in the system. For instance, the molar ratio of the
second solvent to the first solvent can be greater than 1, greater than 2, or greater than 3, in
some embodiments. For instance, the molar ratio of the second solvent to the first solvent
can be from 1:1 to 10:1, or from about 2:1 to about 8:1 in some embodiments.
In order to successfully replace the initial solvent, the second solvent can have a
lower surface tension on the support as compared to that of the first solvent. Without
wishing to be bound by any particular theory, it is understood that the Marangoni effect
provides the driving force for replacement of the first solvent and the resulting desirable
distribution of precursors on the support during activation.
The Marangoni effect (also known as the Gibbs-Marangoni effect) describes mass
transfer along an interface between two fluids due to a gradient of the surface tension at
the interface. As surface tension can depend on temperature, this phenomenon is also
referred to thermo-capillary convection.

Briefly, a permanent nonuniformity of

temperature or concentration (for a multicomponent system) at an interface between two
fluids can cause a surface tension gradient. The interfacial area with lower surface tension
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expands at the expense of an area with greater surface tension, which in turn establishes a
steady flow pattern in the liquid.
The lower surface tension of the second solvent can prevent droplet formation as
the solvent dries prior to or during the initial stages of activation and as such can prevent
agglomeration of the precursor ions at this stage of the catalyst formation. In addition, the
second solvent can improve formation of single atom or ultra-small nanoparticle catalysts
due to improved disjoining pressure as compared to a higher surface tension solvent. When
a liquid film on a support becomes very thin, the intermolecular attractive forces between
the molecules in the liquid and those in the solid tend to pull the liquid to the liquid film.
For a flat liquid file, absent capillary pressure, the total pressure in the liquid film can thus
be changed by an amount referred to as the disjoining pressure, causing the liquid pressure
to be less than the vapor pressure and generating a pressure gradient within the thin liquid
film. The disjoining pressure can be considerably effective as long-range intermolecular
forces in the range of 0.2 to 10 nm spacing regardless of the medium between the species
originating in van der Waals forces including London dispersion and electrostatic
interactions (Faghri and Zhang 2006b, 2006a).
The disjoining pressure becomes more significant in case of ultra-thin liquid films
as will form on a support surface as the surface dries and the precursor is activated. This
increased significance is due to the fact that the liquid-vapor interface of an ultra-thin film
is closer to the solid surface which can be explained by
𝑃𝑑 𝛿 = −

2𝐴𝐻
𝛿 3−𝑛
𝜋 𝑛−2 𝑛−3

in which Pd is the disjoining pressure on a liquid film of thickness 𝛿. AH is the Hamaker
constant that relates the interactive van der Waals energy to the distant of separation
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between two molecules where the interactive forces are independent of intervening media.
The interactions between particles are relative to the refractive index n and the dielectric
constant ε. The Hamaker constant takes account for both temperature dependent forces
like Keesom and Debye polar molecular forces and temperature independent forces like
London dispersion forces resulting from the orbiting electron frequency and the refractive
index, n. The Hamaker constant may be related to the interfacial tension between the two
surfaces separated by intermolecular distance, δ (Donaldson and Alam 2008; Faghri and
Zhang 2006c).
The fluid properties such as density, volatility, viscosity, van der Waals forces, and
molecular electrical interacting forces control the spreading characteristics of a fluid. The
disjoining pressure (i.e., the pressure required to lift the liquid from solid) is a product of
attractive van der Waals forces, electrostatic forces, and hydration forces which suggests
that in an equilibrium thin film containing precursor ions in the second solvent, which is a
relatively low surface tension solvent, the liquid molecules will better adhere to the solid
support and maintain the precursor ions dispersed on the solid support as the solvent dries
and leaves the support surface.
Following displacement of the first solvent with the second solvent, the support can
carry a solution of the second solvent and the precursor ions at a surface of the support.
The precursor can then be activated to form the catalyst according to standard methods as
are known in the art.
In order to avoid formation of large catalyst nanoparticles, the support including
the second solvent solution at the surface should not be contacted with water, as the
precursor may be capable of adsorbing moisture from the surrounding atmosphere, which
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can lead to the formation of precursor crystallites and subsequent catalyst in relatively large
nanoparticle form.

Accordingly, the support and second solvent solution can be

immediately transferred to a reducing atmosphere or other activation atmosphere without
drying. In other embodiments, the precursor composition can be dried to remove the
second solvent (and any remaining first solvent in the system) prior to activation, but in
this embodiment, the drying step can be carried out in a water-free environment, e.g., under
an inert atmosphere, or in a reducing atmosphere.
Characterization Methods
Scanning Transmission Electron Microscopy (STEM)
Advancement in the resolution of the STEM instruments made it possible to
distinguish between a single atom catalyst active center and the background of a support
substrate. However, STEM imaging comes with some limitations in terms of the structural
information arising from 2D projection of 3D structures, induced structural changes from
the electron beam, suitable Z-contrast between metal and the support substrate, and
stability.
X-ray Photoelectron Spectroscopy (XPS)
The most widely used tool to probe the electronic structure of the surface species
is XPS which allows the identification of multiple oxidation states of an element within the
catalyst. In situ XPS studies reveal the treatment conditions and what to expect from
various activation strategies together with some information about the stability of the
catalyst in different atmosphere types.
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The XPS measurement does not guarantee the homogeneity of each species in term
of having a certain oxidation state. For example, Pt0 in a catalyst containing nanoparticles
of Pt may include different speciation such as multiple facets, edge sites, teras sites, bulk
sites, and defect sites.
X-ray Absorbance Spectroscopy (XAS)
Multiple scattering paths of an ejected photoelectron causes fluctuations in
absorption observed by XAS resulting in the local coordination data. All species present in
the system coordination numbers and local structures (average interatomic distances) can
be interpreted by fitting the spectra.
In Situ CO Adsorption DRIFTS/FTIR
This technique provides structural and chemical information related to the species
on the surface of the catalysts through measurements of CO stretching vibrations as a
probe. The specific characteristics of the measurements on SACs is the peak position and
narrow peaks. The full width half maximum of the peak (FWHM) is a measure of
uniformity of SACs in addition to the peak position for linearly adsorbed CO on single
atoms. Although some broadening effects may be show up in the spectra from neighboring
species or other site vibrations in the wider vibrational frequency for the peaks.
CO Temperature Programmed Desorption (CO-TPD)
Temperature programmed desorption of CO is a characterization tool to distinguish
between SACs and catalysts containing nanoparticles. Because of different electronic
structures of single atom catalyst and nanoparticles, the CO adsorption energy and the
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temperature required for CO desorption are different. There are several literature reporting
this effect to distinguish between SACs and nanoparticles (Jeong et al. 2020; Hulva et al.
2021).
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Table 1.1. Properties of common protic solvents.
Solvent

Water

Dielectric
Constant

Dipole
Moment

Boiling
Point (°C)

Surface
Tension
(mN/m)

80.1

1.85

100

72.80
@20˚C

Methanol

33.0

1.69

64.5

22.70
@20˚C

Ammonia

31.6

1.42

-33.34

Ethanol

25.3

1.69

78.3

22.10
@20˚C

npropanol

20.1

1.68

97

24.00 @25˚C

Isopropyl
alcohol

19.92

1.66

82.5

23.00

t-butanol

10.9

1.70

83

20.00 @25˚C

Acetic
acid

6.20

1.74

118

27.00

@20˚C

@25˚C
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Table 1.2. Properties of common aprotic solvents.
Solvent

Dielectric
Constant

Dipole
Moment

Boiling
Point
(°C)

Surface
Tension
(mN/m)

Dimethylsulfoxide
(DMSO)

46.68

3.96

189

42.27

Dimethylformamide
(DMF)

36.71

Acetonitrile (MeCN)

38.8

@30˚C
3.86

153

37.10
@20˚C

3.92

81.6

29.10
@20˚C

Hexamethylphosphoric
acid (HMPA)

30.0

5.54

233

Acetone

20.7

2.88

56

25.20
@20˚C

Dichloromethane

8.93

1.60

39.6

26.50
@20˚C

Tetrahydrofuran

7.58

1.75

66

26.40
@20˚C

Methyl acetate

6.7

1.69

57

24.50
@25˚C

Ethylacetate

6.02

1.78

77.1

23.2
@25˚C
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Figure 4.1. Overview of subclasses of catalysts consists of isolated atoms, including
single-atom catalysts (SACs), single-atom alloys (SAAs), surface organometallic
catalysts (SOMCats), and metal complexes (including immobilized homogeneous
catalysts).
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Figure 1.2. Geometric and electronic structures of nanoparticle, cluster and single atom;
and speciation analysis of Pt single atoms hosted on N-doped carbon for acetylene
hydrochlorination. Partially reprinted with permission from (M. Sun, Wu, and Huang
2020; Kaiser et al. 2020). Copyright (2020) American Chemical Society.
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Figure 1.3. Overview of wet-chemistry approaches to synthesize SACs. Reprinted with
permission from (2). Copyright (2020) American Chemical Society.
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Figure 1.4. (a) Electrostatic adsorption, an adsorbed monolayer of sterically closed
packed metal precursors (b) is transformed after drying and reduction into ultrasmall (< 2
nm) nanoparticles (c), or with incomplete drying, into much larger nanoparticles.
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CHAPTER 2
A GENERAL, SCALABLE, AND SIMPLE SYNTHESIS METHOD
It is known that capillary forces cause inhomogeneity in the resulting catalysts using wet
chemistry approaches. Sun et al. (X. Sun et al. 2020) used an effective approach to produce
single-atom catalysts from exotic acetylacetonates precursors soluble in acetone (almost
insoluble in water) and used low-boiling-point, low-polarity solvent such as acetone to
impregnate 1 wt.% Pd/C, Pt/C, Ru/C, and Au/C materials through wet impregnation. They
systematically investigated the synthesis of Au/C by wet impregnation of HAuCl4 in
aqueous solution, different mixtures of acetone/water, and pure acetone. The aqueous
solution and mixtures resulted in Au nanoparticles, and pure acetone resulted in singleatom catalysts(X. Sun et al. 2020).
Why Water?
The standard precursors are soluble in water because of its high polarity among
other solvents. In general, solvents with high dielectric constant (e.g., water) tend to
dissolve and retain the ionic compounds by exerting an attractive force. However, solvents
with low dielectric constants are not able to fully dissolve the catalyst precursors expelling
the ionic precursors from the solution by exerting a repulsive force on them. This effect
can be explained by substituting force exerted by a point charge into the Coulomb’s law
together with ionic interactions expressed as the valency, z, multiplied by the elementary
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electron charge, -e. Therefore, the electrostatic free energy for charges separated by a
𝑧 𝑧 𝑒2

1 2
distance equal to Bohr radius, 𝑟𝑏 , is 𝐺 𝑟 = 4𝜋𝜀𝜀

0 𝑟𝑏

where 𝜀 is the dielectric constant of

solvent and 𝜀0 is the permittivity of free space (vacuum). In case of catalyst precursor with
unlike ionic species if the free energy, 𝐺 𝑟 , is negative yielding an attractive force. If two
like charges precursor ions are separated with a dielectric material (mostly water) the
dielectric material diminishes the forces between charges by an extent equal to the
dielectric constant of material. That is why it is important to use water as solvent because
it readily dissolves the standard catalyst precursors due to its high dielectric constant
(Donaldson and Alam 2008; Faghri and Zhang 2006a, 2006c).
Problem statement
We identified the problem of using water in the last step of synthesis during
activation of the catalyst; when a small amount of water is left during drying, it may break
up into small droplets. Because of high surface tension and large dielectric constant which
exert an attractive force to the precursor ions and agglomerates the precursor ions together
forms small crystallites that later lead to formation of nanoparticles during activation. The
strong electrostatic adsorption (SEA) of the catalyst precursor ions onto the support
substrate alter the interfacial tension of support-water interface resulting in much smaller
droplets and consequently ultrasmall nanoparticles. This can be explained by surface
pressure of adsorbed precursor ions 𝑝𝑠 = 𝜎𝑠𝑣 − 𝜎𝑠𝑣,𝑎 where 𝜎𝑠𝑣,𝑎 is the interfacial tension
with the absorbed substance present. Therefore, Young’s equation (Figure ) can be written
as cos 𝜃 =

𝜎𝑠𝑣 −𝑝𝑠 −𝜎𝑠𝑙
𝜎𝑙𝑣

which shows that the SEA changes the equilibrium contact angles

and the solvent surface tension near the support surface (Faghri and Zhang 2006c).
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Proposed Solution
To make single atom catalyst, water need to be displaced by a wetting solvent.
Therefore, when a small amount of solvent left during activation, the solvent may spread
over the support substrate surface and form a thin film containing precursor ions. A
permanent nonuniformity of temperature and concentration at the solvent-gas phase
interface results in a surface tension gradient. The high temperature interfacial areas or
wetting solvent with small surface tension expands at the expense of an area with larger
surface tension establishes a steady flow in the system called the Marangoni effect. Herein,
we propose the use of The Marangoni effect as a driving force to displace water throughout
the system after deposition of the catalyst precursor ions at incipient wetness condition.
The surface tension of such system in equilibrium with the gas phase can be expressed as
σ =σ (T, x1, x2 ,…, xN−1) where xi represents the molar fraction of ith component of the
𝜕𝜎

liquid phase. Thus, the change in surface tension can be expressed as 𝑑𝜎 = (𝜕𝑇 ) 𝑑𝑇 +
𝑥𝑖

𝜕𝜎

∑𝑁−1
𝑖=1 (

)

𝜕𝑥𝑖 𝑇,𝑥
𝑗≠𝑖

𝑑𝑥𝑖 . The Marangoni number for temperature change in the system during

the activation of the catalyst expressed as 𝑀𝑎 =
of the liquid, 𝜁 =

𝜁(𝑑𝜎⁄𝑑𝑇 )𝛿 2
𝛼𝑙 𝜇𝑙

where 𝛼𝑙 is thermal diffusivity

𝑇𝑤 − 𝑇𝛿 ⁄
𝛿 , 𝜇𝑙 is viscosity of liquid, and 𝛿 is the thin film thickness

(Donaldson and Alam 2008; Faghri and Zhang 2006a, 2006c).
We established that the water is necessary to dissolve the precursor salts, but it
causes the formation of nanoparticles during activation of the catalyst. To prevent the
formation of water droplets and consequently agglomeration of the precursor ions, we
proposed addition of a wetting solvent that forms a uniform thin film during activation of
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the catalyst by the help from the Marangoni effect. One last important parameter that affect
the dispersion of the catalyst precursor ions during activation is disjoining pressure. When
a liquid film on a support substrate becomes very thin, the intermolecular attractive forces
pull the liquid to the liquid film. The disjoining pressure can be considerably effective as
long-range intermolecular forces in the range of 0.2 to 10 nm spacing regardless of the
medium between the species originating in van der Waals forces including London
dispersion and electrostatic interactions. The disjoining pressure becomes more significant
in case of ultra-thin liquid films because the liquid-vapor interface is closer to the solid
surface which can be explained by 𝑃𝑑 𝛿 = − 𝜋

2𝐴𝐻
𝑛−2 𝑛−3

𝛿 3−𝑛 . 𝐴𝐻 is a constant

coefficient called the Hamaker constant that relates the interactive van der Waals energy
to the distant of separation between the two molecules where the interactive forces are
independent of intervening media. The interactions between the particles are relative to the
refractive index n and the dielectric constant 𝜀. The Hamaker constant take account for
both temperature dependent forces like Keesom and Debye polar molecular forces and
temperature independent forces like London dispersion forces resulting from the orbiting
electron frequency, 𝜈, and the refractive index, n. The Hamaker constant may be related to
the interfacial tension between the two surfaces separated by intermolecular distance, 𝛿. In
summary, the fluid properties such as density, volatility, viscosity, van der Waals forces,
and molecular electrical interacting forces control the spreading. The pressure required to
lift the liquid from solid is the disjoining pressure which is a product of attractive van der
Waals forces, the electrostatic forces, and hydration forces that suggest that in the
equilibrium thin film (Figure ) containing precursor ions, the liquid molecules adhere to
the solid (Donaldson and Alam 2008; Faghri and Zhang 2006c, 2006a).

24

Hypotheses and Objectives
The following proposed syntheses of single atom catalyst on support substrates, are
simple, fast, generalizable, and readily scalable at standard incipient wetness conditions,
and also, results in much higher densities than currently achieved in the state-of-the-art
single atom catalysts. The current synthesis approaches are mainly based on ultra-low
densities of SACs (Tieu et al. 2021; Resasco and Christopher 2020; Jing Zhang et al. 2021;
Kou et al. 2020) or using exotic catalyst precursors (X. Sun et al. 2020; Jing Liu et al. 2018;
Alexeev and Gates 2000; Kou et al. 2020). Here, we identified the problem in the standard
synthesis procedures with the water drying step in which high surface tension of water and
the force that water (high dielectric constant) exerts to precursor ions and retain them in
solution form the agglomerated precursors and result in formation of nanoparticles. Error!
Reference source not found.2.3 shows the difference among the standard industrial catalyst
synthesis method resulting in large and nonuniform nanoparticles, the sophisticated strong
electrostatic adsorption (SEA) resulting in ultrasmall and uniform nanoparticles, and the
proposed synthesis method producing single atom catalysts. Our developed technology
provides a simple solution to produce high densities of single atom catalyst on a wide range
of insoluble support substrates.
The four hypotheses were tested in the following work, are including the
fundamental understanding of synthesis procedure in which:
1. Polar solvent with high dielectric constant that is capable of dissolving high
concentrations of the catalyst precursor’s salt for high metal loadings.
2. After impregnation, replace high polar solvent with low polar wetting solvent to
facilitate the formation of thin film solvent.
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3. Reduce without exposure to water in the air to prevent moisture adsorption by
precursors ions and the support substrate.
4. If precursor is to be expose to air (moisture), we add chelating agent immiscible in
water to prevent precursor agglomeration on a water adsorbed surface.
The proposed work demonstrated the generalizability of our developed methods by
studying the syntheses by different solvents, support substrates, and metals as catalyst.
Hence, it could usher a new era of industrial applications due to its simplicity and
scalability. New technologies are emerging in the field of SACs including partial oxidation,
selective hydrogenation, and complex organic synthesis (Datye and Guo 2021).
The present work helped understanding synthesis procedure in fundamental levels
and investigated the viability of the synthesis method on different systems. The fast and
easy synthesis method providing insights into new possibilities and will expand the single
atom catalyst applications that are requiring new support systems. The systems we
examined to study the effects of solvent are summarized in table 2.1. The primary support
chosen is diamond nanoparticles in which consisting of only crystalline carbon with no
functional groups on the surface. This expanded the versatility of our synthesis method into
a wide range of support substrates regardless of the functional groups on the surface. The
first three experiments were aiming to demonstrate the effect of second solvents with lower
surface tensions and different dipole moments in spreading the catalyst precursor and
forming SACs. The last two experiments were to evaluate the possibility of using only one
wetting solvent and explore the formation of SACs with different loadings.
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Preparation by Switched Solvent Synthesis (SwiSS) method
Although, the functional groups on the surface of the support substrates are
beneficial because other than providing anchoring sites for the single atoms, they would
help to make the solvent more wetting and help with uniform spreading the precursor ions
through electrostatic adsorption. Different functional groups would provide different
environments for anchored single atoms and results in variable properties including
oxidation state, stability, and functionality. Also, the standard industrial supports are
included to show case the synthesis and function of the resulted single atom catalysts in
both thermo-catalytic and electro-catalysis applications. The VXC-72 carbon based
industrial support was chosen for evaluation in the oxygen reduction reaction catalyst
(ORR). The TiO2 supported Pd and Pt SACs were evaluated in partial oxidation of 1phenylethanol into acetophenone. Electrochemical measurement carried out in three
electrode cell using ring-rotating disk electrode as well as a cathode in anion exchange
membrane fuel cells (AEMFCs).
Results and Discussions
The current synthesis approaches are mainly based on ultra-low densities of SACs
(Tieu et al. 2021; Resasco and Christopher 2020; Jing Zhang et al. 2021; Kou et al. 2020)
or using exotic catalyst precursors (X. Sun et al. 2020; Jing Liu et al. 2018; Alexeev and
Gates 2000; Kou et al. 2020; Jin et al. 2021). Here, we identified the problem in the
standard synthesis procedures with the water drying step in which high surface tension of
water and the force that water (high dielectric constant) exerts to precursor ions and retain
them in solution form the agglomerated precursors and result in formation of nanoparticles.
Error! Reference source not found. shows the difference among the standard industrial

27

catalyst synthesis method resulting in large and nonuniform nanoparticles, the strong
electrostatic adsorption (SEA) resulting in ultrasmall and uniform nanoparticles, and the
proposed synthesis method producing single atom catalysts. Our developed technology
provides a simple solution to produce high densities of single atom catalyst on a wide range
of insoluble support substrates. The fast and easy synthesis method is providing insights
into new possibilities and will expand the single atom catalyst applications that are
requiring new support systems. Although, the functional groups on the surface of the
support substrates are beneficial because other than providing anchoring sites for the single
atoms, they could help to make the solvent more wetting and help with uniform spreading
the precursor ions through electrostatic adsorption. Different functional groups would
provide different environments for anchored single atoms and results in variable properties
including oxidation state, stability, and functionality.
Aberration corrected scanning transmission electron microscopy (AC-STEM) in
most cases made possible the identification of individual atoms based on the Z-contrast. In
some cases, when the support substrate is conductive and there is enough difference in
atomic number between the elements in the system, it may be possible to characterize the
SACs using Z-contrast imaging. Figure 2.4(A) shows the AC-STEM image of
2%Pt/Diamond prepared by switched solvent method using acetone as second solvent.
Acetone has a dipole moment of 2.88 D larger than that of water so its molecules interact
with precursor’s ions stronger than water. It seems that acetone replaces water in the
system. In addition, acetone has much lower surface tension and viscosity than water with
higher wetting properties which results in well dispersed single atom catalyst. This result
could be explained by formation of the thin liquid film containing precursor ions and
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disjoining pressure. In the case of ethanol as the second solvent, because of the lower
ethanol dipole moment of 1.66 D than water, it is not expected for ethanol to be able to
replace the hydration sheath of the precursor’s ions. Also, ethanol and water are both
forming hydrogen bonding and the viscosity of ethanol is slightly higher than water.
However, ethanol has much lower surface tension than water so it can act as a wetting
solvent to some extent. The resulted catalyst for 2%Pt/Diamond using ethanol as the second
solvent shown in figure 2.4(B). There are single atoms, dimers, trimers, clusters, and ultrasmall nanoparticles formed which are much smaller species in comparison to figure 2.4(C)
representing 2%Pt/Diamond prepared with only water as solvent at incipient wetness
condition.
Temperature programmed desorption of CO (CO-TPD) is a characterization tool to
distinguish between SACs and catalysts containing nanoparticles. The preliminary results
in figure 2.4(D) demonstrate the difference in CO desorption temperature from SACs and
sample containing nanoparticles. The top (blue) curve shows CO desorption temperature
from the 2%Pt/Diamond catalyst is about 350K and the bottom curve belongs to the CO
desorption at almost 480K from 2%Pt/Diamond catalyst containing nanoparticles. Because
a large fraction of Pt atoms is inside the nanoparticles and are not accessible to adsorb CO,
the intensity of the CO desorption peak is much smaller than the ones containing single
atoms and clusters with almost all accessible Pt atoms. The middle curve resulted from the
catalyst with all different species in figure 2.4(B) shows three CO desorption peaks. The
peak at 350K is attributed to the single atoms and nanoparticles CO desorption peak at
580K while the peak at 400K could be attributed to the Pt dimers and trimers in the catalyst
(Therrien et al. 2018).
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The samples further characterized in XPS chamber but because the diamond
support is not conductive, the neutralizer electron gun was necessary to compensate for the
electron used in XPS measurements. However, the small size of the Pt single atoms and
clusters led to shifts to lower binging energy in Pt 4f peaks because of electron
overcompensation. So, we synthesized identical samples on conductive Volcan XC-72 that
has a specific surface area close to that of diamond, 257 m2/g. The AC-STEM images in
figure 2.4(E-G) show the identical samples prepared using acetone, ethanol, and only
water, respectively. The in situ XPS measurement of Pt 4f peaks of 2%Pt/VXC-72
containing nanoparticles demonstrated a Pt 4f peak at 71.2 eV (figure 2.4(H)-top curve)
which is expected for nanoparticles reported in literature (Therrien et al. 2018). The Pt 4f
peak for the sample with only single atoms is shown in figure 2.4(H)-bottom curve shifted
to 72.5 eV. The sample containing single atoms and clusters demonstrated two Pt4f peaks
at both 71.2 and 72.5 eV.
The water content of the system before activation is very important. To demonstrate
the effect, we prepared a catalyst by switched solvent method using acetone as the second
solvent. However, instead of activating the catalysts immediately, the catalyst was dried
under the fume hood overnight like the procedure of commercial the incipient wetness
method. Figure 2.5(A) shows the AC-STEM image of 2%Pt/VXC-72 that was dried and
exposed to the room air (moisture) prior to activation at 170 ˚C. The in situ XPS spectra of
the catalyst as received prior to activation, the catalyst in situ reduced at 170 ˚C, and the
catalyst in situ reduced at 600 ˚C are demonstrated in figure 2.5(B). The dried catalyst
shows that different Pt species are present in the catalyst. After first in situ reduction, there
is only one species formed and the Pt 4f peak position is in agreement with Pt nanoparticles
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shown in figure 2.5(A). To make sure that the Pt 4f peak is attributed to only nanoparticles,
we reduced the sample at 600 ˚C and compared the Pt 4f peak positions. In conclusion, the
switched solvent method is very sensitive to the moisture. The unreduced precursor ions
are capable of adsorbing moisture from the surrounding air and forming crystallites upon
drying and nanoparticles after activation. Thus, the catalyst should not be exposed to the
atmosphere containing moisture prior to the activation.
The stability of these single atom catalysts was investigated by heating them to 300
˚C under flow of 10%H2 balance N2. Figure 2.5(C-F) shows AC-STEM images of the
catalyst including the particle size distribution. The diamond surface does not have any
defects or functional groups, so the particle size distribution of sintered single atoms into
nanoparticles has a large average particle size about 5 nm (figure 2.5(C-D)). There are lots
of single atoms left in the 2%Pt/Diamond catalyst because the anchoring sites are not in
proximity of all single atoms. However, the surface of Volcan XC-72 support contains
defects everywhere on the surface including micropores which prevent sintering to some
extent and single Pt atoms sinter into smaller nanoparticles with an average particle size
about 1 nm (figure 2.5(E-F)).
The method is applicable to a variety of transition metals regardless of the ligands
in the precursors. Figure 2.6(A) shows 1%Pd/Diamond prepared by switched solvent
method using tetraamminepalladium nitrate as precursor. Also, 1%Cu/Diamond,
1%Ni/Diamond, and 1%Co/Diamond were synthesized from copper nitrate, nickel nitrate,
and cobalt nitrate precursors, (Figure 2.6(B-D)) respectively. So, the synthesis method
does not require any special ligand or anchoring functional group on the support.
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The switched solvent method utilizes the basics of the science in wetting surfaces
to produce single atom catalyst or small clusters. The outcome of this method depends on
lots of parameters including dielectric constant, surface tension, viscosity, boiling point,
hydrogen bonding and other physical properties of second solvent. Also, the ratio of the
solvents, heating ramp, and activation process of the catalyst greatly effects the product
which needs thorough studies to uncover the underlying effects of each parameter and their
interactions.
Applications
Electrochemical Catalysis
The SwiSS method can produce ultrasmall nanoparticles by adjusting the 1:1 molar
ratio of acetone to water. The catalysts prepared by SwiSS method showed outstanding
performance in electrochemical evaluations in both AEMFC experiments. Figure 2.7
demonstrates the electrochemical measurements of both 5%Pt/VXC-72 SAC (SwiSS) and
40%Pt/VXC-72 commercial. Part a show the RDE results for comparison between our
catalyst and commercial catalyst. The average number of electron transfer is about 3.98
with very low peroxide yield about 1% that suggest the reaction pathway is through the
desired 4 electron pathway (part b). In comparison with the commercial catalysts in
AEMFC at the high standard industrial conditions by the US DOE, our 5%Pt/VXC-72
slightly outperformed the commercial AEMFC with almost 11 times less precious metal
loading per unit area of electrode. The 5% Pt/VXC-72 SAC catalyst with the Pt loading of
0.045 mg Pt/cm2 showed about 82% of voltage for 40% Pt/VXC-72 with the Pt loading of
0.48 mg Pt/cm2 at 1000 mA/cm2. The voltage of SAC was about 92% at higher current
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density of 2000 mA/cm2.The peak power density of both catalysts are the same in the
AEMFC (part c). The durability of our catalyst catalyst was evaluated by running the
AEMFC for 250 h at the harsh condition of constant 600 mA/cm2 current density (part d).
Figure 2.8 represents the difference between the catalyst prepared by dry
impregnation (Figure 2.8(A)) and the SwiSS method (Figure 2.8(B)). Both catalysts
contain same amount of Pt but the active surface area per unit mass of the SwiSS catalyst
is much higher consequently less amount of the catalyst is needed to gain the same
performance (Figure 2.7(C)) as the commercial catalyst with 40% Pt/VXC-72 shown in
figure 2.8(C). The Pt loading of the SwiSS catalyst is 15.7 times lower than the commercial
cell with the same performance at milder operational condition. To improve the catalyst
performance even more, the microporous VXC-72 was replaced with a mesoporous Ndoped carbon (figure 2.8(D)). The anode side Pt-Ru bimetallic catalysts are shown in
figure 2.9. A visual example of the problem that water causes during drying and activation
is shown in figure 2.9(A) for the dry impregnation of Pt on nitrogen doped carbon support.
As explained before, the drying step with the present of only water causes inhomogeneity
and sintering of metals. However, the SwiSS method catalyst shown in figure 2.9(B)
resulted in a uniform, well alloyed, and ultrasmall nanoparticles. Other than very high
(60%Pt-Ru) content of precious metals, the commercial catalyst (figure 2.9(C)) and dry
impregnation catalyst are not well alloyed. The well alloyed catalysts made by SwiSS
method maximized the synergistic effects of bimetallic active centers proven to be
promoting for the HOR reaction. Another improvement in this work was to make the
ultrasmall active centers on commercial VXC-72 support accessible in the reaction media.
The ultrasmall sub nanometer particles made by SwiSS method can easily fit inside the
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micropores of the VXC-72. Water is the HOR product and part of the reaction media
blocking micropores during reaction. Consequently, active centers inside the micropores
are not accessible. To make the active centers accessible, the N-C support with only
mesopores were selected to make the catalyst by SwiSS method. The AEMFC performance
of two HOR catalysts of 4%Ru2%Pt/VXC-72 and 4%Ru2%Pt/N-C shown in figure 2.10.
The optimized AEMFC performance for the catalyst with mesoporous support
outperformed the commercial catalyst with the precious 12.7 times lower metal loading per
cm2 (figure 2.11). In summary, figure 2.11 represents the performance of anode and
cathode catalysts prepared by SwiSS method in comparison with a completely commercial
AEMFC.

34

Table 2.1. Summary of proposed single atom catalysts prepared with different solvents.
Cat\Sol. Solvent 1 (dipole moment) Solvent 2 (dipole moment)
Acetone (2.88)
Water (1.85)

Pt/Diamond

Ethanol (1.69)
--Acetone (2.88)

---
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Figure 2.1. Basic equation for contact angle by Young (1805).
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Figure 2.2. Thin film liquid on the support substrate (39).
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Figure 2.3. Schematic of last step of drying where a small amount of solvent remained in
different synthesis methods, (A)impregnation, (B) strong electrostatic adsorption, and (C)
use of a wetting solvent to produce isolated precursor’s ions. All AC-STEM images
contain 7.7%Pt/VXC-72.
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Figure 2.4. Switched solvent effect AC-STEM images of (A) 2%Pt/Diamond switched
solvent with acetone, (B) 2%Pt/Diamond switched solvent with ethanol, (C)
2%Pt/Diamond prepared at incipient wetness, and CO-TPD of (A), (B), and (C) samples.
AC-STEM images of (E) 2%Pt/VXC-72 switched solvent with acetone, (F) 2%Pt/VXC72 switched solvent with ethanol, (G) 2%Pt/VXC-72 prepared at incipient wetness, and
corresponding XPS spectra of (E), (F), and (G) samples.
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Figure 2.5. Stability of catalysts (A) AC-STEM image of 2%Pt/VXC-72
exposed to room air (moisture) overnight before activation, (B) XPS spectra of
2%Pt/VXC-72 as received, in situ reduced at 170 ˚C, in situ reduced at 600 ˚C,
(C) AC-STEM image of 2%Pt/Diamond, (D) particle size distribution activated
at 300 ˚C for 3h, (E) AC-STEM image of 2%Pt/VXC-72, and (F) particle size
distribution activated at 300 ˚C for 3h.
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Figure 2.6. Versatility of the switched solvent method. (A) 1%Pd/Diamond, (B) 1%
Cu/Diamond, (C) 1% Ni/Diamond, and (D) 1% Co/Diamond.
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Figure 2.7. Electrochemical measurements, a) RDE of 5%Pt/VXC-72 SAC (SwiSS) and
40%Pt/VXC-72 commercial, b) average number of electron transfer and peroxide yield
(RRDE), c) polarization curves and power density curves for both SAC(SwiSS) and
commercial catalyst.
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Figure 2.8. Cathode catalyst, (A) 5%Pt/VXC-72, dry impregnation, (B) 5%Pt/VXC-72,
SwiSS, (C) 40%Pt/VXC-72 commercial catalyst, (D) 5%Pt/N-C, SwiSS.
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Figure 2.9. Anode catalysts, (A) 4%Pt2%Ru/N-C, dry impregnation, (B) 4%Pt2%Ru /NC, SwiSS, (C) 40%Pt20%Ru /VXC-72 commercial catalyst, (D) 4%Pt2%Ru /VXC-72,
SwiSS.
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Figure 2.10. Pore size effect of the catalyst support on the performance of AEMFCs.
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Figure 2.11. Polarization curves and power densities of AEMFCs with 40%Pt/C
commercial, 5%Pt/C SwiSS, and 6%Pt-Ru/N-C SwiSS catalysts.

46

CHAPTER 3
THE SIMPLE SYNTHESIS OF HIGHLY METAL LOADING
SINGLE ATOM CATALYSTS VIA CHELATE FIXATION (CHEFI)
New catalytic technologies are ever-growing, considering that 90% of all chemical
processes employ some type of catalyst, whether they be homogeneous or heterogeneous
in nature (Kaiser et al. 2020). Supported single-atom catalysts (SACs) are at the frontier of
catalysis research, promising the combined advantages of homogeneous (e.g., well-defined
site, high selectivity) and heterogeneous (e.g., high stability, easy separation) catalysts
(Kaiser et al. 2020; Datye and Guo 2021; Samantaray et al. 2020; Jincheng Zhang, Yang,
and Liu 2021; Singh et al. 2021; K. Qi, Chhowalla, and Voiry 2020; Mitchell and PérezRamírez 2020). Such well-defined materials have the potential to provide unique catalytic
performance due to the intimate electronic interaction between the isolated active site and
a given support material. Examples of such materials include preferential oxidation of CO
in hydrogen-rich fuel reported on a 2wt% Pt SAC (S. Cao et al. 2020), highly active,
selective, and coke-resistant Rh single-atom catalyst dispersed in Cu for low-temperature
nonoxidative propane dehydrogenation(Hannagan et al. 2021; Shijia Sun et al. 2021), and
a stable heterogeneous single-atom Pd catalyst supported on graphitic carbon nitride for
Suzuki coupling (Z. Chen et al. 2018). A general limitation in these studies has been the
inability to produce loadings of accessible single atoms that are relevant to industrial
applications (L. Chen et al. 2021). In addition, in order to produce and retain isolated single
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metal atom sites in the resulting materials, novel and/or complicated synthesis methods
have been employed (Y. Chen et al. 2017; Zhong et al. 2019; C. Gao et al. 2018; Sa et al.
2016; Jiang et al. 2019; Ge et al. 2020; Shuhui Sun et al. 2013; Wei et al. 2017; Yao et al.
2019; Adabi et al. 2021). To fully exploit the potential for commercial applications of
SACs, the development of scalable and facile synthesis methods that can produce high
loadings of isolated active sites is required.
There are many synthetic methods available to deliver metal precursors to catalytic
supports (i.e., oxides, carbon). For example, strong electrostatic adsorption (SEA), ensures
an even distribution of metal ions on the support surface through control of solution pH
(Spieker et al. 2003; Wong et al. 2017a; Jiao and Regalbuto 2008; Lambert et al. 2009).
This method can reliably produce small metal nanoparticles (xiong et al. 2020; B.A.T.
Mehrabadi et al. 2019), as well as isolated single atoms if the metal loading is low enough
(Resasco and Christopher 2020; DeRita et al. 2017). However, at loadings greater than
~0.1 wt%, activation of such catalysts (i.e, through calcination and/or reduction treatments)
results in cluster and nanoparticle formation (Jing Zhang et al. 2021; Resasco and
Christopher 2020). One strategy to achieve high single metal atom loadings involves the
use of chelating agents that complex with the metal precursor and are then pyrolyzed
(sometimes along with other organic components) to produce a carbon material with single
metal atoms dispersed throughout. However, there are some concerns that not all of the
single atoms in such a carbon support matrix are accessible (Kaiser et al. 2020; W. Chen
et al. 2020), and the approach is limited to carbon supports.
Recently, Hutchings and co-workers reported promising results using non-aqueous
organic solvents to deliver metal salt and organometallic precursors to a carbon support
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surface. They were able to achieve single atom species up to a loading of 1 wt% for Au,
Pt, Pd and Ru, and demonstrated their efficacy for acetylene hydrochlorination. Due to the
instability of the employed precursors in aqueous solution, “extra dry” organic solvents
had to be employed (X. Sun et al. 2020). Indeed, solution removal at the last step of the
incipient wetness impregnation before the catalyst activation has been reported to form
crystallites because of weak interactions and redistribution of precursors ions (Kumar et
al. 2004; Sietsma et al. 2006; Haukka, Lakomaa, and Suntola 1999). Even in the case of
SEA, incomplete drying of the adsorbed precursors on the support during activation
(Figure A1) results in the formation of large nanoparticles.
We hypothesized that formation of reduced metal clusters and particles (as opposed
to single isolated atoms), even when starting with well-dispersed, adsorbed precursors
obtained with SEA, is significantly influenced by the presence of water (Figure 3.1(A)).
In addition to any bulk water that might remain in support pores even after drying, there is
also a significant amount of water associated with each precursor in the form of a hydration
sheath (Hao, Spieker, and Regalbuto 2003; Santhanam et al. 1994; Regalbuto 2016). For
example, PtCl62- is known to retain one hydration sheath, while Pt(NH3)42+ is known to
retain two hydration sheaths, even upon drying at room temperature. In order to retard (or
eliminate) the negative influence of such water on the formation of supported single atoms,
a chelating agent was introduced immediately following the precursor adsorption step.
This chelating agent, 8-hydroxyquinoline (8-HQ), has a high affinity for transition metals
(Mlahi et al. 2015; Martín 2018; Rohini, Paul, and Luxami 2020; Prachayasittikul et al.
2013), and has been shown to adsorb on a variety of carbon surfaces for application in
metal extraction (Ravindran et al. 1999; Sheikhmohammadi et al. 2017; Guo et al. 2015).
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We surmised that 8-HQ, which is not soluble in water, will anchor the metal precursor on
the support surface (Figure 3.1(B)). The strong metal-8-HQ interaction coupled and high
boiling point of 8-HQ (267˚C), would then allow the metal ion to be reduced with H2, while
avoiding formation of clusters or nanoparticles. [A comparison of SEA with this new
chelate fixation (CheFi) method, with SEA alone, for Pt on VXC-72 and TiO2 support
substrates is provided in Figure A2. It can be seen that there is significant particle/cluster
formation for the SEA sample upon reduction in H2 at 300˚C, albeit with a very tight
particle size distribution (Figure A1(B)). However, for the CheFi sample, the sample
primarily consists of isolated single atoms, along with few agglomerates as dimers, trimers,
etc. It was further found that SEA was not necessary for the CheFi method to be successful.
A set of experiments conducted at pH 2.9 over a VXC-72 support (where maximum SEA
of the Pt precursor occurs) and 9 (the point of zero charge of the VXC-72 where there is
no SEA) shows identical results (Figure A3(A-B)). In addition, contrary to SEA, the CheFi
synthesis method proved successful at high ionic strength using both anionic and cationic
Pt precursors (Figure A3(C-D)).]
In this contribution, we demonstrate that this proposed chelate fixation (CheFi)
method produces high densities (up to at least ~1 atom/nm2) of isolated single atoms of Pt
on a variety of carbon supports (blacks, activated carbon, diamond), as well as TiO2 and
SiO2. In addition, the method has been demonstrated for other catalytically important
transition metals (e.g., Ir, Ru). The results open up a simple, cheap and scalable method to
produce SACs, for both fundamental catalysis studies and practical industrial applications.
Aberration corrected scanning transmission electron microscopy (AC-STEM) has
been used to characterize the samples. Figure 3.2(A-F) show the images of CheFi-prepared
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0.8%Pt/VXC-72, 3.5%Pt/VXC-72, and 7.7%Pt/VXC-72 corresponding to densities of 0.1,
0.45 and 1.0 atom/nm2. With a reduction temperature of 170°C (Figure 3.2(A-C)) the
atoms are seen to be completely isolated, while a higher reduction at 300°C causes a small
amount of agglomeration at the highest metal loading (Figure 3.2(F)). Applying 1
atom/nm2 on a Norit ROX carbon with a surface area of 1200 m2/g resulted in 30%Pt/C
SACs shown in Figure 3.2(G-H). The higher resolution images show well distributed
single atoms. The zoomed inset emphasizes the contrast signal overlap from single atoms
in different focal planes as a white haze below and above the single atoms in focus. The
higher temperature reduction (300°C) again causes a slight amount of agglomeration
(Figure 3.2(H)). As some blurring is caused by the three-dimensional sample not all being
in the focal plane, this was further explored. Figure A4 shows the same area with either
the left-hand focused (Figure A4(A)) or the right-hand (Figure A4(B)). Atoms are clearly
resolved when any section of the sample is brought into focus. Such imaging strongly
suggests that the metal atoms are not only present on the outer surface of the support, but
within the support pore framework.
Further characterization has been performed with XPS and CO-temperature
programmed desorption. The in-situ XPS measurement of Pt 4f peaks of 2%Pt/VXC-72
prepared by standard dry impregnation before reduction in hydrogen is shown in figure
A5(A), and contain several species of Pt, including PtOx at 72 eV, Pt4+ at 72.9 eV, and
PtCl6 at 75.7 eV. After an in situ reduction at 300˚C only one Pt species peak at 71.2 eV
is observed, and is associated with the Pt 4f of metallic Pt nanoparticles (Therrien et al.
2018). Indeed, reduction of the sample to 600˚C resulted in the same position of the Pt 4f
peak, confirming it as a reference for Pt nanoparticles. A 2%Pt/VXC-72 catalyst prepared
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using CheFi showed different species of Pt in as received sample demonstrated in figure
3.3(A) and after in situ reduction at 170˚C, 300˚C, and 600˚C Pt 4f peak showed up at the
characteristic position of 71.2 eV for nanoparticles and 72.4 eV for single atoms. Before
reduction at 600˚C, the catalyst was reduced at 170˚C, with the XPS spectrum shown in
figure 3(A). This corresponds to STEM images (figure A5(B)) revealing only single Pt
atoms, with the associated Pt 4f peak shifted to 72.4 eV (Huabin Zhang et al. 2018). The
small peak at 70.9 eV is attributed to formation of single atom Pt carbide atoms (Vu et al.
2011). The sample reduced at 300˚C demonstrated two Pt 4f peaks at both 71.2 and 72.4
eV, associated with nanoparticles and single atoms, as seen in the associated STEM images
(figure A5(C)). The 30% Pt/CNorit fresh catalyst was slightly more oxidized than the fresh
2% Pt/VXC-72 shown in figure 3.3(B). The 30% Pt/CNorit catalyst reduced at 100˚C
resulted in a single specie associated with single atoms while reduction at 170˚C resulted
in coordination of single atoms together because of high density of single atoms (figure
3.2(G)). A higher temperature reduction at 300˚C resulted in coordination of all Pt atoms
and formation of very small clusters shown in figure 3.2(H).
Temperature programmed desorption of CO (CO-TPD) can further distinguish
between SACs and catalysts containing nanoparticles (Hulva et al. 2021). The results in
figure 3.3(C) demonstrate the difference in CO desorption temperature from SACs and
catalyst containing both SACs and nanoparticles. The bottom (black) curve shows CO
desorption profile from the 2%Pt/VXC-72 catalyst that was first reduced at 170˚C. A main
CO desorption peak appears at 350K, and is attributed to desorption from single Pt atoms
(Therrien et al. 2018). A small shoulder at 400 K can be attributed to the Pt carbide in the
catalyst(Therrien et al. 2018), consistent with the XPS results (Vu et al. 2011). The top
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(blue) curve shows the CO desorption profile for the 2%Pt/VXC-72 catalyst reduced at
300˚C. Desorption peaks are observed at 350K and 480K, and arise from single atoms and
nanoparticles, respectively. These observations are once again consistent with the ACSTEM images of the catalyst treated at 170˚C (figure A5(B)) and 300˚C (figure A5(C)).
Since a large fraction of Pt atoms is inside the nanoparticles and are not accessible to adsorb
CO, the intensity of the CO desorption peak is much smaller than the peak from single
atoms. Figure 3.3(D) (blue) demonstrate CO-TPD of 30% Pt/CNorit reduced at 100˚C
resulting in majority of single atom confirming the XPS results (figure 3.3(B)). Further
reduction at 170˚C resulted in the majority of Pt atoms coordination into dimers, trimers,
and ultrasmall clusters resulted in CO desorption at higher temperatures (figure 3.3(D)
dark green). The CO-TPD of 30% Pt/CNorit reduced at 300˚C showed formation of more
small nanoparticles (figure 3.2(H)) resulted in CO desorption at slightly higher
temperature close to the CO desorption temperature from nanoparticles (figure 3.3(D) light
green).
Because the chelating agent is not soluble in water a polar solvent like acetone is
needed to dissolve the chelating agent and with a dipole moment higher than water,
replaces water to facilitate the chelating process. The presence of water in the system exerts
a repulsive force on the chelated complex of metal ion to the more stable surface of the
solid support during activation and results in immobility of the catalyst precursor complex.
The CheFi method appears to be applicable to a variety of transition metals,
regardless of the presence of ligands in the precursors. The 8-HQ can chelate metal ions
(Martín 2018; Zborowski et al. 2013; Guo et al. 2015) or metal ion complexes with
ligands(Warr et al. 2009; Uysal et al. 2017; Carson et al. 2015). For example, Figure A6
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shows the platinum NMR taken during 8-HQ interaction with hexachloroplatinate anion.
The results show a peak for platinum at 224.1 ppm suggest the chelating agent chelate the
metal ion complex as well. A catalyst using the platinum nitrate as precursor on
nanodiamond is shown in figure 3.4(A).
The CheFi method appears to be very versatile with respect to both supports and
metals. In addition to VXC-72 (i.e., carbon black) and Norit ROX (activated carbon),
Figure 4B shows a representative STEM image for 1% Pt on nanodiamond. The result
shows that single Pt atoms can be produced on a support that has no surface functional
groups. Silica and titania are two other common industrial oxide support substrates, and
CheFi also yielded isolated Pt atoms (figure 3.4(C) (figure A7), and figure 3.4(D),
respectively). With different metals, Figures 3.4(E) and 3.4(F) show VXC-72-supported
catalysts containing 3.5%Ir and 1.8%Ru prepared by the CheFi method.
In conclusion, the CheFi method is a simple, fast, and readily scalable synthetic
strategy to produce SACs utilizing pre-existing support substrates. Perhaps most exciting
is that the CheFi method is extremely simple, scalable, and can be applied to a wide variety
of precursors regardless of the presence of ligands, charge, and ionic strength of the
synthesis media.
FTIR
The Fourier transform Infrared spectroscopy using CO as a probe bonding with
SACs. In general, as a probe, room temperature chemisorption of CO can be utilized to
determine the characteristics of the catalyst surface via FTIR. At low coverage, it shows a
single band at 1920 cm-1, and it shifts to higher frequencies with an increase in coverage.
Investigations on Pd single crystal surfaces showed that the coordination number of surface
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sites has a role in determining the band position. Dipole-dipole coupling mode leads to a
continuous shift of absorption band to higher frequencies with increasing in coverage. At
low coverages, a combination of dipole-dipole coupling and indirect effects via the host is
responsible for the shift in frequencies. However, a direct molecular repulsion affects the
chemisorption band so strongly that it covers the other effects at higher coverages. An
increase in coverage of CO molecules on the surface causes a decrease in back donation
into 2𝜋 orbital of the CO. Consequently, the adsorption energy decreases, and the CO
stretch frequency shifts to higher wavenumbers. In the case of SACs, the isolated atoms
are far from each other, and the back donation will be minimum from a single atom, so the
CO stretch frequencies on SACs are expected to shift to the higher wavenumbers. The CO
stretch frequency for clusters/nanoparticles are expected to appear at lower wavenumbers.
The effect of support substrate will be considerable in the position of the CO stretch
frequency on single atom metals in the catalyst. Figure shows in situ FTIR spectra both
during reduction and CO adsorption on 0.98%Pt/Diamond SAC prepared by CheFi. In part
a, stack of spectra every 10˚C starting from 30˚C-300˚C in-situ reduction of the catalyst
revealed that almost all the chelating agent peaks removed at 170˚C. The CO adsorption
carried out following the reduction. After saturation by CO, the system purged with N2
until the gas phase CO removed and stable adsorbed CO remained (part b). The CO-FTIR
study confirmed the results from XPS and CO-TPD which confirms presence of both single
atoms and clusters/nanoparticles in SAC reduced at 300˚C.
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Figure 3.1. Schematic of hypothesis and synthesis methods, (A) effect of water during
drying and activation of the catalyst, (B) chelate fixation during drying and activation.
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Figure 3.2. Various densities of single atom supported catalysts. AC-STEM
images of 0.8%Pt/VXC-72 CheFi, 3.5%Pt/VXC-72 CheFi, 7.7%Pt/VXC-72 (1 Pt
atom/nm2) CheFi reduced at (A-C) 170˚C, and (D-F) 300˚C, 30%Pt/CNorit (1 Pt
atom/nm2) CheFi-reduced at (G) 170˚C, and (H) 300˚C.
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Figure 3.3. In Situ XPS studies & CO TPD, In situ XPS spectra of (A) fresh, reduced at
170˚C, 300˚C, and 600˚C 2%Pt/VXC-72 CheFi, (B) fresh, reduced at 100˚C, 170˚C, and
300˚C 30%Pt/ C CheFi, (C) CO-TPD of 2%Pt/VXC-72 CheFi in situ reduced at 170˚C
and 300˚C, (D) CO-TPD of 30%Pt/ C CheFi in situ reduced at 100 ˚C , 170˚C and 300˚C.
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Figure 3.4. Versatility of the CheFi method. (A) 2%Pt/Diamond (platinum nitrate
precursor), (B) 1% Pt/Diamond, (C) 0.78% Pt/SiO2, (D) 1.9% Pt/TiO2, 3.5%Ir/VXC-72,
and 1.8%Ru/VXC-72.
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Figure 3.5. In situ FTIR spectra of 0.98%Pt/Diamond a) in situ reduction
under 10%H2/N2 and b) CO adsorption and purging with N2 to remove gas
phase CO, adsorbed CO remaining (in set).
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CHAPTER 4
EVALUATION OF PALLADIUM/GOLD DILUTE LIMIT ALLOY FOR
PARTIAL OXIDATION OF 1-PHENYLETHANOL
Introduction
Useful chemicals are widely synthesized by homogeneous transition metalcatalyzed reactions. However, the aggregation and precipitation of atomically dispersed
catalysts cause considerable loss of activity(Enache et al. 2006). For example, palladiumbased catalysts, while being some of the most versatile, are known to aggregate to form Pd
black(Iwasawa et al. 2004). This has spurred interest in the heterogenization of atomically
dispersed Pd catalysts to impart stability and facilitate recyclability.
Supported atomically dispersed Pd on La-modified Al2O3 first time reported (2001)
as an active catalyst for CO oxidation reaction. However, sintering of Pd single atoms
under reaction conditions with temperatures higher than 100 C was an issue. The sintered
Pd particles could be dispersed again by calcination at 700 C in air(Peterson et al. 2014).
The activity of Pt and Au single-atom catalyst reported being much higher than the Pd
single-atom catalyst. However, a recent study has shown that CeO2 supported Pd singleatom catalyst has high activity for CO oxidation because of interactions between PdOx
species and CeO2 in the catalytic cycle(Abbet et al. 2001; L. Liu and Corma 2018; Spezzati
et al. 2017; Su et al. 2018).
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As a probe, room temperature chemisorption of CO can be utilized to determine the
characteristics of the catalyst surface via FTIR. At low coverage, it shows a single band at
1920 cm-1, and it shifts to higher frequencies with an increase in coverage. Investigations
on Pd single crystal surfaces showed that the coordination number of surface sites has a
role in determining the band position. Dipole-dipole coupling mode leads to a continuous
shift of absorption band to higher frequencies with increasing in coverage. At low
coverages, a combination of dipole-dipole coupling and indirect effects via the host is
responsible for the shift in frequencies. However, a direct molecular repulsion affects the
chemisorption band so strongly that it covers the other effects at higher coverages. An
increase in coverage of CO molecules on the surface causes a decrease in back donation
into 2 orbital of the CO. Consequently, the adsorption energy decreases, and the CO
stretch frequency shifts to higher wavenumbers.
Selective oxidation of alcohols on heterogeneous catalysts has been reported with
high activity and selectivity using supported nanoparticles such as Pd, Au, Pt, etc(Davis,
Ide, and Davis 2013; Abad et al. 2005; Enache et al. 2006). Iwasawa et al. investigated Pd
based homogeneous catalysts to decrease metal aggregation and precipitation in alcohol
oxidation processes(Iwasawa et al. 2004). Later, Enache et al. studied the oxidation of
primary alcohols to aldehydes using a heterogeneous bimetallic Au-Pd supported catalyst
(Enache et al. 2006). The isolated single atoms are shown as active sites for oxidation of
the alcohols. Hackett et al.(Hackett et al. 2007) made supported single Pd atoms for
selective oxidation of allylic alcohols. A strong size effect on TOFs in crotyl alcohol
oxidation observed from single Pd atoms to Pd nanoparticles. The difference in TOFs was
as large as two orders of magnitude in case of mesoporous alumina support. The highest
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TOF belongs to isolated single Pd atoms while preserving an excellent selectivity. The
partial oxidation of allylic alcohols can be carried out by supported Au catalyst resulting
in very high selectivity towards carbonyl compound products. In comparison, the supported
isolated Pd single atoms catalyst (4400 h-1 at 60 C) has much higher activity with slightly
less selectivity (~90%) than the supported Au catalyst (538 h-1 at 120 C) with very high
selectivity (99%) towards carbonyl compound products. The lifetime of the Pd single-atom
catalyst for selective oxidation of allylic alcohols was not mentioned but the lifetime of the
Au nanoparticle catalysts was very long(Abad et al. 2005; L. Liu and Corma 2018; Hackett
et al. 2007).
An isolated metal atom in a second metal particle might lead to a unique bimetallic
catalyst. The lattice mismatch, steric isolation, electronical effect of the host particle, and
bimetallic catalytic interactions provide coordinatively unsaturated active centers that
might be a heterogeneous mimic of a homogeneous catalyst. A rational advanced method
of catalyst preparation is strong electrostatic adsorption (SEA) (Wong et al. 2017b;
Bahareh Alsadat Tavakoli Mehrabadi et al. 2019). The SEA is a simple and scalable
rational method for catalyst preparation. It offers a better degree of control over the
dispersion of catalysts resulting in very small and uniform nanoparticles. The result can
further improve with tuning treatment conditions, ensuring the accessibility of active
centers. The Single-atom alloy (SAA) catalysts or single-atom catalysts (SAC’s) have been
demonstrated superior performance for selective hydrogenation (Y. Cao et al. 2020; Lucci,
Liu, et al. 2015; Boucher et al. 2013; Yang and Yang 2017; Pei et al. 2014; Fu and Luo
2013; Jilei Liu et al. 2017; Xinrui Cao, Fu, and Luo 2014; Aich et al. 2015; Xinxiang Cao
et al. 2015; Lucci, Marcinkowski, et al. 2015; Simonovis et al. 2019; Jilei Liu et al. 2019),
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selective oxidation (H. Li, Chai, and Henkelman 2019; Kim et al. 2018), alcohol
dehydrogenation (Giannakakis et al. 2018), and C-H activation (Darby et al. 2018;
Marcinkowski et al. 2018; Shan et al. 2018; H. Li, Chai, and Henkelman 2019), among
other reactions (Greiner et al. 2018; Kruppe, Krooswyk, and Trenary 2017b; C.-H. Chen
et al. 2019; Kruppe, Krooswyk, and Trenary 2017a; Thirumalai and Kitchin 2018; Nigam
and Majumder 2018; Kim, Kim, and Lee 2018; Lucci et al. 2016; Xing et al. 2019; Shi et
al. 2014; Z.-T. Wang et al. 2018).
In this study, we demonstrate the synthesis of a supported, dilute limit alloy of Pd
in Au. Using the simple method of co-electrostatic adsorption(Wong et al. 2017b) with
small amounts of Pd precursor relative to Au, Pd sites are isolated in the surface of silicasupported Au nanoparticles. Here we employ the partial oxidation of 1-phenylethanol, for
which the selective product acetophenone will only occur over isolated Pd sites(Enache et
al. 2006; Iwasawa et al. 2004). Site isolation is confirmed with in situ CO adsorption in an
FTIR flow cell as well as measurements of catalytic reactivity.
Materials
Aerosil 300 amorphous silica (280 m2/g, PZC 3.6) was used as support. Catalysts
with different molar Pd:Au ratio of 3:1, 1:1, 1:3, 1:5, 1:14, 1:28, 1:53, and monometallic
Pd and Au catalysts were synthesized. The Au precursor was synthesized using hydrogen
tetrachloroaurate (III) hydrate 99.9% to make trichlorobis(ethylenediamine)gold(III).
Tetraamminepalladium(II) chloride was used as a Pd precursor.
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Strong Electrostatic Adsorption (SEA)
The catalyst was prepared using the simple and scalable method of strong
electrostatic adsorption (SEA) (Wong et al. 2017b; Bahareh Alsadat Tavakoli Mehrabadi
et al. 2019).
In situ FTIR Spectroscopy
A Fourier transform infrared spectroscopy (FTIR) model to develop a probe method
of identifying the isolated catalytic sites in a single atom catalyst has been developed. The
FTIR

measurements

were

performed

with

a

Thermo

ELECTRON

CORPORATION/NICOLET 4700 FTIR spectrometer system equipped with an MCT-B
detector cooled by liquid nitrogen. A homemade in situ flow cell was used in conjunction
with a gas switching manifold. All catalysts individually pressed into a 15 mg pellet and
reduced in situ at 400 ˚C under 10% H2 balance He atmosphere and cool down in the flow
of He gas before CO adsorption. A background FTIR spectrum was taken on the surface
of the catalyst pellet and set as the background for all spectra taken from that specific
catalyst. The background was double-checked with collecting a spectrum that showed a
flat line to make sure of the quality of the background prior to CO adsorption. A 1% CO
balance He gas stream was used to saturate the surface of the catalysts and FTIR spectra
were collecting frequently. Then, to remove gas-phase CO from pores of the catalyst pellet
and the cell, pure N2 gas was purged to the system and FTIR spectra collected frequently
until equilibrium that there was no visible change in the intensity of the spectra.
1-Phenylethanol Partial Oxidation Reaction
The catalysts were evaluated for the oxidation of 1-phenylethanol (PE) in a 110 ml
semi batch reactor (Autoclave Engineers) at 50 psig and 160 °C, with a stirring rate of 400
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rpm. The reactor is only open to a small O2 flow to maintain reaction pressure. In all cases,
the initial reactor loading was 50 ml 1-phenylethanol and 106 mg catalyst. Much attention
was placed on ensuring the safety of the reaction. The reactor is equipped with a rupture
disk, as is standard for performing high pressure reactions. In addition, a needle valve was
installed to control O2 flow to the reactor. This valve is opened only to the level required
to maintain the reaction pressure in the vessel. Thus, in the event of a thermal runaway, the
reactor will quickly become starved of oxygen and the rate will be limited, providing the
opportunity to shut the system down. No evidence of any uncontrolled reaction has been
observed. The compositions of liquid reactant and products at various reaction times were
measured using a gas chromatograph (HP 5890) coupled to an autosampler.
Results and Discussion
The FTIR data in Figure 4.1 show the adsorbed CO spectra and deconvoluted peaks
of various types of CO adsorption on the catalysts. CO adsorption favors non-linear
adsorption on the surface of Pd. In the case of the bimetallic catalyst, the presence of the
Au further promotes the nonlinear CO adsorption. Figure shows the CO adsorption spectra
on the monometallic Pd catalyst and 1:3 molar ratio of Pd-Au bimetallic catalysts. The
intensity of the nonlinear CO adsorption peaks is higher than linearly adsorbed CO that
confirms the presence of the Au promotes nonlinear CO adsorption. Because of the
difference in surface free energy, most of the Pd atoms are expected to be positioned on
the surface of the bimetallic Au-Pd catalysts. There are DFT studies that suggest bridge
mode adsorption of the CO on the interface of Au-Pd atoms. The bright red deconvoluted
peak is assigned to the bridge adsorption of the CO on Au-Pd sites. The linear CO
adsorption is more favored when the surface is saturated with CO or there are only isolated
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Pd sites on the surface. On the monometallic Au surfaces, CO adsorption is almost
negligible at room temperature.
The CO adsorption on monometallic Pd was used as a reference to fit the position
and shape of peaks attributed to Pd. Au shows only a very small CO adsorption peak at
2130 cm-1 wavenumber. Figure 4.2 demonstrates the shift in CO adsorption frequency at
low Pd loading. The CO adsorption peaks on the bimetallic catalyst shift to lower
wavenumbers in comparison with the monometallic Pd catalyst with the same amount of
Pd. It may be due to the change in electronic interactions between Au and Pd atoms in the
bimetallic catalyst which causes a resonance-like effect by increasing charge transfer to the
C-O bond that leads to a decrease in frequency. In the bimetallic catalyst, the position and
intensity of the peaks changed significantly with a decrease in the amount of Pd in the
catalysts, while keeping the Au loading constant. Figure 5.3 shows the isolated sites to
non-isolated sites peak area by decreasing the Pd:Au molar ratio. This analysis confirms
that almost all multi-coordinated forms of CO adsorption on Pd disappeared at the dilute
limit of Pd/Au. The spectra and deconvoluted peaks of CO adsorption on all catalysts are
shown in Figure 4.4.
The CO adsorption FTIR spectra in Figure deconvoluted to get detailed insight on
linear and nonlinear adsorbed CO on the surface of each catalyst. The linearly adsorbed
CO on the dilute limit Pd-Au/SiO2 catalyst showed four different peaks shifting with the
change in coverage and the Pd:Au ratio. There are two broader peaks attributed to the
nonlinearly adsorbed CO at 1893 and 1943 cm-1. The linear peaks are downshifting with
time after purging the CO saturated catalyst with pure N2. The first linear peak at the
highest wavenumber assigned to the linearly adsorbed CO on single Pd atoms on the
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support or single Pd atoms in a super small cluster of Au with a few numbers of Au atoms.
Based on the literature and the data from very low loading of Pd on SiO2, the Pd atoms are
considered as coordinatively unsaturated. Therefore, Pd atoms adsorb CO stronger than the
CO atoms associated with larger nanoparticles with higher electron density. Consequently,
withdrawing electron density from the C-O bond causes an inductive effect that injects
electron from oxygen into the C-O bond. Because of electron deficiency and inductive
effects, the C-O bond becomes stronger, and the peak shows up at higher wavenumber
relative to the other peaks. The intensity of this peak is very low because of the very small
percentage of Pd atoms are placed individually on the support or small Au clusters. So, this
peak is almost negligible relative to the other peaks at CO saturated spectra.
The next three peaks that are present in all spectra attributed to the linearly adsorbed
CO on the Pd atoms at different conditions and positions. It’s been reported in several
studies that the intensity of these peaks decreases with decreasing wavenumber. In order
to study the effect of the coverage, the collected spectra deconvoluted from CO saturation
until the equilibrium with respect to time and the results are shown in Figure . It is assumed
that the adsorbed CO are at the most stable state with no intramolecular effects forcing CO
molecules to get adsorbed linearly. The nonlinear CO adsorption is the most favorable and
stable form. Therefore, it is highly likely that the linearly adsorbed CO at equilibrium are
adsorbed on the isolated Pd atoms. All three linearly adsorbed CO peaks downshifted in
wavenumbers until steady at equilibrium. However, the intensity of peaks with lower
wavenumbers showed a sudden decrease right after switching to the pure N2 and then a
sudden increase in intensity after a short period of time and later started decreasing
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gradually. The intensity of the linear adsorbed CO with higher wavenumber decreases
steadily until constant at equilibrium.
Catalyst Evaluation with 1-Phenylethanol Partial Oxidation Reaction
The preliminary results of the probe reaction are shown in Error! Reference source not
found.. Significant amounts of acetophenone were produced at a Pd/Au ratio of 1:5, and
this amount (per Pd site) increased further as the ratio of Pd/Au decreased. Evaluation of
the complete series is underway. The turnover frequencies TOFs on the basis of total metal
and Pd are reported in Error! Reference source not found. for all catalysts. The TOF is very
low in case of single metal catalyst in comparison with bimetallic catalysts. It has been
reported that the support has a substantial effect on the reactivity of the catalyst. A few
supports Al2O3, TiO2, Carbon, Fe2O3, and SiO2 are listed from the most to least influential
in term of reactivity of the catalysts. The TiO2 supported catalyst showed the best activity
and selectivity(Enache et al. 2006). In order to examine the activity of the isolated Pd sites,
the least influential support SiO2 was utilized to synthesize all of the single atom alloy
catalysts. The bimetallic Pd-Au/SiO2 catalysts TOFs increased from 31 h-1 to 4654 h-1 as
the ratio of Pd:Au decreased from 1:5 to 1:53.
Figure 4.9 shows the concentration of the only oxidation product acetophenone for
single metal silica supported catalysts and two bimetallic catalysts with 1:5 and 1:14 PdAu ratios. The amount of bimetallic catalysts in each reaction setup were adjusted to have
0.64 mmol of Pd in the reaction media. The results in Error! Reference source not found.
shows that the Pd-Au catalyst with the 1:14 ratio is more active with the same amount pf
Pd present in the reaction media because of more isolated active sites. Therefore, as the
number of isolated Pd sites increases, the catalyst becomes more active. The mechanistic
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step of Pd-Au bimetallic interaction that facilitated the partial oxidation of 1-phenylethanol
at low temperature is shown in Figure 4.6 (Rodriguez, Williams, and Monnier 2014). The
activity of monometallic Pd or Au is very low in comparison with the bimetallic catalysts.
This suggests that similar to the homogeneous catalyst that becomes deactivated via
forming Pd black by having two or more Pd atoms agglomerated together, the activity of
the catalyst depends on the number of isolated sites.
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Table 4.1. TOFs of catalysts with different Pd content.
Pd

Au

TOFtotal-metal

TOFPd

(10-3 mol/L)

(10-3 mol/L)

(h-1)

(h-1)

Pd

19.4

0

0.5

0.5

Au

0

24.75

0.4

0.4꙳

1:5 Pd:Au

3.2

20.4

5.2

31

1:14 Pd:Au

1.8

25.8

4.4

68

1:28 Pd:Au

1

25.8

31

833

1:53 Pd:Au

0.4

24.75

74

4654

Catalyst
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Figure 4.1. CO adsorption spectra of monometallic Pd and bimetallic Au-Pd catalysts.
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Figure 4.2. Shift of CO adsorption peaks between Pd and Pd-Au catalysts with same
amount of low Pd loading.
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Figure 5.3. CO adsorption deconvoluted peak area ratio of isolated sites to non-isolated
sites
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Figure 4.4. CO adsorption spectra of all catalysts.
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Figure 4.5. CO adsorption spectra on 1:53 Pd-Au/SiO2 catalyst vs. time.
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Figure 4.6. Linear and non-linear peaks position and intensity vs. time for dilute limit
alloy catalysts.
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Figure 4.7. Reactor schematic for partial oxidation of 1-phenylethanol.
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Figure 4.8. Reaction data of 1-phenylethanol partial oxidation using different catalysts.

79

Figure 4.9. Production of acetophenone using the same amount of Pd in the reactor with
different catalysts.
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Figure 4.6. Proposed mechanistic step of bimetallic interaction of 1-phenylethanol on
Pd-Au single atom alloy site during partial oxidation.
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CHAPTER 5
RATIONAL SYNTHESIS OF MODEL CATALYSTS FOR SELECTIVE
OXIDATION OF HYDROCARBONS

Summary

Ruthenium based catalysts with 3wt.% ruthenium content were synthesized by a
variety of synthetic methods. The structure and physical properties of the catalysts were
analyzed using a range of microscopic and spectroscopic approaches. New bimetallic
copper-ruthenium and tin-ruthenium complexes were prepared and impregnated onto a
silica support. The resulting catalysts displayed considerable promise for the partial
oxidation of hydrocarbons to higher value-added chemicals. Catalytic tests demonstrated
the Ru6/SiO2 cluster derived catalyst had a relatively high activity, as well as the highest
selectivity towards acetophenone. The Ru6/SiO2 cluster-derived catalyst, with the highest
TOF, formed rod shape particles that provided a particular facet for the oxidation reaction.
The XPS results indicated that the carbide in the Ru6C(CO)16/SiO2 cluster remained in the
structure during the activation of the catalyst. Copper, which was introduced to the
(CH3CN)2Cu2Ru6C(CO)16 cluster, promoted the adsorption of oxygen, resulting in higher
synergistic

activity

and

spherical

structure

of

the

catalyst

particles.

The

bimetallicRu3Cu1/SiO2 SEA (Strong electrostatic Adsorption) catalyst was the most stable
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and dispersed catalyst with high activity. The activity and the selectively of the cluster
derived catalyst decreased by adding tin to the cluster, despite the rod-shaped structure.

Introduction
Phenyl ketones are important functionalized molecules that are primarily produced
by Friedel-Crafts reactions, employing acid halides or acid anhydrides. The process
requires stoichiometric amounts of the AlCl3 catalyst and produces a large quantity of waste
that makes it undesirable on large scales. Partial oxidation of alkylbenzenes using more
environmentally friendly and efficient methods that employ, for example, O2 as oxidants
are being studied. Acetophenone (AP) is an essential intermediate in the production of
important chemicals such as pharmaceuticals, resins, perfumes, alcohols, and esters. As
such, there are many studies exploring environmentally friendly methods for producing
acetophenone using both highly active and selective homogeneous and heterogeneous
catalysts. Several attempts have been made using catalysts with tert-butyl hydroperoxide
(TBHP) or hydrogen peroxide (H2O2) as oxidants. However, less expensive and more
available oxidants like oxygen (particularly in the form of air) would be more preferable
(Takahashi et al. 2017; H. Wu, Zhao, and Hu 2018; Sartori and Maggi 2006; López Nieto
and Solsona 2018; Luo et al. 2016; J. Xu et al. 2016; Armstrong et al. 2016; Valange and
Védrine 2018; Rafelt and Clark 2000; Raji, Chakraborty, and Parikh 2012).
Selective oxidation is a valuable method for preparing higher value chemicals from
abundant, inexpensive simple hydrocarbons (Webb, Bolaño, and Gunnoe 2010).
Controlled selective oxidations require the use of specialized catalysts. Copper ions in low
oxidation states are well known for their ability to activate molecular oxygen (Elwell et al.
2017; Cook et al. 2018; Khivantsev et al. 2018). Nanoparticles of copper, silver, and gold
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have recently been shown to be effective catalysts for selective oxidation reactions
(Groothaert et al. 2005). Some copper-iron and copper-palladium bimetallic catalysts have
been found to be even better than pure gold for certain selective oxidation reactions (J. Xu
et al. 2016; Xavier, Chacko, and Yusuff 2004). Very few bimetallic copper-ruthenium
oxidation catalysts have been investigated to date. However, such catalysts might be
expected to perform well because Ru based catalysts have been reported to be very stable
and resist coking due to the enhancement in the oxidation of CHx fragments, which are
adsorbed on the Ru active site (Sengodan et al. 2018). W. Wang, Ran, and Shao (2011)
reported that a 3 wt% Ru/Al2O3 showed excellent operation stability in solid oxide fuel cell
operating on methane and RuOx interaction with the support in the as-synthesized catalyst
(W. Wang, Ran, and Shao 2011).
Adsorbed oxygen can be classified into two types. First type is electrophilic oxygen
species including oxide (𝑂− ), superoxide (𝑂2− ), and peroxide (𝑂22− ) which are responsible
for complete oxidation. Second type is identified as lattice oxygen refers to the oxide ion
(𝑂2− ) which is responsible to carry out partial oxidation. This oxide ion has its full
complement of electrons so it reacts with electron-poor portion of the molecule (Oyama
1996b). In ethylbenzene partial oxidation, the oxide ion reacts with ethyl group because
the benzene ring is electron rich. It is highly likely that ethylbenzene adsorbs at oxide ion
sites on the catalyst surface through the electron-poor ethyl group(Dadyburjor, Jewur, and
Ruckenstein 1979; Oyama 1996a; Fathizadeh et al. 2018).
There is a relationship between the metal-oxygen bonds strength and the catalyst
activity, selectivity, and the reactivity of surface oxygen species. The catalysts surface gets
reduced by the adsorption of hydrocarbon and re-oxidized by oxygen without apparent
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damage to the surface. The reduction of the catalyst by hydrocarbon is a surface reaction
followed by diffusion of oxygen in the lattice of the catalyst. The gaseous oxygen replaces
the consumed oxygen in the lattice. A proper catalyst for partial oxidation provides limited
amount of oxygen sufficient to form desired products but less than enough for complete
oxidation. To maintain a reasonable rate of reaction, a continuous supply of lattice oxygen
is needed. Therefore, first step in selective oxidation is converting gaseous oxygen into
lattice oxygen(Dadyburjor, Jewur, and Ruckenstein 1979).
The objective of this project is to understand how advanced methods of rational
catalyst synthesis will control the structure, reactivity, and stability of heterogeneous
bimetallic catalysts for selective oxidation of ethylbenzene. New bimetallic copperruthenium and tin-ruthenium complexes have been prepared and impregnated onto a silica
support. The resulting catalysts have been shown to have considerable promise for the
partial oxidation of hydrocarbons to higher value-added chemicals. Partial oxidation
catalysts have been synthesized with a wide variety of preparation methods, but these
methods lack the ability to control the atomic distribution of the true bimetallic nature of
the catalyst, uniform particle size, and controlled synergistic effect of bimetallic catalysts.
In this study, we employed what is generally called rational catalyst synthesis to prepare
novel catalysts. Ultimately, ethylbenzene partial oxidation (Figure 5.1) is used as a target
reaction with which to evaluate performance of the bimetallic catalysts.
Instrumentation
Infrared spectra were recorded on a Nicolet IS10 Midinfrared FT-IR
spectrophotometer. 1H NMR was recorded on a Varian Mercury 300 spectrometer
operating at 300 MHz, respectively. All NMR spectra were recorded using solutions in
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CD2Cl2 in 5mm sample tubes. All electron microscopy images were taken using a JEOL
JEM-2100F Aberration Corrected Scanning Transmission Electron Microscope equipped
with Fischione high angle annular darkfield detector (HAADF).
Reagents
Ru3(CO)12 was purchased from STREM Chemicals. [Cu(MeCN)4][BF4] was
purchased from Sigma Aldrich. Ru(NH3)6Cl3 and Cu(NO3)2 were purchased from Alpha
Aesar chemical manufacturing company. All reagents were used without further
purification. Ru6C(CO)17 and Ru5C(CO)15 were prepared according to previously reported
procedures.(Nicholls and Vargas 1983) (CH3CN)2Cu2Ru6C(CO)16(J. S. Bradley et al.
1982) and HRu5C(CO)15SnPh3(Adams et al. 2002b) were prepared according to previously
reported procedures.(J. S. Bradley et al. 1982; Adams et al. 2002a) The support used was
SiO2 Evonik AEROSIL 300.
General Catalyst preparation
For a given catalyst preparation, the precursor complex was dissolved in 20mL of
tetrahydrofuran in a 100mL flask. To this was added the appropriate amount of silica
powder. This mixture was stirred vigorously for 4h and the resultant slurry was slowly
dried by removal of the solvent under vacuum. All SiO2 supported catalysts were subjected
to thermal removal of the ligands at the selected temperature for activation by heating under
vacuum. All Ru-containing catalysts prepared contained 3wt% Ru. The table described
below shows the calculated amount of precursor complex and silica powder used in each
catalyst preparation.
Ru(NH3)6Cl3 and Cu(NO3)2 precursors were used for catalysts preparation with the
SEA method(Bahareh Alsadat Tavakoli Mehrabadi et al. 2018; Wong et al. 2017b) and dry
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impregnation methods. The catalysts were classified with constituent metal(s) symbols
with no suffix for the cluster derived catalysts. The suffix SEA and DI were used for
catalysts prepared with the SEA method and dry impregnation method, respectively. There
is a cluster derived catalyst with a physical mixture of impregnated precursors that is shown
with a “Phys. Mix.” suffix. In the case of bimetallic catalysts, the molar ratio of the
constituent metals was used as an identification for composition.
Catalyst evaluation
The catalysts were evaluated for the oxidation of ethylbenzene in a 110 ml semi
batch reactor (Autoclave Engineers) at 150 psig and 150°C, with a stirring rate of 300 rpm.
The reactor is only open to a small O2 flow to maintain reaction pressure. In all cases, the
initial reactor loading was 50 ml ethylbenzene (EB) and 50 mg catalyst. Much attention
was placed on ensuring the safety of the reaction. The reactor is equipped with a rupture
disk, as is standard for performing high pressure reactions. In addition, a needle valve was
installed to control O2 flow to the reactor. This valve is opened only to the level required
to maintain the reaction pressure in the vessel. Thus, in the event of a thermal runaway, the
reactor will quickly become starved of oxygen and the rate will be limited, providing the
opportunity to shut the system down. No evidence of any uncontrolled reaction has been
observed. The compositions of liquid reactant and products at various reaction times were
measured using a gas chromatograph (HP 5890) coupled to an autosampler (Figure 5.22).
Computational Calculations
Figure 5.3 demonstrates the results of computational calculation for different
species of Ru based catalyst for C-H bond activation. The C-H bond activation on Ru
follows a two-state pathway suggesting that the empty 5s orbital providing energetically
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favorable pathway (Figure 5.3(A)). The minimum activation energy for Ru1 and Ru6
calculated 0.14 eV (2μb path) and 0.76 eV (8μb path), respectively. In the case of
ruthenium oxide, the calculations shoed a single state reactivity with a minimum activation
energy associated with empty 5s orbital of Ru (Figure 5.3(B-C)). The overall results
showed that the Ru+1 is the most active specie among two atom clusters and Ru6 cluster is
associated with higher activation energy (Figure 5.3(D)).
Results and Discussions
Catalyst activation
The precursor-impregnated supports were first examined using temperatureprogrammed methods to determine a suitable activation procedure. Temperatureprogrammed reduction (TPR) in H2, oxidation (TPO) in O2, and decomposition (TPD) in
He, were explored for all the materials. Some representative examples are shown in Figure
for the

case of

the

Ru6C(CO)16, (CH3CN)2Cu2Ru6C(CO)16, Ru3(CO)12, and

(CH3CN)4Cu(I)BF4 precursors. The TPO (red curve) has a higher intensity because all of
precursors contain carbon in their ligand structures. So, the concentration for CO2 is larger
in comparison with TPR and TPD. There are two main peaks for Ru6C(CO)16/SiO2 because
of carbide and carbonyl ligands. There are three large peaks plus a shoulder on the first
peak for CO2 in the TPO curve of (CH3CN)2Cu2Ru6C(CO)16/SiO2. This is due to different
carbon-containing ligands. Indeed, just one peak of CO2 appears in the TPO curve for the
Ru3(CO)12/SiO2 catalyst, coming from the carbonyl group in the cluster structure. The
results for TPD (green curve) show very similar results, albeit with less intensity plus some
additional CO2 coming off the surface at slightly higher temperatures for each catalyst.
This may be due to the starvation of oxygen and using oxygen from the support structure

88

to oxidize carbon containing ligands at higher temperatures. The TPR (blue curve) results
don’t have high intensity peaks because reduction with hydrogen is more likely to happen
in the absence of oxygen. Also, reduction with hydrogen is more favorable to happen at
lower temperatures than taking oxygen from the support structure, which needs more
energy and consequently higher temperatures.
While the oxidation technique shows promising results for activation of the
catalysts, it also may affect the initial rate of the reaction since the catalyst might be fully
oxidized. Catalysts were thus all activated at 400°C for 3 hrs in flowing He to ensure
complete ligand removal.
Catalyst characterization
In-situ XPS results (Figure ) demonstrated a small shift in C 1s, Ru peak from
281.5 eV to 280.9 eV representing less oxidized Ru after thermal treatment. According to
the computational calculation less oxidized Ru specie expected to have lower activation
energy for C-H bond activation. The result showed that during thermal treatment show that
the carbide ligands remain in the clusters, likely maintaining their structure to some extent.
The calculations of activation energy showed much lower activation energy for Ru carbide
in comparison with the Ru6 clusters. However, in-situ FT-IR results in Figure 5.6 show
that other ligands, like carbonyl groups, are eliminated due to the thermal treatment
providing a clean surface for the reaction to proceed.
Catalysts were examined using XRD before and after activation. As an example,
Figure 5.7 shows the powder XRD patterns for Ru6/SiO2, Ru6Cu2/SiO2, Ru3/SiO2, and
Cu/SiO2 catalysts. As seen, there are no significant diffraction peaks prior to activation
(other than for the SiO2 support at 2 = 25˚). After activation at 400oC for 3 hrs in flowing
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He, there are several peaks resulting from various crystallites of Ru being formed. Analysis
of these various peaks using the Scherrer equation suggests that there are particle sizes
ranging between 2-15 nm for Ru6Cu2/SiO2. The situation is similar for 3 wt% Ru6/SiO2. In
contrast, for 3 wt% Ru3/SiO2, the XRD size range was found to vary up to 90 nm,
suggesting that the carbide-free precursors are less stable to sintering upon activation. In
the case of the 3 wt% Cu/SiO2 catalyst, the XRD suggests that there are only very small (<
1nm) crystallites after treatment.
Figure 5.8 shows the STEM images of catalysts. Ru6/SiO2 cluster derived catalyst
showed large rod shape particles confirming XRD results with sharp peaks. This provides
specific facets while XPS results showed there is carbide on the surface of the catalyst even
after activation treatment. The bimetallic Ru6Cu2/SiO2 cluster derived catalyst formed
small spherical particles along with some agglomerated particles. The small particles
provide higher surface area with more active sites due to bimetallic nature of the catalyst.
The dry impregnation Ru/SiO2 DI catalyst presented all three small spherical, large
agglomerated, and rod shape particles at once. The metal loading in all catalysts was 3 wt%
and the Ru/SiO2 DI catalyst has fairly larger particles in comparison with the other
catalysts, so it has less surface sites in comparison with other catalysts. The smallest
monodisperse particles belong to the bimetallic Ru3Cu1/SiO2 SEA, which has the highest
metallic surface area among all these catalysts. A similar cluster derived bimetallic catalyst
with separate clusters made of physically mixed Ru6C(CO)16 + (CH3CN)4Cu(I)BF4 clusters
formed large nonuniform particles under the same treatment and conditions. So, the active
surface area is smaller relative to the other catalysts. Monometallic Ru3/SiO2 clusterderived catalyst formed a blend of small spherical and large triangular particles with lower
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surface area in comparison with other catalysts with the same ruthenium loading. Finally,
small spherical particles were observed for bimetallic Ru5Sn/SiO2 cluster derived catalysts
with a core of ruthenium and a partial shell of tin.
Catalytic performance and comparison
Parameters of kinetic models are estimated using pseudo-first order reaction
models, with reaction rate constants found using least square fitting method, as described
in detail in the Supporting Information. For example, fitting results for Ru5/SiO2,
Ru5Sn/SiO2, Ru6/SiO2 and Ru6Cu2/SiO2 are shown in Figure 5.9.
The results listed in Table 5.2 show that bimetallic catalysts are more active than
monometallic catalysts because the second metal promotes more reaction pathways. For
example, Ru6/SiO2 catalyst selectively promoted the first reaction. However, when copper
was added to the cluster, it resulted in the promotion of the second reaction while k1 for the
first reaction is almost the same as the monometallic Ru6/SiO2 catalyst. The increase in k2
comes from a bimetallic synergistic effect in Ru6Cu2/SiO2 because Cu/SiO2 itself promotes
the third reaction. Dry impregnation catalysts show the same trend, but they are less active
because of larger particle sizes and wider size distribution, and consequently have less
active surface area. This behavior is in agreement with crystallite size distribution from
XRD results. The larger Ru size distribution promotes the third reaction, and smaller Ru
particle size distribution promotes first reaction. The catalyst derived from Ru5C(CO)15
clusters is less active than the catalysts derived from Ru6C(CO)16 clusters. The Ru5Sn/SiO2
catalyst shows less activity than Ru5/SiO2 because of different sizes, shapes, and facets of
active sites. Adding Sn to the cluster poisons the catalyst and affects the selectivity of the

91

catalyst. The bimetallic Ru5Sn/SiO2 catalyst has slightly smaller crystallite size distribution
than Ru5/SiO2. The same trend is observed between Ru6Cu2/SiO2 and Ru6/SiO2.
The Ru6/SiO2 cluster-derived catalyst formed rod shape particles that provide a
special facet for the oxidation reaction. According to the parameter estimation results, this
catalyst has proven to be the most selective catalyst toward direct conversion of
ethylbenzene to acetophenone. The turnover frequency of Ru6/SiO2 cluster derived
catalysts is highest among all catalysts. The bimetallic cluster derived Ru6Cu2/SiO2 catalyst
has small spherical particles in addition to some large, sintered particles. The activity of
this catalyst is highest in term of reaction rate, which is due to a synergistic effect of
bimetallic particles. The Ru6/SiO2 cluster derived catalyst promotes direct conversion of
ethylbenzene to acetophenone, while the copper catalyst promotes the reaction path with
1-phenyl ethanol as an intermediate to the acetophenone. In the case of the bimetallic
cluster derived catalyst, the sum of the reaction rate constant for the direct and indirect
conversion of ethylbenzene is higher than each pathway individually. This suggests that
the bimetallic cluster derived Ru6Cu2/SiO2 catalyst provides higher activity because of
synergistic bimetallic effects. However, it shows smaller particles than the Ru6/SiO2 cluster
derived catalyst with a higher rate of conversion for ethylbenzene, but it has 2.7 times lower
TOF (Table 5.3) in comparison with monometallic Ru6/SiO2 catalyst. The dry
impregnation Ru/SiO2 DI catalyst shows the formation of all sorts of shapes observed in
all catalysts. It contains spherical, rod, and sintered shape particles all in one. The activity
of this catalyst is slightly lower than cluster derived catalysts. The Ru3Cu1/SiO2 SEA
catalyst represents a uniform distributed particle size with spherical particles. Regardless
of the high surface area of the Ru3Cu1/SiO2 SEA catalyst, it has almost the same activity
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as the Ru6/SiO2 and Ru6Cu2/SiO2 catalyst. In the case of Ru3Cu1/SiO2 SEA, it was not
confirmed that the reaction condition is not mass transfer limited because of the design
limitation. In slightly higher agitation speeds, a centrifuge effect separated the catalyst
particles from the reaction media to the wall and top of the reactor resulting in a decrease
in the performance of the process. Because of the much higher surface area in this catalyst
in comparison with the rest of catalysts, there may be mass transfer limitation in adsorption
of gaseous oxygen that limits the formation of the lattice oxygen.
Conclusions
The cluster derived Ru6/SiO2 catalyst had a high selectivity for ethylbenzene partial
oxidation towards acetophenone, while the Ru6Cu2/SiO2 cluster derived catalyst had a
higher activity because of its higher surface area and the synergistic effect of the bimetallic
catalyst. The interaction between Ru6C(CO)16/SiO2 and carbide that was revealed through
XPS may explain the formation of a rod-shaped structure. This structure provides a special
facet that selectively promotes the direct reaction pathway to acetophenone formation with
a high TOF. The Ru5Sn/SiO2 catalyst showed that tin can poison the catalyst, which has a
negative bimetallic effect on the activity of the catalyst, regardless of the rod-shaped
structure. The Ru3Cu1/SiO2 SEA catalyst had a highly dispersed particle size distribution.
It displayed much better stability and agglomeration resistance than all other catalysts. The
dry impregnation catalysts, as benchmark catalysts, showed relatively lower activity than
the cluster derived catalysts and SEA catalyst. The physical mixture of the cluster derived
catalyst showed the lowest activity, which emphasizes the effect of the synthesis method
and synergistic effect of the bimetallic catalyst.
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Table 5.1. Calculated amount of precursor complex and silica powder.
Sample
No.

Sample contains
(3% Ru metal by weight on
SiO2 support)

Amount of
SiO2
added
(mg)

HRu5C(CO)15SnPh3 / SiO2

Amount of
metal
precursor
complex
added (mg)
38.25

1.
2.

Ru3(CO)12 / SiO2

31.6

500

3.

(CH3CN)4Cu(I)BF4 / SiO2

74.3

500

4.

Ru6C(CO)17 / SiO2

27.1

500

5.

(CH3CN)2Cu2Ru6C(CO)16 /
SiO2
Ru5C(CO)15 / SiO2

31.6

500

27.8

500

6.
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500

Table 5.2. Parameter Estimation for all catalysts using pseudo first order reaction model.
k1, k2, k3, and k4 are reaction rate constants of ethylbenzene→acetophenone (k1),
ethylbenzene→1-phenylethanol (k2), 1-phenylethanol→acetophenone (k3), and
acetophenone→other products (k4).

Precursor

Catalyst

(CH3CN)2Cu2Ru6C(CO)16
Ru(NH3)6Cl3+Cu(NO3)2
Ru(NH3)6Cl3+Cu(NO3)2

Ru6Cu2/SiO2
Ru6Cu2/SiO2
SEA
Ru6Cu2/SiO2
DI

k1
(1/min)
*103

k2
(1/min)
*103

k3
(1/min)
*103

k4
(1/min)
*103

33.3

27.9

24.7

2.1

0.0

27.0

492.0

1.0

28.1

12.6

27.3

3.3

Ru6C(CO)16

Ru6/SiO2

36.6

2.9

0.0

2.5

Ru(NH3)6Cl3

Ru/SiO2 DI

14.0

5.9

37.8

5.3

(CH3CN)4Cu(I)BF4

Cu/SiO2

0.7

15.2

138

4.3

Ru6C(CO)16+(CH3CN)4Cu(I)BF4

Ru6Cu2/SiO2
PM

11.4

0.7

0.0

2.0

Ru3(CO)12

Ru3/SiO2

1.5

3.0

34.2

12.2

Ru5C(CO)15

Ru5/SiO2

14.0

14.0

54.0

4.0

HRu5C(CO)15SnPh3

Ru5Sn/SiO2

4.0

13.0

14.0

0.0

95

Table 5.3. TOF and chemisorption particle diameter for selected catalysts.

Precursor

Catalyst

TOF

Particle diameter
(nm)

(CH3CN)2Cu2Ru6C(CO)16

Ru6Cu2/SiO2

19.7

2.1

Ru(NH3)6Cl3+Cu(NO3)2

Ru6Cu2/SiO2 SEA

17.8

3.2

Ru(NH3)6Cl3+Cu(NO3)2

Ru6Cu2/SiO2 DI

13.3

3.6

Ru6C(CO)16

Ru6/SiO2

30.6

3.0
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Figure 5.1. Ethylbenzene partial oxidation.
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Figure 5.2. Schematic of the semi batch reactor setup.
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1.0
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0.6
0.4
0.2
0.0
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-0.6
-0.8
-1.0
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Ru2O

(b)

5s1 4d5/2
4 μb
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4 µb
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2 μb

0.1
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-0.4
-0.5
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Rxn. Pathway

(c)

(d)

Ru2O2

5s04d4.1/2.5
1.6 μb /atom

0.6

0 µb (AF)

0.8

2 µb

0.6

4 µb

0.4

6 µb

Activation Energy

Energy (eV)

5s04d4.5/2.5
2 μb /atom

0.4

Energy (eV)

Energy (eV)

(a)
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0.0
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0.0

-0.6

Ru6

-0.8

Ru2O

Ru2O2

Ru2C2

-1.0
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Figure 5.3. DFT calculations of activation energy for C-H bond activation of a) Ru, b)
Ru2O, c) Ru2O2, and d) comparison of different Ru species.
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Figure 5.4. TPD, TPO, and TPR results for Ru6C(CO)16/SiO2,
(CH3CN)2Cu2Ru6C(CO)16/SiO2, Ru3(CO)12/SiO2, and (CH3CN)4Cu(I)BF4/SiO2.
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Figure 5.5. XPS spectra of Ru6C(CO)16/SiO2 and Ru6/SiO2 activated in situ at 200°C
and 400 °C.
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Figure 5.6. FT-IR spectra of in situ activated Ru6Cu2/SiO2.
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Figure 5.7. XRD spectra of (a) Ru6C(CO)16/SiO2 and activated Ru6/SiO2 at 200 °C and
400°C, (b) (CH3CN)2Cu2Ru6C(CO)16/SiO2 and Ru6Cu2/SiO2 catalyst activated at 400°C.
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DI

Figure 5.8. STEM images of Ru6/SiO2, Ru6Cu2/SiO2, Ru/SiO2 DI, Ru3Cu1/SiO2 SEA,
Ru6Cu2/SiO2 Phys. Mix., Ru3/SiO2, Ru5/SiO2, and Ru5Sn/SiO2 DI.
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DI

Figure 5.9. Ethylbenzene oxidation- Ru5/SiO2, Ru5Sn/SiO2, Ru6/SiO2, and Ru6Cu2/SiO2 Least Square Fitting.
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APPENDIX A
SUPLEMENTARY INFORMATION

Materials and Methods
Materials
Hexachloroplatinic(IV) acid hexahydrate and TiO2-P25 were purchased from Sigma
Aldrich. Norit ROX 0.8 was obtained from CABOT Corporation. The VXC-72 was
purchased

from

the

FuelcellStore.

Ammonium

hexachlororuthenate(IV)

and

Hexachloroiridic(IV) acid hydrate ≥99.9% (Ir basis) were supplied by STREM Chemical
Inc. MS. The silica OX-50 support substrate was obtained from EVONIK company.
Platinum(IV) nitrate solution (15% Pt) (w/w) and Tetraammineplatinum(II) nitrate were
purchased from AlfaAesar materials company. Diamond Nanopowder (synthesized, 98+%,
3-10 nm) was obtained from Nanostructured & Amorphous Materials, Inc.

Methods
The synthesis procedure demonstrated in Figure S8 is same as incipient wetness
impregnation except the drying step replaced by chelate fixation. The detailed procedure
starts with dissolution of predetermined amount of the catalyst precursor in water. Then,
the support substrate is thoroughly mixed with a volume of the aqueous precursor solution
equal to the titrated pore volume of the support substrate. The chelating agent is dissolved
in a solvent with a larger dipole moment than water (i.e., acetone, DMF…), and added to
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the aqueous precursor/support slurry in a 4:1 molar ratio of solvent to water. The 8-HQ
concentration in the solvent is adjusted such that the 8-HQ:metal ion molar ratio is 2:1.
After that, the resulting slurry is transferred to a tube furnace for reduction under 10%
hydrogen balance nitrogen flow. For example, to deposit 7.7% Pt onto one gram of VXC72, 0.1753 g H2PtCl6 (equivalent to 0.0834 g Pt) dissolved using 3.5 ml of DI water (titrated
pore volume of the VXC-72). Then 1 g of VXC-72 was mixed with the solution and mixed
thoroughly by a vortex mixer for two minutes at 3000rpm. The next step was dissolution
of 0.1247 g of 8-HQ in 58 ml acetone (4:1 molar ratio of acetone to water), added to the
mixture and thoroughly mixed for two minutes. The resulting suspension was loaded into
a crucible boat and placed in the reduction furnace. A flow of 10% hydrogen balance
nitrogen was set at 400 sccm in a 1inch diameter quartz tube. The suspension was dried at
50˚C for 30 minutes and then ramped up to 170˚C with a rate of 2˚C/minute. The catalyst
soaked at 170˚C for one hour and cooled to the room temperature. The chelating agent can
be removed either with high temperature treatment or by washing with acetone following
by drying the catalyst.
X-ray photoelectron spectroscopy (XPS) were measured with a Kratos AXIS Ultra
DLD XPS system with a monochromatic Al Ka source operated at 15 keV and 150W.
Analysis was performed at a pressure below 1x10-9 mbar and the X-ray incident of 45°.
High resolution core level spectra were measured with a pass energy of 40 eV and analysis
of the data was carried out using XPSPEAK41 software. In the case of nonconductive
support, the XPS experiments were performed while using a charge neutralization electron
gun directed on the catalyst. The XPS instrument was equipped with an in-situ catalyst
treatment cell. The in-situ treatments were done under flow of 5% H2/Ar for 1 hour at
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various temperature. An Inficon Transpector 2 Mass Spectrometer was utilized to study in
situ CO temperature programmed as a function of time during a temperature ramp of 3°C/s.
All electron microscopy images were taken using a JEOL JEM-2100F Aberration
Corrected Scanning Transmission Electron Microscope equipped with Fischione high
angle annular darkfield detector (HAADF) with a camera length such that the detector
spanned 50-163 mrad. The scanning acquisition was synchronized to 60 Hz AC electrical
power to minimize 60Hz noise in the images and a pixel dwell time of 15.8µs was chosen.
In some cases, when the support substrate is conductive and there is enough difference in
atomic number between the elements in the system, it may be possible to characterize the
SACs using Z-contrast imaging.
Nuclear magnetic resonance spectroscopy (NMR) was recorded using a Bruker
Avance III-HD 500 MHz. The solution of K2PtCl6 was used as the reference to calibrate
the NMR spectra. The solutions at different stage of synthesis procedure were subjected to
the NMR measurements.
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Figure A1. Excess water effect in the system during activation, (A) AC-STEM image of
3.5%Pt/VXC-72 prepared by SEA and well dried at room temperature before activation, (B)
corresponding particle size distribution, (C) 3.5%Pt/VXC-72 prepared by SEA; activation started
in the form of moist mud with excess water, and (D) corresponding particle size distribution of
(C).
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Figure A2. AC-STEM images of (A) 3.5% Pt/VXC-72 CheFi, (B) 3.5%Pt/VXC-72 SEA, (C) 1.9%
Pt/TiO2 CheFi, and (D) 1.9% Pt/TiO2 SEA catalysts.
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Figure A3. STEM images of (A) SEA/CheFi catalyst (H2PtCl6), and (B) CheFi catalyst with
anionic precursor (H2PtCl6), and (C) CheFi with high ionic strength of anionic precursor
(H2PtCl6), and (D) CheFi catalyst with cationic precursor (Pt(NH3)4NO3).
Type or paste caption here. Create a page break and paste in the Figure above the caption.
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Figure A4. Same frame AC-STEM images explaining contrast signal overlap in different focal
planes, (A) 30%Pt/C CheFi catalyst with the focus on the left-hand side, and (B) 30%Pt/C CheFi
catalyst with the focus on the right hand-side.
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Figure A5. In situ XPS and AC-STEM images, (A) XPS spectra of fresh, reduced at 170˚C,
300˚C, and 600˚C 2%Pt/VXC-72 nanoparticles, (B) STEM image of 2%Pt/VXC-72 prepared by
CheFi in situ reduced at 170˚C (C) STEM image of 2%Pt/VXC-72 prepared by CheFi in situ
reduced at 300˚C.
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Figure A6. NMR study of chelating Pt complex, the K2PtCl6 used as reference, (A) 8HQ/DMF/aqueous chloroplatinic acid Pt peak at 224.1 ppm (B) DMF/aqueous chloroplatinic
acid Pt peak at 214.2 ppm, and (C) aqueous chloroplatinic acid Pt peak observed at 16.7 ppm,
addition of DMF solvent shifted the Pt peak to 214.2, 8-HQ/DMF addition Pt peak

145

Figure A7. Image processing contrast scan, (A) selected Pt single atoms on 0.78% Pt/SiO2
catalyst, (B) corresponding contrast histograms of the selected Pt single atoms, (C) original ACSTEM image of 0.78% Pt/SiO2 catalyst.
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Figure A8. Schematic of the synthesis procedure, from left to right, dissolution of catalyst
precursor in water with a volume equal to the titration pore volume of the support, support
substrate addition, and chelate fixation.
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