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Chapter 1

General Introduction



1. General Introduction
1.1. The Status of Alkane Dehydrogenation

The dehydrogenation of alkanes to alkenes is an important molecular transformation in various application such
as in hydrogen production/carriage,'? petroleum industry,® and polymer synthesis.!” For instance, the
dehydrogenation of cycloalkanes to aromatics, (e.g., benzene, toluene, and naphthalene) is an emerging topic
and a promising platform for the hydrogen production/carriage application because of the high hydrogen content,
low toxicity, and/or availability in existing petroleum infrastructure."> Compared to other systems (e.g., benzene
and naphthalene), the dehydrogenation of methylcyclohexane (MCH) into toluene has been extensively studied
due to its better advantages. In contrast to cycloalkanes, light olefins, including ethylene, propylene, and butene,
are important raw materials in industry for the production of a wide variety of chemicals.®>!! However, the
supply of light olefins from conventional processes cannot compensate the growing global demand due to the
advent of shale gas resources. Consequently, the alternative processes, including on-purpose alkane
dehydrogenation, methanol-to-olefins, and Fischer—Tropsch-to-olefins, have been intensively studied to meet
this demand.** ! Among these alternative processes, alkane dehydrogenation has been regarded as the most
promising owing to its high light olefin selectivity and abundance of alkanes in shale gas. In particular, intense

research efforts have been focused on the development of efficient propane dehydrogenation (PDH) catalysts.

Because of its high ability in C—H scission and relatively low ability in C—C cleavage, Pt is the most effective
element in the dehydrogenation of alkanes.'!! However, the high endothermicity of alkane dehydrogenation
requires high operating temperatures to attain high olefin yield. Because of the high reaction temperatures, even
the Pt-based catalysts often suffer from catalyst degradation due to coke accumulation and/or nanoparticle
sintering. Therefore, the catalysts must be regenerated, which increases the overall cost of alkane
dehydrogenation processes. If the highly stable catalysts were developed, it would significantly benefit the
future applications. Thus, an innovative catalyst with a long lifetime and a high selectivity for alkenes must be

developed to solve these issues and for future applications.

1.2. Fundamental of Catalyst Design

1.2.1. Reaction Mechanism.

The mechanism of PDH is illustrated in Figure la. First, propane weakly physisorbs on the Pt sites with
adsorption energy of typically —0.4 ~ —0.2 eV.1?3 Propylene is formed by the first and second C—H scissions
of physisorbed propane on Pt sites (E: and E» are their activation barriers, respectively). These reactions
(propane to propylene) are largely unaffected by the geometric and electronic features of Pt.** The as-produced
propylene is chemisorbed on the Pt site with adsorption energy ranging —0.4 ~ —1.0 eV.!213 However, the
chemisorbed propylene (di-o or 7 adsorption mode) can be further activated to make CsHs (third C—H scission),
followed by deep dehydrogenations, cracking, and finally coke production. Thus, the difference in activation
energies (AE = Es—Eq) between propylene desorption (Eq) and the third C—H scission (Es) is a key determinant
for propylene selectivity and catalyst stability. Notably, the AE value is highly dependent on the geometric and



electronic states of Pt.>>1% As a result, modifying the characteristics of Pt via the addition of second metals
and/or supports has been widely used as a standard catalyst design approach to date.

(a) desorption (E,)
-H -H -H
CiHgg + S — CiHga-S —— CiHye-S —— CiHgS CiHgg+S (product)
[ adsoption | | 18C-H(E) [29C-H(E)| -H

C;3Hg(,=S (coke precursor)

3¢ C-H (&)

Pt.Sn(111) PtSn,(111)

Figure 1. (a) Reaction mechanism of propane dehydrogenation. S represents the surface Pt sites. (b) Top and
side views of propane (a-€) and propylene (f to j) adsorption configurations on the Pt-Sn alloyed surfaces. (b)
was reproduced with permission from ref.?> Copyright 2012 American Chemical Society.

1.2.2. Geometric Effect.

Pt ensembles (multiple-fold active sites) strongly adsorbs propylene in a di-o adsorption mode, facilitating
further C—H scissions and resulting in low propylene selectivity and coke production.®%1” To increase
selectivity and stability, large Pt ensembles can be diluted by alloying with less active metals such as Cu, Zn,
Ga, In, and Sn. This is because the binding strength of propylene to Pt is weakened by alloying.®*° With an
increase in the second metal fraction to Pt, the adsorption mode may change from di-o (strong) to z (weak)
(Figure 1b), thereby suppressing the side reactions that result in coke formation.!>!® Additionally, the extent to
which coke forms is determined by the crystal planes®*%-2! and the coordination number (CN) of Pt.1° In general,
a Pt atom with a lower coordination number is more reactive and adsorptive, and hence more prone to causing
the undesired side reactions.



1.2.3. Electronic Effect.

Due the fact that the electronic features of Pt contribute to the desorption of propylene,?>% the electronic effect
is another important factor. The electronic effect has been interpreted in two ways: (1) in terms of Pt’s electron
density and (2) in terms of the location of the of d-band center. (1) Increased Pt electron density causes
electronic repulsion with electron-rich propylene, promoting propylene desorption.?22* (2) The downshifting
the Pt d-band center reduces the binding energy between propylene and Pt, facilitating the desorption of
propylene.’31526-28 \WWhen Pt ensembles remain on the surface, however, the side reactions can continue to
decrease selectivity. Thus, the electronic modification should be provided as a supplementary effect on
selectivity, whereas one should preferentially modify the surface geometry to sufficiently dilute Pt-Pt
ensembles.

1.3. Strategy for PDH
1.3.1. Isolated Pt Sites for PDH
On the basis of foregoing, the optimal structure of Pt for selective light alkane dehydrogenation may be an
entirely isolated Pt atom. Single-atom catalysts (SACs), in which active metal atoms are entirely isolated from
the support, are experiencing a gold rush in catalysis due to their superior catalytic performance and high degree
of atom utilization.?*34 Notably, the single-atoms are strongly attached via electron transfer from metal to
support, resulting in electron-deficient metal atoms with no metal ensembles.®*® Due to the absence of
neighboring Pt, it is envisaged that single-atom Pt (Pt1) will serve as a potential active site for PDH catalysis.
Zhou et al. investigated the size dependence of Pt and discovered that positively charged Pt; is more active than
clusters or nanoparticles.®® However, with Pt in the catalyst, aggregated Pt was found. It is noted that a small
fraction of clusters and nanoparticles within SACs may largely contribute to the overall catalyst activity. Corma
et al. also investigated the size dependency of the activity of Pt; and discovered that it is less active than clusters
and nanoparticles.>” Additionally, the single-atom Pt agglomerates into clusters under reaction conditions,
resulting in an increase in catalytic activity. Zhou et al. recently tweaked the oxidation states of Pt SACs using
a variety of supports and discovered a volcano-type curve between the electronic properties of SACs and
catalytic activity.?®

For Pt SAC catalysts, the trends in selectivity and catalyst life are contrary to what was expected from the
isolation strategy. Chen et al. demonstrated that the propylene selectivity decreased upon downsizing to a
particle size in the range of 1-9 nm, and 1 nm nanoparticle exhibited a 52% propylene selectivity at 520°C.%
Moreover, Datye et al. discovered that Pt; sites strongly anchored on CeO; support (Pt:@CeOy>) yield only
byproduct CH4 and CO- with no evidence of dehydrogenation selectivity at 680°C.*° Density functional theory
(DFT) studies revealed that positively charged Pt; significantly adsorbs propylene in the di-c adsorption mode,
and propylene is amenable to subsequent reactions. Additionally, Pt acts as a selective catalyst in the metallic
state.>1® Thus, it is desirable to construct a metallic Pt1, which is coordinated with other metals, and is capable
of selectively catalyzing PDH process.

In this perspective, the solitary Pt site (Pty), which is atomically dispersed on the surface of host alloys in
the metallic form, is an ideal active center. Three efficient PDH systems catalyzed by metallic Pt; sites
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implanted in (1) single-atom alloys (SAAs),'%40 (2) intermetallic compounds,** (3) surface-decorated
intermetallic compounds,*”* and high-entropy intermetallics (HEIs)*? have been reported in recent years.

1.3.2. Pt-Cu Single-Atom Alloy.

A scaling relationship, or the Sabatier principle, has been recognized as a key principle for determining alkane
dehydrogenation activity and selectivity. A lower absorptivity increases product desorption (selectivity) while
inhibiting reactant adsorption (activity); thus, the optimal catalyst is often a compromise. In this regard,
discovering a catalyst that overcomes this impasse, is highly desirable in order to achieve both high catalytic
activity and selectivity.

Single-atom alloys, which are solid-solution alloys composed of an active dopant and an inert host metal
with very biased atomic ratios (typically 1 : >50),-%6 can supply metallic Pt; sites.'®4%47 Gong et al. recently
reported on the unmatched catalytic performance of a Pt-Cu SAA catalyst in PDH,*%4% which breaks the scaling
relationship. As illustrated in Figure 2, the Pt—Cu SAA exhibited a high AE and a moderate C—H activation
barrier for propane, implying that in contrast to conventional PtM binary alloys, high catalytic activity (turnover
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Figure 2. (a) Scaling relationship between first dehydrogenation and propylene desorption barrier/deep
dehydrogenation barrier (highest barrier from di-o propylene to CsHa), data for the PtsM alloy systems are
obtained from ref.’® (b) Screening of Pt-based bimetallic catalyst for PDH, data form the PtsM alloy systems
are obtained from ref.?® (c) Energy profiles of PDH over Pt/Cu SAA, Pt;Cu(111) and Pt(111). (d) High-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) images with typical region of
the reduced 0.1Pt10Cu/Al,O3 catalyst, showing Pt atoms individually dispersed on Cu(111). Pt atoms are
highlighted by red arrows. Scale bar: 1 nm. Reproduced with permission from ref.X® Copyright © 2018 Springer
Nature.



and selectivity can be attained. To validate this theoretical prediction, they produced and characterized Pt—Cu
SAA nanoparticles. According to DFT calculations, the Pt—Cu SAA catalyst exhibited high catalytic activity
and stability at 520°C with ~90% propylene selectivity in the presence of co-feed H. (catalyst lifetime z = 3640
h, calculated using the first-order deactivation model.® Theoretical and experimental results demonstrate the
validity of PDH’s metallic Pt; sites. However, due to insufficient thermal stability, this catalyst was unable to
tolerant nanoparticle sintering at elevated temperatures, resulting in a rapid deactivation (z = 5 h at 600°C),
emphasizing the importance nature of host material stability.

1.3.3. PtZn Intermetallic Compound.

Metallic Pty sites can operate as effective active sites in the PDH reaction. However, the alloy phase’s
thermal stability at elevated temperatures is crucial. Alternatives to overcome this barrier include IMCs, which
have highly structured crystal structures and a largely negative formation enthalpy (AHy).16172448 While Pt;M-
type IMCs (space group: Pm3m) are commonly used for PDH, they retain Pt; hollow sites on the most stable
(111) surface, resulting in an insufficient lifetime by coke formation. As a result, intermetallic phases richer in
second-metals should be used to serve Pt; sites on the surface of IMCs.

Gong et al. recently discovered that Pt; in the PtZn IMC (Pt:Zn = 1:1, Space group of P4/mmm) functions
as an extremely stable active site at elevated operation temperatures (520°C-620°C) (Figure 3).1% PtZn IMC
can stabilize Pt; sites in [PtZn.] ensembles at the most stable (110) plane with the higher electron density of Pt
due to the ligand effect of Zn (Figure 4). As a result, the PtZn IMC catalyst demonstrated a long catalyst lifetime
(z =433 h at 600°C) with high propylene selectivity (>97%), and high resistance against nanoparticle sintering
in the presence of co-fed H,. Although PtZn IMC exhibited anti-sintering properties at high temperatures due
to its high thermodynamic stability (AHr = —65.0 kJ mol™), Zn was liberated slightly during the reaction due to
the relatively high vapor pressure of metallic Zn (boiling point: 907°C) as observed in other Zn-containing
bimetallic systems.**5° Moreover, the PtZn IMC catalyst was rapidly deactivated when H, was not co-fed.
Therefore, materials that have chemical and physical robustness as well as high selectivity with minimum side
reactions are necessary for highly efficient PDH.
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Figure 3. Formation of the Single-Atom Pt; sites in PtZn IMAs (a) Schematic illustration of high-temperature
H> reduction to form ordered PtZn IMAs on SiO;. (b) Crystal structures of Pt and PtZn IMA (Pt, blue; Zn, red).
(c) X-ray diffraction (XRD) patterns of 1Pt/SiO, and 1Pt1.7Zn/SiO,. (d) CO-DRIFTS of 0.1Pt0.17Zn/SiO,
IMAs. (e) AC-HAADF-STEM images of 1Pt1.7Zn/SiO,. The scale bar is 1 nm. (f) FFT image of the PtZn
particle in (e). (g) EDS mapping images enlarged AC-HAADF-STM image of 1Pt1.7Zn/SiO, and DFT
simulated structure of PtZn(110) (Pt, blue; Zn, red). (The framed rectangular represents the surface [PtZna]
ensemble, wherein single-atom Pt; sites form) (h) AC-HAADF-STEM images of 1Pt/SiO,. The scale bar is 1
nm. (i) FFT image of the Pt particle in (h). (j) Enlarged AC-HAADF-STEM image of 1Pt/SiO, and DFT
simulated structure of Pt(111) (Pt blue). (The framed triangle represents the [Pts] ensemble). Reproduced with
permission from ref.** Copyright 2021 Elsevier Inc.

1.3.4.  Surface Decoration of PtGa Intermetallic Compound.

Another possibility for producing stable Pty is intermetallic PtGa (Pt:Ga = 1:1, space group of P2;3).%
In addition to the high thermal stability (AHf = —55.6 kJ mol™%, boiling point of Ga: 2204°C), PtGa
displays a unique surface structure at the most stable (111) plane, where catalytically active Pt; and
Pts sites are present.}* While the former is supposed to function as an ideal (selective and stable)
active site, the latter may function as ensemble sites, resulting in undesired side reactions. As a result,
some additional modifications are required to ensure that only the Pty site functions. As a result of this
anticipation, we used a “surface modification strategy” involving a third element to disable the Pt3
sites selectively, while leaving Pt; intact. This was accomplished successfully by depositing a suitable
amount of Pb (Pt/Pb =2) as a surface modifier, where Pb was stably deposited on the Ptz hollow sites
without covering the Pt; site (PtGa—Pb). The details of this strategy will be explained in Chapter 3.
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In addition, using PtGa—Pb and Ca as secondary modifiers, we developed a more improved catalyst
based on this innovation. The double-decoration of PtGa by Pb and Ca will be introduced in Chapter
4 in detail.

1.3.5. High-Entropy Intermetallics.

After the discovery that the decoration of PtGa effectively works in PDH, we applied the strategy of “metallic
Pt sites” using different materials, namely, high-entropy intermetallics. The thermally stable Pt; sites can also
be constructed using HEIs. The combination of the ensemble (site-isolation), ordering, and mixing effects
provides outstandingly stable Pt; sites without toxic Pb and Pt blocking. The (PtCoCu)(GeGaSn) HEI catalyst
had significantly higher catalyst lives than PtGa—Ca—Pb (4146/628 h at 600°C with/without co-feed H,,
respectively), which currently hold the world records in PDH. Please refer to Chapter 5 in detail.

1.4. Fundamental Aspects of Intermetallic Compounds

1.4.2. Intermetallic Compounds.

Although intermetallic compounds (IMCs) have been used as catalysts since 1970s, the number of publications
has significantly increased since 2010.°! Intermetallic compounds are still hot materials in the catalysis research
on alloys nowadays. The major characteristics of intermetallic compounds as catalyst materials are (1) a unique
electronic structure, (2) ordered atomic arrangement, (3) different atomic sizes, (4) thermodynamic stability,
and (5) expandability (Figure 4). The electronic structure of the main active metal can be drastically modified
(1) due to the large difference in the electronegativity and d-band structure of the constituent metals. The
ordering and steric effects can be exerted only by intermetallic compounds for catalysis, among many kinds of
alloys (2 and 3). Due to the largely negative formation enthalpy and covalent bonding character, the alloy phase

is highly stable thermodynamically and kinetically (4).

solid solution alloys intermetallic compounds
substitutional interstitial ~ Kurnakov-type Daltonide-type
000 000 90 0.0
000 000 ° ‘0‘0 ‘0‘0
000 o000 9,9, 9.9,

high-entropy  single-atom pseudo-binary  high-entropy
alloys alloys alloys intermetallics

000 000 0.0 0.0
000 000 :o:o :ogo
000 eee 90,6 0©0.

Figure 4. Schematic representation of various alloy structures.
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Although the basic concepts for ligand and ensemble effects are similar to that of solid-solution alloys, there
are several additional merits and considerations on catalyst design. First, intermetallic compounds generally
show a greater extent of ligand and ensemble effects than solid-solution alloys due to the larger difference in
electronegativity between the constituent metals and of the inertness of the counterpart metals (mostly early
transition and typical metals). Generally, typical metals in intermetallic compounds are not capable of chemical
adsorption of hydrogen, hydrocarbons, and carbon monooxide; therefore, the ensemble effects on these
adsorbates are very strong. Besides, the ligand effect by typical metals can largely increase the electron density
and lower the d-band center of noble metals.

1.4.3. Pseudo-Binary Alloys.

Although binary intermetallic compounds have many advantages as catalyst materials, there are also some
limitations in the catalyst design, such as the lack of tunability in the composition ratio and expandability of
functions. These limitations typically result in volcano-type restriction of the reaction rate and/or activity—
selectivity tradeoff, thereby hampering the development of truly efficient and innovative catalytic systems.
Pseudo-binary alloys are capable of breaking these limitations.52%° One can introduce a third element into the
binary system within some composition range without changing the parent crystal structure. The catalytic
performance can be optimized tuning the ligand/ensemble effects and/or remarkably enhanced introducing the
multifunctional effects.

1.4.4. High-Entropy Intermetallics.

As an extension of pseudo-binary systems, binary intermetallics can be multi-metallized to the corresponding
high-entropy materials, namely, high-entropy intermetallics.*2°5-%4 The parent binary intermetallics must have
significantly negative formation enthalpy (AHr) to overcome disordering driven by mixing entroy (ASmix). This
material is very new and has only recently begun to attract attention even in the field of metallurgy.®® The
catalytic use of high-entropy intermetallics was first described in 2020, and only ten examples have been
reported to date.*>°¢-%* The main advantages of high-entropy intermetallics as catalyst materials are (1) site-
isolation and ordering, (2) thermal stability, (3) tunability, and (4) multifunctional effect. Therefore, high-
entropy intermetallics are upward compatible with pseudo-binary alloys comprising three elements.

1.4.5. Surface Modification of Intermetallic Compounds.

The surface modification of alloys is a powerful strategy for tuning surface catalysis. Ordered surface geometry
of IMCs is a promising active site for selective catalysis. However, the crystal structures of IMCs are
thermodynamically determined, and only limited composition ratios are allowed for IMCs, restricting the
flexible control of the geometric and electronic features. To overcome this challenge, it is imperative to
selectively modify the surface of IMCs without changing the bulk structures.

13



1.5. Aim of This Thesis

Alloying has long been used as a promising methodology to improve the catalytic performance of metallic
materials. In recent years, the field of alloy catalysis has made remarkable progress with the emergence of a
variety of novel alloy materials and their functions. Importantly, alloy architectures must be precisely controlled
to serve the desired surface environments for the target reactions, yet challenging. Alkane dehydrogenation is
an important molecular transformation in various application such as in hydrogen production/carriage,?
petroleum industry,® and polymer synthesis.? However, due to its endothermicity, alkane dehydrogenation
requires high operation temperatures to obtain sufficient alkene yield, in which severe catalyst deactivation by
coking and/or sintering inevitably occurs in short periods. In this context, developing an innovative
dehydrogenation catalyst that exhibits high alkene selectivity and catalyst stability even at high operation
temperatures is incredibly beneficial. Although numerous efforts have been made to overcome this obstacle,
only a few catalysts have been reported to function as stable catalysts. In this thesis, the study discussed below
had conducted in order to establish a guideline for the catalyst design for alkane dehydrogenation, providing a
better understanding of the catalytic chemistry of alloys. Specifically, in this thesis, two broad approaches have
been explored using intermetallic compounds as starting materials, i.e., (i) multimetallization (pseudo-binary
alloys and HElIs), (ii) surface modification (geometric and electronic decorations). Chapter 2 introduces the
pseudo-binary alloys for MCH dehydrogenation. Chapters 3 and 4 shows that the geometric and electronic
decorations of intermetallic compounds for efficient PDH catalysis, respectively. Chapter 5 demonstrates that
HEIs functioned as outstandingly efficient PDH catalysts.

Chapter 2 shows that the Pts(Feo75Zno.2s) pseudo binary alloys on SiO; exhibited an outstanding catalytic
performance in the dehydrogenation of methylcyclohexane. Catalyst design based on a pseudo-binary alloy
concept was applied to develop a highly efficient catalytic system for alkane dehydrogenation. A series of Pt-
based alloy catalysts supported on silica (PtsM/SiO, where M = Fe, Co, Cu, Zn, Ga, In, Sn, and Pb) were
prepared and tested for the dehydrogenation of methylcyclohexane, which has been an emerging topic in the
hydrogen carrier/production application. Nanoparticulate intermetallic PtsFe exhibited high catalytic activity
and durability. The PtsFe catalyst was further modified by substituting a part of Fe with a series of metals (M
= Co, Ni, Cu, Zn, Ga, In, Sn, and Pb) to form the Pts(Feo.7sMo.25) pseudo-binary alloy. The partial substitution
of Fe with Zn to form Pts(Feo.7sZno.25) resulted in outstandingly high catalytic activity, selectivity, and durability:
a 2.7-fold higher turnover frequency (TOF) than that of Pt/SiO. (the highest H, evolution rate ever
reported), >99% toluene selectivity (methane concentration <500 ppm), and long-term durability with >99%
MCH conversion for at least 50 h. The mechanistic study based on detailed characterization and theoretical
calculations revealed that the Fe enhanced hydrogenation of CHy species (decoking) and Zn promoted toluene
desorption by both ligand and ensemble effects. The adjacency of Pt, Fe, and Zn in at the atomic level allows
to construct a multifunctional active site for effective C—H activation, decoking, and toluene desorption.

As well as MCH dehydrogenation, converting propane into propylene via PDH is an important catalytic
reaction, however, it is highly difficult to obtain a stable catalyst that works even at high reaction temperatures.
Chapter 3 shows that the surface modification of PtGa intermetallic using Pb enables to serve only isolated Pt
sites as active sites for the dehydrogenation of propane. Propylene production via PDH requires high reaction

14



temperatures to obtain sufficient propylene yields, which results to prominent catalyst deactivation due to coke
formation. Developing highly stable catalysts for PDH without deactivation even at high temperatures is of
great interest and benefit for industry. We found that single-atom Pt included in thermally stable intermetallic
PtGa works as an ultrastable and selective catalyst for PDH at high temperatures. Intermetallic PtGa displays
three-hold-Pt ensembles and single Pt atoms isolated by catalytically inert Ga at the surface, the former of which
can be selectively blocked and disabled by Pb deposition. The PtGa—Pb/SiO; catalyst exhibits 30% conversion
with 99.6% propylene selectivity at 600°C for 96 h without lowering the performance. The single-atom Pt well
catalyzes the first and second C—H activation, while effectively inhibits the third one, which minimizes the side
reactions to coke and drastically improves the selectivity and stability.

As well as the geometric property, the electronic properties of active site contribute the catalysis. In Chapter
4, | further modified the PtGa—Pb/SiO; catalyst via dispersing Ca species around the nanoparticles. The double
decoration of PtGa intermetallics by Pb and Ca, which synergize the geometric and electronic promotion effects
on the catalyst stability, respectively. Pb is deposited on the three-fold Pt; sites of the PtGa nanoparticles to
block them, whereas Ca, which affords an electron-enriched single-atom-like Pt; site, is placed around the
nanoparticles. Thus, PtGa—Ca—Pb/SiO; exhibits an outstandingly high catalytic stability, even at 600°C (kq =
0.00033 h'%, z = 3067 h), and almost no deactivation of the catalyst was observed for up to one month for the
first time.

In Chapter 5, an another approach to isolate the active sites was explored, namely, high-entropy
intermetallics (HEISs). Pt—Pt ensembles, which cause side reactions, are entirely diluted by the component inert
metals in PtGe-type HEI. The resultant HEI: (PtCoCu)(GeGeSn)/Ca-SiO, exhibited an outstandingly high
catalytic stability, even at 600°C (kg * = r = 4146 h = 173 d), and almost no deactivation of the catalyst was
observed two months for the first time. Detailed experimental studies and theoretical calculations demonstrated
that the combination of the site-isolation and entropy effects upon multi-metallization of PtGe drastically
enhanced the desorption of propylene and the thermal stability, eventually suppressing the side reactions even
at high reaction temperatures.

1.6. Concluding Remarks

In conclusion, | have successfully developed the innovative alloy catalysts that exhibited excellent catalytic
performance in the dehydrogenation of methylcyclohexane and propane. The insights obtained in the thesis
provide direction for the development of truly efficient catalysts for alkane dehydrogenation and other important

reactions.
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2.1. Introduction

The dehydrogenation of alkanes to alkenes is an important molecular transformation in various application such
as in petroleum industry?, polymer synthesis,? and hydrogen production/carriage.®* Activation of the robust
C—H bond, limited equilibrium conversion, and high energy consumption are the characteristic of alkane
dehydrogenation, which makes efficient alkane conversion a challenging but attracting task in pure and applied
chemistry.2%7 The conversion of light alkanes to the corresponding alkenes (e.g., ethylene,®® propylene,*"8¢
isobutene’®) have been studied for a long time to achieve better production of feedstock in chemical industry.
Several catalytic systems have been developed as industrial processes for this conversion.! However, the
dehydrogenation of cycloalkanes to aromatics, (e.g., benzene, toluene, and naphthalene) is an emerging topic
and a promising platform for the hydrogen production/carriage application because of the high hydrogen content,
low toxicity, and/or availability in existing petroleum infrastructure.®* Pt-based catalysts®412 have been
typically used as well as for the light alkane conversion*!® owing to the greater capability of C—-H bond
activation and lower affinity to C-C cleavage compared with those of other transition metals.}® However, the
performance of the current catalytic system should be considerably improved to save the cost of hydrogen to
realize the hydrogen energy society. Ideally, the catalyst should be highly active, selective, and durable to
achieve sufficiently high production rate, ultra-high purity, and long-term stable supply of hydrogen,
respectively. To overcome this challenge, an innovative catalyst design for cycloalkane dehydrogenation is
needed that enables considerable enhancement in catalytic activity, selectivity, and durability.

The alloying of an active metal with another metal has been employed as a conventional approach to modify
the catalytic property of the main active metal. Active Pt is typically diluted with a less active or inactive second
metal to inhibit undesired side reactions such as C-C cleavage for selectivity enhancement in alkane
dehydrogenation, where the catalytic activity is compromised. This trade-off in the activity-selectivity
relationship has long been a dilemma in catalyst design based on alloys. A game-changing technology to break
this limitation is necessary to develop an active, selective, and durable catalyst for alkane dehydrogenation.
Recently, we developed a catalyst design based on trimetallic alloys, i.e., pseudo-binary alloys.'® A part of the
second metal constituting a bimetallic ordered alloy is substituted by a third metal without changing the parent
crystal structure. For instance, the partial substitution of B in intermetallic AxM, with C yields An(B1xCx)n.
This catalyst design allows the flexible modification of the metal composition ratio and the resulting catalytic
performances and also provides multifunctional properties on the active site owing to the presence of three
different elements.®

In this study, we applied this catalyst design concept, which is based on the pseudo-binary alloys, to develop
a highly efficient catalytic system for cycloalkane dehydrogenation. A series of nanoparticulate Pt:M
intermetallic compounds supported on silica (PtsM/SiO2, where M = Fe, Co, Ni, Cu, Zn, Ga, In, Sn, and Pb)
were prepared with high phase-purities and examined their catalytic performance in MCH, which is one of the
most promising hydrogen carriers. The optimized bimetallic combination was expanded to trimetallic systems
along with the pseudo-binary alloy concept [Pts(Fei1xMy)/SiO2: M = Co, Ni, Cu, Zn, Ga, In, Sn, and Pb] to
achieve further improvement in the catalytic performance. The obtained results were analyzed using several
characterization techniques and DFT) calculations to clarify the role of each metal element on the great
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enhancement. Herein, we report not only a highly active, selective, and durable catalyst for alkane
dehydrogenation but also deep insights to construct multifunctional active sites.

2.2. Experimental

2.2.1. Catalyst Preparation.

Pt-based bimetallic catalysts were prepared by the pore-filling co-impregnation method using SiO, as the
support (PtsM/SiO,, where M = Fe, Co, Cu, Zn, Ga, In, Sn, and Pb). Fe(NOs); * 9H,O (Sigma-Aldrich, 98%),
Co(NOs); * 6H,0 (Wako, 98%), Cu(NOs), « 3H,O (Sigma-Aldrich, 99%), Zn(NOs), + 6H,O (Kanto, 99%),
Ga(NOs3)3-nH20 (n = 7-9) (Wako, 99.9%), In(NOs)s * 8.8H.0 (Kanto, 99.9%, the number of coordinated water
was analyzed by ICP-AES), SnCl, (Wako, 99%), and Pb(NOs). (Wako, 99.5%) were used as the second or third
metal precursors and Pt loading was adjusted at 3 wt%. The metal precursors were precisely weighted and
dissolved together in deionized water so that Pt/M or Pt/(Fe+M) atomic ratio was 3. For PtsM/SiO,, the mixed
aqueous solution of Pt(NHs).(NOs). (Furuya Metal, Pt 5wt% in HNOs solution) and second metal was added
dropwise to ground dried silica gel (CARIACT G-6, Fuji Silysia, Sger = ca. 500 m? g) so that the solutions
just filled the pores of the silica gel (volume of solution: 1.6 mL per gram of silica). The mixtures were sealed
by a piece of plastic film and kept overnight at room temperature, followed by freeze-drying in vacuum at 0°C
and further drying in an oven at 90°C overnight. The resulting powder was calcined at 400°C in dry air for 1 h
and reduced under flowing H (0.1 MPa, 50 mL min!) at 700-900°C for 1 h. The reduction temperature for
each catalyst was as follows: 700°C for PtsFe, PtsCu, PtzIn, PtzSn and PtsPb; 800°C for Pt3Co; 900°C for PtsGa.
The reduction temperature was determined so that the second metal was completely reduced. After the reduction,
the catalysts except Pt/SiO, were annealed under flowing Hz (0.1 MPa, 50 mL min-1) at 400°C for 2 h to enhance
alloying without further sintering. Ramping rate was set to 20°C/min for each thermal treatment.

The corresponding trimetallic catalysts were also prepared using a similar method [Pts(Feo.7sMo.25)/SiO2,
where M = Co, Ni, Cu, Zn, Ga, In, Sn, and Pb; Pt: 3 wt%]. Co(NOs)s * 6H20, Ni(NOs), * 6H.0 (Wako, 98%),
Cu(NOs), * 3H20, Zn(NOs3), * 6H.0, Ga(NOs)s * nHO (n = 7-9), In(NO3)s * 8.8H,0, SnCl, and Pb(NOs); *
6H,0 were used as third metal precursors and the reduction under flowing H. was done at 700°C for 1 h. The
actual metal ratios on some prepared catalysts were measured by X-ray fluorescence spectroscopy: for instance,
for PtsFe/SiO,, Pt:Fe ratio was 73.2 : 26.8.
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2.2.2. Catalytic Reactions.

MCH dehydrogenation was carried out in a fixed-bed continuous flow system using a Pyrex glass reactor
(internal diameter: 8 mm) under an atmospheric pressure. A total of 10 mg of catalysts diluted with quartz sand
(a total of 1.5 g) were charged in the reactor. Before the catalytic run, the catalyst was reduced under flowing
H> at 300, 350, or 400°C for 30 min, followed by the He purge. The reaction was started at the same temperature
by feeding a reactant gas mixture; C7Hi4 : He = 1.55 : 23.45, a total of 25 mL min~* under atmospheric pressure.
The equilibrium conversion of MCH was almost 100% under these reaction conditions. For all the Pt-based
catalysts, toluene selectivity was approximately 100% with negligible formation of by-product benzene and
methane. The product gas was analyzed using a thermal conductivity detector (TCD) gas chromatograph
(Shimadzu GC-8A with a column of Unipak S, GL Science) and flame ionization detector-gas chromatograph
(Shimadzu GC-14B with a column of PoraBOND Q). For the evaluation of TOF and apparent activation energy,
H. was co-fed in the reactant gas mixture (C7H14 : H2 : He = 1.55 : 5: 18.45, a total of 25 mL min-?) to promote
coke removal and suppress catalyst deactivation. TOF was calculated as an initial conversion rate of MCH
(mmol/s, before deactivation, if any) per the number of exposed Pt atoms measured by CO chemisorption
(mmol). Using some Pt-based catalysts, we confirmed that the addition of H, does not have strong influence on
TOF: reaction orders of Hy pressure on TOF were 0.25, —0.04, —0.05 and 0.07 for Pt/SiO,, PtsFe/SiO,,
PtsSn/SiO; and PtsIn/SiO», respectively. To obtain apparent activation energy, the conversion rates of MCH
were measured at 280°C, 290°C, 300°C, 310°C, 320°C in a stepwise manner. Therefore, it is difficult to clarify
the influence of H, on apparent activation energy, because the reaction rates in the absence of H, cannot be
properly evaluated due to deactivation occurring during the change in temperature.

2.2.3. Characterization.
XRD patterns of the prepared catalysts were acquired by a MiniFlex 700+D/teX Ultra using a Cu Ko X-ray
source. Synchrotron XRD measurement was performed for the best catalyst with the wavelength of 0.5 A (25
keV) at the BL02B2 beamline of SPring-8, Japan Synchrotron Radiation Research Institute (JASRI).
HAADF-STEM was conducted using an FEI Titan G2 microscope equipped with an energy-dispersive X-ray
(EDX) analyzer. For the observed nanoparticles in a TEM image, the volume averaged particle size was used.

Pt dispersion of the catalysts was estimated by CO-pulse chemisorption under a dynamic condition at room
temperature. Prior to chemisorption, the as-prepared catalyst (after calcination and reduction) (50 mg) was
reduced in 40 mL min of 5% Hy/Ar (40 mL min?) at 300°C for 30 min, then cooled to room temperature
under flowing He (40 mL min?) to remove chemisorbed hydrogen. A pulse of 10% CO/He was introduced into
the reactor and CO passed thought the catalyst bed was quantified downstream by the TCD detector. The amount
of chemisorbed CO was estimated using an assumption of 1:1 chemisorption to Pt atom. According to the
literature reporting CO adsorption on Pt-Cu and Pt-Co alloys,*® CO did not adsorb on Cu and Co sites, but
exclusively adsorbed on Pt sites at room temperature. Therefore, in this study, we did not consider CO
adsorption on Cu and Co.

X-ray photoelectron spectroscopy (XPS) analysis for the catalysts was carried out by using a JEOL JPS-
9010MC (Mg-Ka irradiation) spectrometer. The as-prepared catalysts (after calcination and reduction) were
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reduced in a Pyrex reactor under following H, (0.1 MPa, 20 mL min™*) at 400°C for 30 min. The sample was
transferred into the spectrometer in air. Prior to the measurement, the sample were sputtered by Ar* ion to
remove the surface region oxidized by air (voltage: 500 V, rate: 20%, time: 1 s, etching depth: ca. 2.5 A).
Binding energies were calibrated with the Si 2p emission of SiO; as 103.9 eV.

The amount of coke deposited on spent catalysts after dehydrogenation (400°C for 150 min, catalyst: 30
mg) was quantified by temperature-programmed oxidation (TPO). A total of 25 mg of the spent catalyst was
loaded into a quartz tube reactor. Before the TPO experiment, the catalyst was first heated to 150°C under
flowing He (40 mL min™), kept at the same temperature for 30 min, and then cooled to room temperature. After
cooling, the catalyst was heated from room temperature to 900°C with a ramping rate of 5 °C/min under flowing
50% O,/He (40 mL min?) and kept at 900°C for 10 min. The outlet gas was analyzed by mass spectrometry.

X-ray absorption fine structure (XAFS) measurements of the catalysts were performed at BLO1B1 beamline
of SPring-8, JASRI. A Si(111) double-crystal was used as a monochromator. The spectra were recorded at the
Pt Lu-, Fe K-, and Zn K-edges in transmission (for Pt) and fluorescence (for Fe and Zn) modes at room
temperature. First, the catalyst was pressed into a pellet (diameter: 13 mm) and reduced under flowing H, at
700°C for 0.5 h. Then, the reduced sample was then transferred into an Ar glove box (O2: < 0.1 ppm) without
exposing to air and sealed in a plastic bag (Barrier Nylon) with an ISO A500-HS oxygen absorber (Fe powder).
The obtained XAFS spectra were analyzed using Athena and Artemis software ver. 0.9.25 included in the
Demeter package.?® The k3-weighted extended XAFS (EXAFS) oscillation was Fourier-transformed in the k
range of 3—15 A%, 3—11 A%, and 3—11 A™* for Pt Ly-, Fe K-, and Zn K-edges, respectively. Curve-fitting was
performed using the back Fourier-transforms of the coordination peaks ranging between 1.5-3.5 A, 1.0-3.0 A,
and 1.4-3.5 A for Pt Ly-, Fe K-, and Zn K-edges, respectively. The back-scattering amplitude and phase shift
functions were calculated by FEFF8.2* R-factor (R?) for curve-fitting was defined as follows: R? =

e e VR o (SO (g
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2.2.4. Computational Details.

Periodic DFT calculations for surface reactions were performed using the CASTEP code with VVanderbilt-type
ultrasoft pseudopotentials and a Perdew—Burke—Ernzerhof exchange—correlation functional based on the
generalized gradient approximation. The plane-wave basis set was truncated at the kinetic energy of 370 eV. A
Fermi smearing of 0.1 eV was utilized. In this study, we chose the Pt(111) and PtsM(111) planes as the most
stable surfaces. Dispersion correlations were considered using the OBS method. The reciprocal space was
sampled using a k-point mesh with a spacing of 0.04 A%, as generated by the Monkhorst—Pack scheme.
Geometry optimizations and transition state (TS) searches were performed on supercell structures using
periodic boundary conditions. The surfaces were modeled using metallic slabs with a thickness of six atomic
layers with 13 A and 10 A of vacuum spacing for the adsorption of toluene on PtsM(111) surfaces and the
activation energy of carbon hydrogenation on PtsM(111) surfaces, respectively. For the calculation of toluene
adsorption, the unit cells were (4 x 4) for Pt(111) and (2 x 2) for PtsM(111), (1 x 1) for Pt3(Feo.75Zn0.25)(111).
For the calculation of carbon hydrogenation, the unit cells were (2 x 2) for Pt(111) and (1 x 1) for PtsM(111)
and Pts(Feo.75ZNn0.25)(111). The convergence criteria for structure optimization and energy calculation were set
to the (a) self-consistent field tolerance of 1.0 x 10°® eV per atom, (b) energy tolerance of 1.0 x 10°° eV per
atom, (c) maximum force tolerance of 0.05 eV A, and (d) maximum displacement tolerance of 1.0 x 103 A,

The adsorption energy of toluene was defined as follows: Eag = Ewlfsi — Esi — Etol, Where Eiwl/si is the energy
of the slab together with toluene, Ei is the total energy of free toluene, and Eg is the total energy of the bare
slab. In principle, adsorption of saturated hydrocarbon like MCH is of physisorption, where van der Waals
interaction dominates adsorption energy. Because van der Waals interaction does not differ so much depending
on surface, we did not focus on the adsorption energy of MCH.

Decoking ability was also evaluated by comparing the energy barriers of stepwise CHyx (x = 0-3)
hydrogenation from an adsorbed C atom to CH4 for each surface, where CHy species were regarded as coke
precursors. The TS search was performed using the complete linear synchronous transit/quadratic synchronous
transit (LST/QST) method. An LST maximization was performed, followed by energy minimization in the
directions conjugating to the reaction pathway. The approximated TS was used to perform QST maximization
with conjugate gradient minimization refinements. This cycle was repeated until a stationary point was found.
Convergence criteria for the TS calculations were set to root-mean-square forces on an atom tolerance of 0.10
eV AL
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2.3. Results

2.3.1. Bimetallic Systems.

A series of Pt-based bimetallic intermetallic catalysts supported on silica (PtsM/SiO,, where M = Fe, Co, Cu,
Zn, Ga In, Sn, and Pb) were prepared by the co-impregnation method using freeze-drying. To identify the
resulting bimetallic phases, PtsM /SiO, were analyzed by powder XRD. For most catalysts except Pt—Ga and
Pt—Pb, 111 and 200 diffractions assignable to the desired 3:1 alloy or intermetallic phases were observed with
high phase purities. Because the diffraction peaks were very broad, we could not clearly observe the 110
diffraction for most catalysts, which appears when the ordered PtsM (L1.-type) structure is formed. However,
for PtsFe/SiO,, the 110 diffraction could be observed at 32.7° when the catalyst was annealed at 900°C.
Generally, ordered structures tend to convert to disordered structure at higher temperatures®? because of the
increase in entropy term (AG = AH — TAS: AS is positive for disordering). Therefore, considering that the
ordered PtsFe structure was retained at 900°C, the as-prepared PtsFe likely has the ordered structure. The Pt
dispersions estimated by CO pulse chemisorption revealed that the Pt dispersion ranged typically from 20% to
30%. Figures 5a and b show the representative HAADF-STEM image of PtsFe/SiO; and the size distribution
of nanoparticles, respectively. There is a narrow particle size distribution of small and uniform nanoparticles.
The particle sizes ranged from 1 nm to 4 nm with a volume weighted average of 2.6 nm. The elemental maps
of Pt and Fe that were acquired using the EDX analysis of this field revealed that the nanoparticles consisted of
Pt and Fe (Figures 5c and d).
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Figure 5. (a) High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image
of PtsFe/SiO; (Pt loading was 3 wt%) and (b) the size distribution of nanoparticles. (¢) HAADF-STEM image
of PtsFe/SiO; (Pt loading was 3 wt%). (d) Elemental maps of the Pt + Fe overlayer obtained using EDX.
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The synthesized Pt-based bimetallic catalysts were tested in MCH dehydrogenation. The reaction
temperature was set to 300°C to compare both the catalytic activity and stability. Figures 6a and b show the
change in MCH conversion for each catalyst. Toluene selectivity was approximately 100% for all the Pt-based
catalysts with negligible formation of by-product benzene and methane. As represented by Pt/SiO., the activities
of Pt-based catalysts were gradually decreased probably owing to coking. Conversely, some Pt:M/SiO;
catalysts (M = Fe, Sn, In, and Pb) exhibited good durability under MCH dehydrogenation. A similar trend was
also observed in a much harsher condition at 400°C, where PtsFe still showed the best durability. The TOF of
durable catalysts (PtsM/SiO.: M = Fe, Sn, In, Pb) catalysts was compared to that of Pt/SiO,, as shown in Figure
6¢. TOF differed considerably depending on the second metal (PtsFe >> Ptsln >> PtsSn > PtsPb). This trend
was roughly consistent with that of apparent activation energy estimated by Arrhenius-type plot (Figure 6d:
PtsFe > Pt3Sn ~ Ptsln > PtsPb). Thus, the formation of intermetallic phases drastically changed the catalytic
activity and durability in MCH dehydrogenation. Note that PtsFe exhibited not only the highest TOF (twice
higher than that of Pt) and good durability but also the highest MCH conversion owing to the highest Pt
dispersion. In the dehydrogenation of alkanes, non-noble metals typically show much lower catalytic activity
than noble metals, and Pt has been extensively studied.! Therefore, the activities of Pt-free catalysts are expected
to show very low catalytic activity.
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Figure 6. (a), (b) Time on stream of MCH conversion on silica-supported Pt-based catalysts at 300°C. (c) TOF
on silica-supported Pt-based catalysts at 300°C. Apparent activation energies of methylcyclohexane
dehydrogenation over silica-supported Pt-based catalysts obtained by Arrhenius-type plots.
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2.3.2.  Trimetallic Systems.

The aforementioned catalyst survey revealed that PtsFe was the most suitable bimetallic combination for
catalytic activity and durability for MCH dehydrogenation. However, a further improvement in the long-term
stability is required for the practical use application. Therefore, we focused on a catalyst design based on a
pseudo-binary alloy structure of Pts(FeixMy) using a third metal element M (Scheme 1) to make further
modification in the catalytic performance. Here, the second metal Fe is partially substituted by a third metal
with any Fe/M atomic ratio without changing the L1, crystal structure of the parent PtsFe phase (space group:
Pm3m). The fundamental factors determining the catalytic performance [e.g., the electronic state of Pt and
geometric parameter (lattice constant)] can be tuned upon the Fe-M substitution. Moreover, an additional
property can be provided by the third element M possessing a unique character, which allows to develop a
multifunctional active site to achieve better performance.

(a) @Pt ©Fe

Pt3Fe Pt3(Fe1*XMx)
Scheme 1. (a) Catalyst design concept and the (b) cuboctahedron model for PtsFe-based pseudo-binary alloys
with Fe—M substitution.

A series of Pts(Feo.7sMo.25)/SiO; (M = Co, Ni, Cu, Zn, Ga, In, Sn, and Pb) were prepared in a manner similar
to that used to prepare the bimetallic catalysts. For each catalyst, the position of 111 diffraction was consistent
with the theoretical value calculated using Vegard’s law, where the lattice constant of Pts(Feo7sMo2s) was
assumed to be a 3:1 linear combination of those of PtsFe and PtsM, which suggested the formation of the desired
pseudo binary alloy structure. CO chemisorption revealed that Pt dispersion slightly decreased from 29% (PtsFe)
to typically 23~25% [Pts(FeorsMoz2s)]. Figures 7a and b show the HAADF-STEM image of
Pts(Feo.75ZNn0.25)/Si0; and the particles size distribution, respectively. The particle sizes ranged from 1 nmto 4
nm with a volume weighted average of 2.7 nm. The elemental maps of Pt, Fe, and Zn acquired using the EDX
showed that the nanoparticles were consisted of Pt, Fe, and Zn atoms (Figure 7c). The HAADF-STEM images
of a single nanoparticle showed lattice fringes with a spacing of 3.91 A, which is consistent with the interplanar
distance of Pts(Feo.75ZN0.25)(100) planes (3.88 A). Moreover, the observed atomic arrangement closely matched
the corresponding crystal structure
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Figure 7. (a) HAADF-STEM image of Pts(Feo.7sZNo.25)/SiO- (Pt loading was 3 wt%) and the (b) size distribution
of nanoparticles. (c) Elemental maps of the Pt + Fe + Zn overlayer obtained using EDX. (d) High-resolution
STEM image of a single nanoparticle. (e) Pts(Feo.7zsZno.2s) crystal viewed along the <001> direction (white:
Pt, green: Fe or Zn). (f) Background-subtracted synchrotron XRD pattern of Pts(Feo.75Zn0.25)/SiO. (Pt loading
was 3 wt%). Black vertical lines indicate the simulated diffraction patterns of Pts(Feo.7sZno.2s).

viewed along the [111] direction (Figures 7d and e). The large difference in Z contrast allows to distinguish
dark Fe(Zn) columns and surrounding bright Pt columns, which is consistent with the atomic arrangement of
the L1, crystal structure. In addition, we performed the synchrotron XRD (L = 0.496 A) analysis for
Pts(Feo.75ZNn0.25)/Si0;, the diffraction pattern of which is shown in Figure 7f. The experimental pattern matched
well the simulated one. Note that the superlattice diffractions were clearly observed (100 and 110 at 7.3° and
10.4°, respectively), which is a strong evidence of the formation of the L1, structure.

Besides, we performed the XAFS analysis of Pts(Feo75Zn0.25)/Si0O, and related materials to obtain the
information of local structure (Figures 8 and 9 for X-ray absorption near edge structure (XANES) spectra and
raw EXAFS oscillations, respectively). The Fe and Zn K-edge XANES spectra revealed that Fe and Zn in
PtsFe/SiO, and Pts(Feo.7sZno.25)/SiO2 were almost in metallic states. Table 1 summarizes the representative
results of curve-fitting. PtsFe/SiO, showed Pt—Fe and Pt—Pt scatterings at 2.67 A (CN = 2.0) and 2.71 A (CN =
5.9), respectively. The ratio of CNpepi/ CNpi_ge Was 2.9, which was consistent roughly to that of bulk intermetallic
PtsFe (2: CNpept = 8, CNpe_re = 4). A similar result was observed for Pts(Feo75Zn025)/SiOz: Pt-Fe(Zn) at 2.66 A
(CN =2.5) and Pt-Ptat 2.71 A (CN = 5.8), CNptp/CNere Was 2.3. Note that, for intermetallic PtsFe, Pt-Fe and
Pt-—Pt scatterings at the first coordination shell are distinguishable by EXAFS even though their distances are
crystallographically identical. However, Pt-Fe and Pt-Zn scatterings with the same distance cannot be
distinguished because the backscattering amplitude and phase shift for Fe are similar to those of Zn. Therefore,
the presence of Zn that neighbors to Pt cannot be identified by Pt Li-edge EXAFS, while should be considered
from Zn K-edge EXAFS. For both Fe K- and Zn K-edge EXAFS, the corresponding Fe—Pt and Zn—Pt bonds
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were observed for Pt3(Feo.75Zn0.25)/Si0,. Conversely, our attempt to assume Fe—Zn or Zn—Fe scattering did not
provide good fitting. These results strongly suggest that Zn is selectively substituted at the Fe position in PtsFe
crystal but not with Pt. Only a small contribution of Fe—O and Zn—O was observed, probably originating from
chemical interaction with SiO; support. Thus, the combination of XRD, HAADF-STEM-EDS, and XAFS
analyses strongly supports the formation of the Pts(Feo.7sZno2s) pseudo-binary alloy structure with Fe—Zn
substation in PtsFe. However, considering that CNzn pt (6.8) is smaller than CNee_pt (7.6), Zn distribution in the
nanoparticle might be slightly biased to surface region. Considering that the Pt dispersion of Pts(Feo.75Zng.25)
was slightly lower than that of PtsFe, not only Fe but also Pt might be replaced with a small amount of Zn at
the surface region.
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Figure 8. (a) Pt Lu-, (b)Fe K-, and (c) Zn K- edge XANES spectra of the catalysts and reference compounds.
The features of Fe K-edge XANES of Pt3Fe/SiO; and Pts(Feo.7sZno.25)/Si0O2 well agreed with that of in-situ-
reduced PtsFe/C reported in literature,?® of which Fourier transformed EXAFS shows no peak assignable to Fe—
O between 1-2A. These demonstrate that the specific XANES feature of PtsFe does not originate from oxides,
but probably from alloying with Pt. Similar trends have also been reported for the relevant systems of bulk Pt—
Co? and Pt;Ni.® In these papers, the increased intensity of white line (1s—4p transition) was explained by the
increase in the number of Co(Ni) 4p empty state of Co(Ni), which is caused alloying with Pt. Thus, it can be
said that the Fe in PtsFe/SiO, and Pts(Feo.75Zn0.25)/Si0; is mainly in the metallic state.
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Figure 9. (a) Pt Ly-edge k3-weighted raw EXAFS oscillations for Pt foil (Black), Pt/SiO, (Green), PtsFe/SiO;
(Magenta), and Pts(Feo75Zno.25)/Si0O2 (Blue). (b) Fe K-edge k3-weighted raw EXAFS oscillations for Fe foil
(Black), Fe.O3 (Orange), PtsFe/SiO; (Green), and Pts(Feo7sZNno.25)/Si0O2 (Blue). (c) Zn K-edge k3-weighted raw
EXAFS oscillations for Zn foil (Black), ZnO (Orange) and Pts(Feo.7sZNo.25)/SiO2 (Blue).

Table 1. Summary of the representative EXAFS curve fitting for Pt-based catalysts.

Sample Edge Shell CN R (A)H o (AP R-factor (R?)
Pt foil Pt Ly Pt—Pt 12.0 (fix) 2.77 £0.00 0.005 0.000
Pt/SiO, Pt Li Pt—Pt 71403 2.73+0.01 0.007 0.001
Pt:Fe/SiO, Pt Lu Pt—Fe 2.0+ 0.6 2.67+0.02 0.014 0,003
Pt-Pt 59+05 2.71 +0.00 0.007
Fe K Fe-O 0.8+0.5 1.93 +0.02 0.006
Fe-Pt 6.0+ 1.1 2.64+0.01 0.012 0-008
Pts(Feo.75Zn0.25)/Si0a Pt Lu Pt-Fe 2.5+0.7 2.66+0.01 0.017 0,000
Pt-Pt 5804 2.71 +0.00 0.007
Fe K Fe-O 0.7+ 0.7 1.92 +0.04 0.006
Fe—Pt 7.6+1.9 2.65+0.01 0.013 0015
ZnK Zn-0 1.1+ 1.1 2.01+0.02 0.009
Zn-Pt 6.8+ 1.8 2.61+0.02 0.019 0-024

lEIDjstance between absorber and backscatterer atoms.

(EXAFS Debye—Waller factor).

bICorrection term in the absorption edge. “/Disorder term
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The synthesized PtsFe-based pseudo-binary alloy catalysts were also tested in MCH dehydrogenation at
400°C (Figures 10a and b). This reaction is typically performed at 300~350°C to obtain sufficient MCH
conversion; here, we employed a relatively harsh condition to obtain the deactivation trend in a short period of
time. The durability was further enhanced by the substitution of a part of Fe with M, where the Zn-substituted
catalyst, Pts(Feo7sZno25)/SiO2, exhibited the highest durability in the trimetallic system. We also optimized the
Zn content in Pt3(Fe1-xZny)/SiO2 (x = 0, 0.25, 0.5, 0.75, and 1), which revealed that the Zn content of 0.25 gave
the highest stability and TOF (Figure 11). A further increase in the Zn content lowered the stability stepwise to
the level of PtsZn. Figure 12 summarizes the catalytic performance of Pt-based catalysts in MCH
dehydrogenation. Pt:Sn and Ptsln, which are known as catalysts that are stable during alkane
dehydrogenation,?®?® showed rapid deactivation, which suggested that the reaction condition was harsh for
MCH dehydrogenation. Conversely, the Pts(Feo75Zno25)/SiO; catalyst showed little deactivation even at this
harsh condition, highlighting the remarkably high durability. Moreover, this catalyst showed a 2.7-fold higher
TOF than that of Pt/SiO, and retained excellent toluene selectivity (>99%). Thus, the pseudo-binary alloy
system drastically changed the catalytic performance.
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Figure 10. (a,b) Durability test for silica-supported PtsFe-based pseudo binary alloy catalysts in MCH
dehydrogenation at 400°C.
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Figure 11. (a) Durability test for Pts(Fei—xZn,)/SiO, in MCH dehydrogenation at 400°C. (b) TOF of
Pts(Fei«Zny)/SiO, in MCH dehydrogenation at 300°C.
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Figure 12. (a) Change in MCH conversion in durability test at 400°C and (b) TOF at 300°C.

We also performed a long-term durability test using the Pts(Feo.7sZno.25)/SiO; catalyst with 0.25 wt% Pt
loading under a standard reaction temperature (at 320°C), where the sufficiently high catalytic performance (99%
MCH conversion and >99.8% toluene selectivity) was retained for longer than 2 days. We observed that lower
Pt loading gave better durability for MCH dehydrogenation (the order of the long-term durability: 3 wt% < 1
wit% < 0.5 wt% < 0.25 wt% Pt). This is probably because of the size effect: the lower the loading amount is,
the smaller the size is, and undesired side reactions are suppressed on smaller-sized particles, as reported in
literatures.*® However, the TOF value did not depend on Pt loading and dispersion; therefore, there is no clear
size dependence on the catalytic activity. The H, evolution rate on 3 wt% Pts(Feo.7sZno25)/SiO- catalyst was 539
mmol/ge/min at 300°C, which increased to 757 mmol/ge/min when the reaction temperature was increased to
350°C (Figure 13). To the best of our knowledge, these rates are much higher than the highest values ever
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reported for MCH dehydrogenation (see Table 2 for comparison with literature), which is likely due to the
outstandingly high TOF. It should be emphasized that Pts3(Feo.75Zn0.25)/SiO> also exhibited excellent selectivity
to toluene (>99.9% at 350°C) with only a ppm level of methane released in the gas phase (Figure 14). This is
very important for practical applications, such as in fuel cells, which typically require ultra-pure hydrogen.®
Thus, we developed a highly active, selective, and durable catalyst for MCH dehydrogenation. We also
performed TPO experiments using spent catalysts to estimate the amount of coke accumulated on the catalyst
during MCH dehydrogenation. Figure 15 shows the amount of heavy coke deposited on the representative
catalysts after use in MCH dehydrogenation. Monometallic Pt had a large amount of coke, which is consistent
with the rapid deactivation during the catalytic run. Conversely, the coke amount was much lower for the
catalysts with high durability, particularly for Pts(Feo.7zsZno.25)/SiO2. Thus, the catalyst lifetime also depends on
the amount of coke deposited and the Fe-containing catalysts showed high resistance to coke accumulation.

Pt3(Feg 75ZNng 25)/Si0;
Zn(0.5)-Pt(1)/Al,04
1.4Mn-Pt/Al,O4
PUTIO,
Pty(Feq 75£N0 25)/SIO;
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PtSn-5/Mg—-Al-0O-350
Pt/pyrolytic waste tire char
0 | 2(IJO | 4(IJO | B(IJO | 800
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Figure 13. Comparison of H; evolution rates (calculated based on MCH conversion) for Pts(Feg.7sZno.25)/SiO-
and other reported Pt-based catalysts (references are listed in Table 2).
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Table 2. Comparison catalytic performance in MCH dehydrogenation for Pt,(Fe,..Zn ,)/SiO, and other

0.25
reported Pt-supported catalysts.

Ptloading  Temp Conv. H, evolution rate
Entry Catalyst ) Ref.
(Wt%) (°C) (%) (mmol/g,/min)
1 300 78.9 539
Pt,(Fe, 52N, ,5)/SIO, 3 this study
2 350 71.2 757
3 300 75 389 13
Zn(0.5)-Pt(1)/Al0, 1
4 350 90 466.7 13
5 1.4Mn-Pt/AlO, 1 350 89 369 14
6 PU/TIO, 1 350 60 249 15
7 PtSn-1/Mg-AlI-350 2 300 71 205.6 16
8 PtSn-3/Mg-Al-350 2 300 81.1 234.9 16
9 PtSn-5/Mg-Al-350 2 300 84.5 244.8 16
10 PtSn-5/Mg-Al-0-350 2 300 90.5 262.1 16
11 Pt/pyrolytic waste tire char 0.4 300 95 149.3 17
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Figure 14. CH4 concentration in the outlet gas during MCH dehydrogenation over silica-supported Pt-based
catalysts at 350°C.
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Figure 15. The relative amount of heavy coke accumulated on the catalysts (500-800°C) estimated from TPO
experiment. CO; evolution at ca. 300°C and ca. 500°C were regarded as light (probably, product toluene) and
heavy coke, respectively.
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2.3.3.  Mechanic study.

Next, we performed DFT calculation to understand the origin of the high catalytic performance of
Pts(Feo.75ZNn0.25)/Si0,. First, we focused on the adsorption energy of toluene (Eag) on the PtsM(111) surface to
evaluate the trend of product desorption. In general, enhanced product desorption suppresses any successive
side reactions such as demethylation of toluene, which typically leads to coke formation and catalyst
deactivation,11:30-323336-38 Therefore, product desorption is an important factor for improving selectivity and
stability. Figure 16 shows E.s for PtsM(111) surfaces estimated by periodic DFT calculations. For the
monometallic Pt(111) surface, the stable adsorption geometry of toluene was di-o-di-z configurations on a 4-
Pt-atom ensemble. However, for PtsM(111) surfaces, the stable adsorption geometry of toluene was tri-z
configuration with the center of the aromatic ring located above a hollow site, where substantially higher E,
were obtained for all PtsM. This likely occurs owing to the absence of the 4-Pt-atom ensemble, namely,
ensemble effect.3*%° Interestingly, the Eq values considerably differed depending on the second metals (Pt;Pb >
PtsSn > PtsIn > PtsZn > PtsFe > Pt;Ga > Pt;Co), and a good linear correlation was observed between Eaq and
the lattice constant of the PtsM crystal (Figure 17). This indicates that the size (steric hindrance) of the second
metal M strongly contributes to the adsorption strength of toluene. Thus, toluene desorption is promoted by the
formation of PtsM intermetallic phases. For the model of the Pts(Feo75Zno2s) surface, we considered a
PtsFe(111)-like surface with 25% Fe—Zn (bulk + surface) and Pt—Zn (only surface) substitution and toluene
adsorption on Pt and Pt2Zn hollow sites, as suggested from the results of CO chemisorption and EXAFS curve
fitting mentioned above. Here, Pts(Feo7sZno2s) showed comparable and much higher Eaq than PtsFe, when
toluene adsorbed on Pt; and Pt,Zn hollow sites, respectively. This occurs because Pt ensemble was further
diluted by Zn (Pt; — Pt,Zn). Here the Pt,Zn hollow site can act as an effective desorption
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Figure 16. Adsorption energy of toluene on the PtsM(111) surface calculated by DFT. The inset shows the
optimized structure of toluene adsorbed on a Pt; hollow site of the Pts(Feo7sZno2s)(111) surface (tri-z
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Figure 17. Adsorption energy of toluene on PtsM(111) surface plotted against the lattice constant of PtsM
crystals.

site of toluene, because the migration of toluene from Pts to PtoZn site is possible. Thus, the ensemble effect by
alloying can be a major factor for determining the desorption behavior of toluene. Besides, it should be noted
that the order of Eaq approximately agreed with that of the catalyst stability at 400°C except for Fe-containing
materials: Pts(Feo.7sZNno.2s) >> PtsFe ~ PtsPb > PtsSn ~ Ptsln > PtsZn > Pt;Co > Pt > PtzGa. This supports that
toluene desorption is an important factor that contributes to catalyst durability. However, considering that the
Fe-containing catalysts exhibited superior durability even though Pt;Pb and Pt;Sn gave higher E.q, Fe seems to
be essential for the stability of catalysis.

According to the high coke resistance of abovementioned Fe-containing catalysts, we focused on the
“decoking” property, which is the capability of removing carbonaceous species by hydrogenation, as another
factor that contributes to catalyst durability. Here, we considered stepwise hydrogen attack to surface carbon
atom to release methane (CHyx + H —CHy + 1: x = 0~3) as a simple model of removing coke precursors. Figure
18 shows E, of CHx hydrogenation on PtsM(111) surface. PtsFe and Pts(Feo75Zno2s) gave lower E, than those
of Pt and PtsSn for each step, indicating that surface Fe is capable of enhancing the hydrogenation of coke
precursors. The greater ability of Fe for decoking is consistent with the higher CH4 concentration in the gas
phase and the lower coke amount.

Finally, we discuss another role of Zn on the best catalytic performance of Pts(Feo.75Zn0.25)/SiO2. The
substitution of Fe with M typically improved catalytic durability and decreased Pt dispersion. Therefore, it is
likely that Pt ensembles at the surface were further diluted by M as indicated by the EXAFS analysis for Zn,
which enhanced toluene desorption. Therefore, Zn should have a specific character to improve the best catalytic
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Figure 18. Activation energy of CHy (coke precursor) hydrogenation on PtsM(111) calculated by DFT. The
inset shows the initial state of CH3 hydrogenation (CH3; + H — CH.) on the PtsFe(111) surface.

performance for Fe—M substitution. A possible interpretation is the ligand effect to modify the electronic
structure of Pt. Several researchers have reported that electron-rich Pt suppressed side reactions and enhanced
the catalyst durability in MCH (or hydrocarbon) dehydrogenation.®%2%741 Electron-rich Pt was considered to
enhance electrostatic repulsion between Pt and toluene, which accelerated toluene desorption and inhibited the
subsequent side reactions such as demethylation. Therefore, we performed XPS analysis to investigate the
electronic state of surface Pt (Figure 19). For Pt/SiO;, three signals appeared at 68.9 eV, 71.6 eV, and 74.8 eV,
which are assigned to 4pu., 4fs; and 4f7, emissions of metallic Pt, respectively.*?%5 PtsFe/SiO, showed binding
energies to be almost identical to those of Pt/SiO, indicating that the electronic state of surface Pt did not so
change upon alloying with Fe. However, the binding energies of Pt 4f7, for Pts(Feo.75Zn0.25)/SiO, and PtsZn/SiO;
were lower (71.3 eV and 71.1 eV, respectively) than those for Pt/SiO; and other alloys, which suggests that the
electron density of Pt increased upon the incorporation of Zn. Thus, alloying with Zn donates electrons to Pt
(ligand effect), as reported for other Pt—Zn bimetallic systems.32434647 This ligand effect can further enhance
toluene desorption, hence improve the selectivity and catalytic durability.

On the basis of these DFT calculations, we can summarize that the origin of high selectivity and stability of
PtsFe intermetallic catalyst is derived from the synergetic effect of desorption and decoking. Besides, the
performance is further improved by substituting a part of Fe(Pt) with Zn because of the enhanced toluene
desorption by both ligand and ensemble effects. Thus, the catalyst design based on the pseudo-binary alloy
structure allows to construct multifunctional active sites that mediate C—H activation (Pt), promote decoking
(Fe), and accelerate toluene desorption (Fe, Zn). The weaker adsorption of toluene and lower coke amount
allow to retain a larger number of active Pt sites during MCH dehydrogenation, which would explain the high
catalytic activity of Pts(Feo.7sZno.25). The combination of these three elements and their promotion effects allows
to develop a highly active, selective, and durable catalyst for cycloalkane dehydrogenation.
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Figure 19. Pt 4f and 4p XPS spectra of silica-supported Pt-based catalysts.

2.4. Discussion

In this study, a series of Pt-based intermetallic compounds supported on silica (PtsM/SiO2, where M
= Fe, Co, Ni, Cu, Zn, Ga, In, Sn, and Pb) were tested as catalysts for the dehydrogenation of
methylcyclohexane to toluene. PtsFe/SiO; acts as a highly active and durable heterogeneous catalyst,
and a 2.1-fold higher TOF than Pt/SiO: is observed. The substitution of part of Fe by Zn forms the
Pta(Feo.75Zno.25) pseudo-binary alloy structure, which exhibits a three times higher TOF than that of
Pt/SiO., excellent toluene selectivity (>99%, methane: <500 ppm), and long-term durability (>50 h).
To the best of our knowledge, this catalyst exhibits the highest hydrogen evolution rate among the
reported materials. The remarkably high selectivity and stability are derived from the synergy of
enhanced toluene desorption and decoking capability. Fe has a unique capability to facilitate the
hydrogenation of coke precursor to methane. Zn makes Pt electron-rich and further dilutes Ptz hollow
sites, which strongly accelerates toluene desorption owing to the ligand and ensemble effects,
respectively. The combination of each element, Pt (C—H activation), Fe (decoking), and Zn (toluene
desorption) results in a highly active, selective, and durable catalyst for MCH dehydrogenation. Thus,
the catalyst design based on the pseudo-binary alloy structure allows to construct multifunctional
active sites that are highly efficient for alkane dehydrogenation. The present study provides an
innovative catalytic system for alkane dehydrogenation as well as deep insights for the fine tuning of
active sites and catalytic properties.

40



Reference

1

aa B~ W N

»

10
11
12

13
14
15
16

17
18
19
20
21
22
23

24

25

26

J. J. H. B. Sattler, J. Ruiz-Martinez, E. Santillan-Jimenez and B. M. Weckhuysen, Chem. Rev., 2014,
114, 10613-10653.

J. C. Bricker, Top. Catal., 2012, 55, 1309-1314.

E. Gianotti, M. Taillades-Jacquin, J. Roziére and D. J. Jones, ACS Catal., 2018, 8, 4660—4680.

R. B. Biniwale, S. Rayalu, S. Devotta and M. Ichikawa, Int. J. Hydrogen Energy, 2008, 33, 360—365.
0. O.James, S. Mandal, N. Alele, B. Chowdhury and S. Maity, Fuel Process. Technol., 2016, 149, 239
255.

D. Sanfilippo and I. Miracca, Catal. Today, 2006, 111, 133-139.

M. M. Bhasin, J. H. McCain, B. V. Vora, T. Imai and P. R. Pujadd, Appl. Catal. A Gen., 2001, 221,
397-4109.

E. C. Wegener, Z. Wu, H. T. Tseng, J. R. Gallagher, Y. Ren, R. E. Diaz, F. H. Ribeiro and J. T. Miller,
Catal. Today, 2018, 299, 146-153.

Z.Wu, E. C. Wegener, H. T. Tseng, J. R. Gallagher, J. W. Harris, R. E. Diaz, Y. Ren, F. H. Ribeiro and
J. T. Miller, Catal. Sci. Technol., 2016, 6, 6965-6976.

S. M. Stagg, C. A. Querini, W. E. Alvarez and D. E. Resasco, J. Catal., 1997, 168, 75-94.

F. Alhumaidan, D. Cresswell and A. Garforth, Energy and Fuels, 2011, 25, 4217—4234.

Y. Okada, E. Sasaki, E. Watanabe, S. Hyodo and H. Nishijima, Int. J. Hydrogen Energy, 2006, 31,
1348-1356.

S. Zha, G. Sun, T. Wu, J. Zhao, Z. J. Zhao and J. Gong, Chem. Sci., 2018, 9, 3925-3931.

J. Im and M. Choi, ACS Catal., 2016, 6, 2819-2826.

G. Siddiqi, P. Sun, V. Galvitaand A. T. Bell, J. Catal., 2010, 274, 200-206.

V.J. Cybulskis, B. C. Bukowski, H. T. Tseng, J. R. Gallagher, Z. Wu, E. Wegener, A. J. Kropf, B. Ravel,
F. H. Ribeiro, J. Greeley and J. T. Miller, ACS Catal., 2017, 7, 4173-4181.

H. N. Pham, J. J. H. B. Sattler, B. M. Weckhuysen and A. K. Datye, ACS Catal., 2016, 6, 2257-2264.
J. Jeon, K. Kon, T. Toyao, K. Shimizu and S. Furukawa, Chem. Sci., 2019, 10, 4148-4162.

T. Komatsu and A. Tamura, J. Catal., 2008, 258, 306-314.

B. Ravel and M. Newuville, J. Synchrotron Rad., 2005, 12, 537-541.

A. Ankudinov and B. Ravel, Phys. Rev. B, Condens. Matter Mater. Phys., 1998, 58, 7565-7576.

H. Okamoto, M. E. Schlesinger and E. M. Mueller, Eds., Alloy Phase Diagrams, 2016, 3, 0.

F. J. Lai, H. L. Chou, L. S. Sarma, D. Y. Wang, Y. C. Lin, J. F. Lee, B. J. Hwang and C. C. Chen,
Nanoscale, 2010, 2, 573-581.

A. |. Figueroa, J. Bartolomé, L. M. Garcia, F. Bartolomé, O. Bunau, J. Stankiewicz, L. Ruiz, J. M.
Gonzélez-Calbet, F. Petroff, C. Deranlot, S. Pascarelli, P. Bencok, N. B. Brookes, F. Wilhelm, A.
Smekhova and A. Rogalev, Phys. Rev. B, Condens. Matter Mater. Phys., 2014, 90, 1-16.

J. Chen, Y. M. Yiu, Z. Wang, D. Covelli, R. Sammynaiken, Y. Z. Finfrock and T. K. Sham, J. Phys.
Chem. C, 2020, 124, 2313-2318.

S. Zha, G. Sun, T. Wu, J. Zhao, Z. J. Zhao and J. Gong, Chem. Sci., 2018, 9, 3925-3931.

41



27
28
29
30

31
32
33

34

35
36

37

38

39
40

41

42
43
44
45
46
47

L. Nykdnen and K. Honkala, ACS Catal., 2013, 3, 3026-3030.

L. Nykénen and K. Honkala, J. Phys. Chem. C, 2011, 115, 9578-9586.

S. Furukawa, A. Tamura, K. Ozawa and T. Komatsu, Appl. Catal. A Gen., 2014, 469, 300-305.

S. Nagatake, T. Higo, S. Ogo, Y. Sugiura, R. Watanabe, C. Fukuhara and Y. Sekine, Catal. Letters,
2016, 146, 54-60.

Y. Li, D. Liand G. Wang, Catal. Today, 2011, 162, 1-48.

K. Mori, Y. Kanda and Y. Uemichi, 2018, 61, 350-356.

A. Nakano, S. Manabe, T. Higo, H. Seki, S. Nagatake, T. Yabe, S. Ogo, T. Nagatsuka, Y. Sugiura, H.
Iki and Y. Sekine, Appl. Catal. A Gen., 2017, 543, 75-81.

J. Yan, W. Wang, L. Miao, K. Wu, G. Chen, Y. Huang and Y. Yang, Int. J. Hydrogen Energy, 2018, 43,
9343-9352.

C. Zhang, X. Liang and S. Liu, Int. J. Hydrogen Energy, 2011, 36, 8902-8907.

D. S. Sethi, C. T. Chew, L. W. Jossens, E. E. Petersen, W. J. Doolittle, N. D. Skoularikis, R. W. Coughlin,
K. Liu, S. C. Fung, T. C. Ho, D. S. Rumschitzki, R. Prestvik, K. Moljord, K. Grande, A. Holmen, R. W.
Coughlin, K. Kawakami, A. Hasan, K. JothiImurugesan, S. Bhatla and R. D. Srlvastava, J. Catal., 1998,
36, 581-588.

Y. Sugiura, T. Nagatsuka, K. Kubo, Y. Hirano, A. Nakamura, K. Miyazawa, Y. lizuka, S. Furuta, H. Iki,
T. Higo and Y. Sekine, Chem. Lett., 2017, 46, 1601-1604.

A. Nakano, S. Manabe, T. Higo, H. Seki, S. Nagatake, T. Yabe, S. Ogo, T. Nagatsuka, Y. Sugiura, H.
Iki, Y. Sekine, A. Nakano, S. Nagatake, T. Higo, S. Ogo, H. Nakai and Y. Sekine, Chem. Phys. Lett.,
2018, 543, 75-81.

S. Furukawa and T. Komatsu, ACS Catal., 2017, 7, 735-765.

S. Furukawa, Y. Matsunami, I. Hamada, Y. Hashimoto, Y. Sato and T. Komatsu, ACS Catal., 2018, 8,
8177-8181.

J. Yu, R. Wang, S. Ren, X. Sun, C. Chen, Q. Ge, W. Fang, J. Zhang, H. Xu and D. S. Su, ChemCatChem,
2012, 4, 1376-1381.

J. Llorca, P. R. De Lapiscina, J. L. G. Fierro, J. Sales and N. Homs, J. Catal., 1995, 156, 139-146.

S. lihama, S. Furukawa and T. Komatsu, ACS Catal., 2016, 6, 742—746.

M. Muhler, Z. Paél and R. Schlégl, Appl. Surf. Sci., 1991, 47, 281-285.

N. P. Company and P. O. Box, .

J. A. Rodriguez and M. Kuhn, J. Chem. Phys., 1995, 102, 4279-4289.

J. Silvestre-Albero, A. Sepulveda-Escribano, F. Rodriguez-Reinoso and J. A. Anderson, J. Catal., 2004,
223, 179-190.

42



Chapter 3
Single-Atom Pt in Surface-Modified Intermetallics

as a Stable and Selective Catalyst
for Propane Dehydrogenation
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3.1. Introduction

Propylene is one of the most important building blocks for the production of a wide range of chemicals, such
as polymers, resins, surfactants, dyes, and pharmaceuticals.! The supply of propylene has been reduced because
of the recent shift in feedstock for steam crackers from oil-based naphtha to shale-based ethane. Catalytic PDH
using Pt- or Cr,Os-based materials is a promising on-purpose technique to satisfy the increasing global demand
of propylene production.’ Owing to the endothermicity, high reaction temperatures (preferably >600°C) are
required to obtain sufficient propylene yields. However, severe catalyst deactivation due to coke deposition
and/or sintering is inevitable under such harsh conditions; therefore, the catalysts in practical use must be
regenerated continuously or in short cycles. Although a number of literatures on catalytic PDH have been
reported to this day, no catalyst that exhibits high catalytic activity, selectivity, and day-long stability at high
temperatures (>600°C) has been developed to the best of our knowledge.'® Developing a catalyst to meet this
demanding task is of a great challenge in pure and applied chemistry.

Generally, selectivity and stability in PDH are determined by the balance between whether the product
propylene desorbs or undergoes undesired side reactions, such as further C-H(C) scissions and the subsequent
coke formation.®1° For Pt-based catalysts, Pt-Pt ensembles are known to be active for over-dehydrogenation
of propylene and its hydrogenolysis.! The isolation of Pt atoms is a promising strategy to inhibit these undesired
side reactions in PDH.! For instance, alloying of active main metal (mostly Pt) with a certain inactive metal
(mostly typical elements such as Sn) has been a conventional approach to dilute Pt—Pt ensembles and enhance
propylene selectivity and stability.! However, it is difficult to completely isolate Pt atoms by the conventional
alloying approach. Single-atom**** and SAA!!1¢ catalysts are also effective tools to use isolated Pt, where
active metals are atomically dispersed on an oxide support and isolated by excess amount of 11 group metal
like Cu, respectively. However, it is difficult to apply them to high-temperature reactions such as PDH due to
its insufficient thermal stability: Pt atoms®’ or alloy nanoparticles**® without spatial separation®® are easily
aggregated to form larger nanoparticles at very high temperatures.

A possible candidate to solve this challenge is single-atom-like isolated Pt included in thermally stable
intermetallic compounds. For instance, the 1:1 compound of Pt and Ga with cubic P2,3 space group has thermal
stability (AHr = -55.6 kJ mol™t) much greater than typical random alloys (—10 < AH¢ < 0 kJ mol*) and a unique
structure for this purpose.’®® The stable (111) surface of PtGa has four different terminations displaying
isolated and three-fold Pt and Ga sites (hereafter signed Pt;, Ga, Pts, and, Gas, Figure 20a). Here, the Gas
moiety can be regarded as a matrix to support the isolated Pt; atom; therefore, it may be possible to describe
the Pt; site as “single-atom Pt”. Note that there are two enantiomeric forms of PtGa unit cell (PtGa:A and
PtGa:B, the former is shown in Figure 20b), because the space group P23 is chiral. In an analogous system of
PdGa (space group P2:3), such surface termination (Pds and Pdi, which were described as trimer and single
atom, respectively) has actually been observed by surface science techniques.?*?! For the PdGa system, Pds is
known to catalyze semihydrogenation of acetylene more selectively than Pd;.?° For PtGa in PDH, however, the
Pt; site is expected to be more active for deep C-H(C) scission. Therefore, some modification that makes only
Pts sites disabled while Pt; sites available for the reaction is needed for achieving highly selective and stable
PDH.
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In this study, we design Pb-modified PtGa where the three-fold Pt is selectively blocked by Pb deposition
while the single-atom Pt remains intact (Figure 20c). As demonstrated later, the convex Pt; site is unfavorable
geometrically and energetically for Pb deposition. We prepare SiOz-supported PtGa and PtGa—Pb (Pt/Pb = 2)
catalysts by an impregnation method (reduced by H. at 700°C) and test in PDH at high temperatures (600 or
650°C; note that it is lower than the preparation temperature). Here, we show a different type of single-atom Pt
and its outstandingly high catalytic performance in PDH at high temperature.

a Ga, pt /[ catalytically active ] [111]

Figure 20. Catalyst design of single-atom Pt in PtGa. (a) Four different surface terminations of PtGa:A(111)
viewed along [101] direction (ball model). (b) Diagonal view of Ptz and Pt; termination (space-filling model).
Pt1 is highlighted with black color. (c) Catalyst design by Pb deposition to block the Pt; (and Gas) sites and to
keep the Pt; sites available.

3.2. Experimental

3.2.1. Catalyst Preparation.

SiO; (CARIACT G-6, Fuji Silysia, Sger = ca. 500 m? g1), Al,O; (prepared by the calcination of boehmite [y-
AIOOH, supplied by SASOL chemicals] at 900°C for 3 h, y phase), CeO2 (JRC-CEO-2, Sger = 123.1 m? g1),
ZrO; (JRC-ZRO-6, Sger = 279.3 m? g1), and TiO, (P-25, anatase). MgAl,O4 support was prepared by a co-
precipitation method using urea as a precipitating agent. The precursors and urea were precisely weighted and
dissolved together in deionized water so that urea/precursors atomic ratio was 20. Mixed aqueous solution of
Mg(NOs3);-6H,0, AI(NOs)s-9H,0 and urea was stirred overnight at 90°C. After the precipitation, the solution
was washed with water 5 times and dried overnight in oven at 90°C, followed by calcination at 800°C in the
dry air for 5 h. CeZrO, and CaZrOs were prepared in a same co-precipitation method used to prepare MgAl;Oa.
Ce(NO3)3-6H20, Zr(NO3).0-2H,0, and Ca(NOs),-4H,0 were used as precursors.
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Pt-based bimetallic catalysts were prepared by the pore-filling co-impregnation method using SiO; as the
support (PtsM/SiO,, and PtM/SiO,, where M = Ga, In, Sn, Pb; Pt: 3 wt%). Ga(NOs)s-nH.0 (n = 7-9), SnCl,,
Pb(NO3). were used as second metal precursors. The ratio of precursors was fixed at the desired ratio. Mixed
aqueous solution of Pt(NH3)2(NOs). and second metal was added dropwise to ground dried SiO; so that the
solutions just filled the pores of the SiO.. The mixture was kept in a sealed round-bottom flask overnight at
room temperature, followed by quick freezing with liquid nitrogen, freeze-drying in vacuum at —5°C. The
resulting powder was further dried in an oven at 90°C overnight, calcined in dry air at 400°C for 1 h, and finally
reduced by H; (0.1 MPa, 50 mL mint) at 700°C for 1 h. The catalysts except Pt/SiO, were further annealed at
400°C for 2 h under flowing H, (0.1 MPa, 50 mL min™?) to enhance alloying without further sintering. Ga/SiO>
catalyst with 5 wt% loading was prepared using a similar method (reduction was carried out at 900°C for 1 h).
(2) The corresponding silica-supported trimetallic catalysts were also prepared using a same method with
PtGa/SiO; [PtGa—Pb/SiO,, where Pt/Pb =5, 2.5, 2, and 1.5; PtGa—M/SiO,, where M = In and Sn, Pt/M = 2; Pt:
3 wt%]. In(NOs)s-8.8H,0 (determined by ICP-AES), SnCl; and Pb(NOs), were used as third metal precursors.
(3) A series of Pt-Ga bimetallic catalysts supported on various oxides (PtGa/X, where X = y-Al,03, MgAl,Oa,
Ce0,, CeZrOy, Zr0O,, CaZrOs, and TiOy; Pt/Ga = 1; Pt: 3 wt%) was prepared by the conventional impregnation
method. To prepare a precursor solution, Pt(NH3)2(NOs), and Ga(NOs)s-nH,O (n = 7-9) were dissolved in an
excess amount of water (ca. 25 mL of ion exchanged water per g of support). The oxide support was added to
a vigorously stirred aqueous solution of the metal precursors and kept with stirring at 90°C for 3 h. The mixture
was dried using a rotary evaporator at 50°C and further dried overnight in an oven at 90°C. The resulting powder
was treated in a similar manner for the SiOz-supported alloy catalysts as mentioned above.

3.2.2. Catalytic Reactions.

Propane dehydrogenation was carried out in a vertical, quartz fixed-bed reactor with 6 mm of internal
diameter under an atmospheric pressure. Generally, 15 mg of catalysts diluted with quartz sand (total: 1.5 g)
were charged in the reactor. Prior to the catalytic test, the catalyst was prereduced under flowing H, at 650°C
and held at 650°C for 0.5 h. After the pretreatment, the temperature was kept at 650°C or decreased to 600°C,
followed by feeding reactant gas mixture; CsHs:Hz:He = 3.9:5:40, a total of 48.9 mL mint (WHSV =30.7 h'})
The resulting product gas was analyzed by online TCD gas chromatograph (Shimadzu GC—8A with a column
of Unipak S, GL Science) equipped downstream. For all the catalysts, CsHg, CoHa, C2Hs, and CH. were detected
as reaction products. The CsHg conversion, CsHs selectivity, CsHs yield, and material balance were defined by
Egs (1) ~ (4), respectively. Material balance typically ranged between 95~105% for all the reactions.

C3H8 conversion (%) — [C3Hglintet — [C3Hgloutlet x 100 (1)
[C3H8]inlet
.. [C3He]
C3;Hg selectivity (%) = x 100 2
3te Y OO = e = Beoma) + 2com) + Her) @)
. [C3H6]outlet
04) = LL3feloutlet
CsHg yield (%) o Holonton x 100 3)
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2 2 1
[C3Hgloutier + [C3He] + 5[C2Hg] + [C2Ha] + Z[CH4)

Material balance (%) = T
3Mglinlet

x 100 4)

The first-order deactivation model was used to estimate the catalytic stability.! kq (h™*) and z (h) were
defined by the following equation. Here, lower kq and higher z values are indicative of higher stability.

1 (1—conv.end) _ln(l—conv-start
conv.ong conv.grart
kg = )
t

T= = (6)

where, conv.swart and conv.eng indicates initial and final propane conversion, respectively. t represents the
reaction time. kg (h™2) and 7 (h) represent the deactivation rate constant and expected catalyst life,
respectively.

3.2.3.  Characterization.

XRD patterns of the Pt-based catalysts were obtained using a MiniFlex 700+D/teX Ultra (X-ray source: Cu Ka
radiation). HAADF-STEM analysis was performed by an FEI Titan G2 or a JEOL JEM-ARM200 M
microscope with an EDX detector. The volume averaged particle size in a TEM image (drem) was used.

Pt dispersion in the catalysts (percentage of exposed Pt to the total amount of Pt) was measured by
chemisorption of CO at room temperature. Prior to chemisorption, the catalyst (50 mg) was treated by 5% H./Ar
(40 mL min?t) at 300°C for 0.5 h, followed by cooling to room temperature with a He purge (40 mL min™?!) to
remove chemisorbed hydrogen. We introduced a pulse of 10% CO/He into the reactor and quantified the CO
passed through the catalyst bed using a TCD detector. This pulse measurement was repeated until no more CO
was adsorbed. We estimated the amount of chemisorbed CO assuming a 1:1 stoichiometry for CO
chemisorption on a surface Pt atom.

XPS study was conducted using a JEOL JPS-9010MC spectrometer (X—ray source: Mg-Ka radiation). The
catalysts were treated by flowing H; at 650°C for 0.5 h in a quartz reactor, followed by transferring into the
spectrometer in air. The surface of the catalyst was sputtered by Ar* (voltage: 400 V, rate: 20%, time: 1 s, at
each cycle) for the depth analysis. Calibration of the binding energy was performed with the Si 2p emission of
the SiO; support (103.9 eV).

Fourier-transform infrared (FT-IR) spectra of adsorbed CO were obtained with a JASCO FTIR-4100
spectrometer with a TGS detector in the transmission mode (resolution 4 cm™) under a dynamic condition.
Prior to CO chemisorption, 50 mg of the catalyst was pressed into a pellet (diameter of 20 mm) and placed in a
quartz cell equipped with CaF, windows and a Dewar vessel, followed by reduction under a flowing H; at
550°C for 1 h. The reduced sample was then kept in vacuum at 550°C for 1h, then the cell was cooled to ca.
—196°C by liquid nitrogen. The sample was exposed to a pulse of low-pressure CO, then evacuated in vacuum
to remove the gaseous CO and concentrated CO on the catalyst. This CO exposure was repeated several times
until the CO saturation coverage.
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TPO experiment was performed to quantify the amount of coke deposited on the spent catalysts after 20 h
of PDH at 600°C (15 mg of the catalyst without quartz sand). The spent catalyst (10 mg) placed in a quartz tube
reactor was treated under flowing He (40 mL mint) at 150°C for 30 min, followed by cooling to room
temperature. Then, the catalyst bed temperature was increased (25~900°C, ramping rate: 5 °C min™t) under
flowing O2/He (50%, 40 mL min*). The amount of CO; in the outlet gas was quantified by an online mass
spectrometer.

XAFS spectra of the prepared catalysts were collected at the BLO1B1 beamline of SPring-8, JASRI using a
Si(111) double-crystal as a monochromator. Prior to the measurement, the catalyst was pelletized (ca. 150 mg
with a diameter of 10 mm) and pretreated by H. at 650°C for 0.5 h in a quartz tube. After the pretreatment, the
guartz tube containing the reduced pellet was sealed and transferred into an Ar grove box (O2: < 0.1 ppm)
without exposing to air. The pellet was sealed in a plastic film bag (Barrier Nylon) together with an oxygen
absorber (ISO A500-HS: Fe powder). The Pt Li;- and Ga K-edges XAFS spectra was recorded in a transmission
mode at room temperature. Athena and Artemis software ver. 0.9.25 implemented in the Demeter package??
was used for the analysis of the obtained XAFS spectra. Fourier-transform of the Pt Liy-edge EXAFS oscillation
was obtained in the k range of 3—16 A%, The back Fourier-transform obtained in the R range of 1.5-3.5 A was
used for curve-fitting. FEFF8 was used for the calculation of the back-scattering amplitude and phase shift
functions.?® We defined the R-factor (R?) for curve-fitting as follows:

R? = Zi{k%P(K)—k " (K)}? per Zi{k’ri™(K)}. ()

3.2.4.  Computational Details.

DFT calculations were performed by using the CASTEP code.?® We used Vanderbilt-type ultrasoft
pseudopotentials® and the revised version of Perdew—Burke—Ernzerhof exchange—correlation functional??’
based on the generalized gradient approximation. A cut-off energy of 360 eV was used for the plane-wave basis
set. A k-point mesh with a spacing of 0.04 A generated by the Monkhorst—Pack scheme? was used to sample
the Brillouin zone. In this study, the PtGa:A(111) and Pt;Sn(111) planes were considered as the standard active
surfaces for PDH. The supercell structure was constructed using a (2 x 2) unit cell slab with six atomic layers
and a vacuum spacing of 15 A. We performed geometry optimizations on the supercell structures using a Fermi
smearing of 0.1 eV, the OBS method for dispersion correlations, and the following convergence criteria: (1)
self-consistent field tolerance; 1.0 x 107 eV per atom, (2) energy tolerance; 1.0 x 10~° eV per atom, (3)
maximum force tolerance of 0.05 eV A%, and (4) maximum displacement tolerance; 1.0 x 10~2 A. Transition
state search was carried out based on the complete linear synchronous transit/quadratic synchronous transit
method?®3° with the tolerance for all root-mean-square forces on an atom of 0.10 eV AL,

3.3. Results

3.3.1.  Characterization of PtGa—Pb/SiO..

Figure 21a shows the high-resolution HAADF-STEM image of PtGa—Pb/SiO, with a single nanoparticle. A
crystal structure with interplanar distances of 2.07 A and 2.25 A and dihedral angle of 56° was observed, which
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Figure 21. Characterization of PtGa—Pb/SiO,. (a) HAADF-STEM image of a single nanoparticle in PtGa—
Pb/SiO; (Pt/Pb = 2). (b) Crystal structure of intermetallic PtGa viewed along [142] direction. (c) Elemental map
of Pt, Ga, and Pb acquired by EDX. Inset shows their atom% included in areas 1 (yellow circle) and 2 (purple
circle), corresponding to the whole and core region of a single nanoparticle. (d) Changes in Pt 4f7, binding
energy (B.E.) of PtGa/SiO; and PtGa—Pb/SiO, (Pt/Pb = 2) during sputtering cycles.

agreed with those of (211) and (201) planes of intermetallic PtGa viewed along with [142] direction (Figure
21b).%! Theparticle size distribution was narrow (mostly 1.5~3 nm) with an average of 2.8 + 0.6 nm. The
elemental map acquired by EDX analysis showed that Pt and Ga were homogeneously distributed in each
nanoparticle with approximately 1:1 ratio (Figure 21c). Similar results of the HAADF-STEM-EDX analyses
were also obtained for PtGa/SiO,. On the contrary, the Pb distribution in PtGa—Pb/SiO, was focused on the
shell part of nanoparticles (areas 1 and 2 in Figure 21c). Considering that the Pb content in the whole
nanoparticle (area 1) is lower than those fed in the catalyst (Pt/Pb =2), a part of Pb may present on SiO; support.
XPS analysis with Ar* sputtering revealed that the Pt4f;, binding energy of PtGa—Pb was lower than that of
PtGa (due to ligand effect of Pb®?), but came close immediately after several sputtering (Figure 21d). This result
strongly supports that Pb is located at the surface region of PtGa nanoparticles. We also performed XAFS
analysis (Figures 22 and 23). Pt-Ga scattering with 2.50 + 0.01 A was observed for PtGa—Pb (Table 3), which
is consistent finely with the interatomic distance of the nearest Pt and Ga in PtGa (2.499 A).3! This result
suggests that Pb atoms are not substituted into the bulk of PtGa to increase the lattice constant. Pt—Pb scattering
was also observed with a small CN of 1.0, which indicates that the
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Figure 22. (a) Pt Ly- and (b) Ga K-edge XANES spectra of the reduced catalysts and reference compounds.
The atomic ratio of Pt/M in Pt-M/SiO; (M = Ga and Pb) was 3.
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Figure 23. Magnitude of Fourier transform of the k®-weighted EXAFS spectra of reduced catalysts. Ak = 3-16
A
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Table 3. Summary of the Pt Lyj-edge k3-weighted EXAFS curve fitting for Pt-based catalysts and reference Pt foil.

Sample shell s cN R (A)bI AE (V) 5 (AH R-factor (R?)
Pt foil PtPt 091 120(fix) 2772000 48+04  0.005+0.000 0.002
PY/SIO, PtPt 091 7.0£04 273+000 39207  0.007+0.000 0.009
Pt-Ga/SiO, PtGa 091 16+1.1  2.50%0.01 0.013 + 0.005
~1.9+1.3 0.015
(PUGa = 3) PtPt 091 52+08 271001 0.008 + 0.001
PtGa/SiO, PtGa 091 26+05  2.49+001 0.011 +0.001
44111 0.010
PtPt 091 27+04 2702001 0.007 +0.001
PtGa-Pb/SiO, PtGa 091 1.8+03  2.50%0.01 0.010 % 0.001
PtPt 091 45+13 2752001 -17+20 0.010£0.001 0.007
PtPb 091 1.0+1.0  2.88+0.03 0.012 + 0.006

Pt-Pb/SiO; (Pt/Pb=3) Pt-Pt 091 75%0.3 274+0.01 23%05 0.007 +£0.000 0.004

BAmplitude factor. PIDistance between absorber and backscatterer atoms. [ICorrection term in the absorption
edge. [IDisorder term (EXAFS Debye—Waller factor).

surface Pt sites are partly blocked by Pb deposition. CO pulse chemisorption experiment supported the partial
coverage of surface Pt, where Pt dispersion decreased from 9.9% to 5.9% upon the Pb modification to PtGa/SiO..
To obtain further information about the surface of PtGa—Pb/SiO,, we then performed FT-IR spectroscopy with
CO adsorption at —196°C (Figure 24). For PtGa/SiO,, two peaks appeared at 2078 and 1885 cm™ at the initial
stage, which are assigned to stretching vibration of CO adsorbed on Pt with on-top and three-fold modes,
respectively.?! Upon the increase in CO pressure (Pco), the threefold CO disappeared and the intensity of the
on-top CO increased with an appearance of a small shoulder feature at around 2050 cm™. This change could be
attributed to the migration of three-fold CO to on-top CO on the Pts site due to the increase of CO coverage.
The new shoulder at around 2050 cm™ might be assigned to on-top CO adsorbed on Pt; site.?* On the contrary,
for PtGa—Pb/SiO, only a single symmetric adsorption band appeared at 2040 cm™* with lower intensity even at
saturation coverage, which implies that the Pt; sites are blocked by Pb while the remaining Pt; sites are open
for CO adsorption. We then simulated the theoretical vc-o for the suggested conformations by DFT calculations.
The calculated vc=0 values were consistent finely (on-top CO) or roughly (threefold CO) with the corresponding
experimental values, which strongly supports the assignment mentioned above. The observed trend agreed also
with a relevant system of CO adsorption on PdGa:B(111) monitored by surface science techniques.? Only a
slight red-shift in vc-o (2043 to 2037 cm™) was suggested when Ph was added near the Pt; site, likely because
of electron-enriched Pt by the ligand effect of Pb as observed in Figure 24. Thus, we successfully prepared an
ideal catalyst for PDH with single-atom-like isolated Pt without any Pt—Pt ensembles.
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Figure 24. Surface characterization by FT-IR with CO adsorption. Changes in FT-IR spectra of CO adsorbed

on PtGa/SiO; and PtGa—Phb/SiO, (Pt/Pb = 2) with increase in Pco measured at —196°C are shown. Vertical

dashed lines indicate vc=o0 values calculated by DFT. The upper pictures show the optimized structures of on-

top CO (t) on Pts, Pt;, and Pt1-Pb sites, and threefold CO (h) on Pt; hollow site.

3.3.2. Catalytic Performance in PDH.

Next, we tested the catalytic performances of the prepared catalysts in PDH at 600°C (Figure 25). Although
PtGa exhibited high conversion and selectivity at the initial stage (40% conv. 99.1% sel. at 0.5 h), conversion
gradually decreased below half of its initial value within 50 h. Conversely, PtGa—Pb retained high conversion
and excellent selectivity (>30% conv. >99.6% sel.) for 50 h even under the harsh condition. It should be noted
that almost no deactivation was observed even at 96 h (Figure 26). Thus, the Pb-modification to PtGa
significantly improved the stability and selectivity. We achieved the long-term, continuous, and highly selective
propylene production in PDH at high temperatures without deactivation (>580°C: see Tables 4, 5, and Figure
27 for comparison with literatures). We also tested Pt3Sn catalyst, the well-known catalyst selective for PDH,%’
which gave lower conversion, selectivity, and stability (higher deactivation rate, Table 6) than PtGa,
highlighting the outstandingly high catalytic performance of PtGa—Pb. The spent catalysts were then analyzed
by TPO and the HAADF-STEM-EDX analysis. PtGa and Pt;Snh showed coke combustion peaks in their TPO
profiles, while PtGa—Pb gave no peak (Figure 28). This is consistent with the stability trend in Figure 25 and
suggests that the coke formation process is strictly inhibited. The HAADF-STEM-EDX analysis revealed that,
despite the long-term operation (50 h) in the harsh condition, PtGa—Pb retained its small particles sizes (flesh:
2.8 £ 0.6 nm, spent: 3.0 £ 0.6 nm), intermetallic structure,
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Figure 25. Catalytic performance in PDH. Changes in propane conversion (a) and propylene selectivity (b) in
PDH catalyzed by PtGa/SiO,, PtGa—Pb/SiO; (Pt/Pb = 2) and Pt;Sn/SiO are shown. Catalyst amount was
adjusted so that the number of exposed Pt was identical (4.5 pmol): PtGa (9.0 mg), PtGa—Pb (Pt/Pb = 2) (15

mg), PtsSn (3.7 mg), and diluted with quartz sand (total 1.5 g). Gas feed: CsHs:H2:He = 3.9:5.0:40 mL min™2.
Temperature: 600°C.
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Figure 26. Long-term stability test in PDH on PtGa—Pb/SiO, (Pt/Pb = 2) at 600°C.
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Table 4. Summary of the catalytic data of PtGa—Pb and other reported Pt-based catalysts for PDH.

Pt Temp. Conversion CsHg Selectivity Specific kg
Entry  Catalyst Ref.

(Wt%) (°C) (%)™ (%)™ activity (s (h)@
1 Ptin/Mg(Al)O-600 0.6 620 69-50 98 0.45 0.027 7
2 PtIn/Mg(Al)O-x 0.6 620 66.4-43.5 95 0.43 0.118 8
3 0.3PtSn/1.5In-Al 0.3 620 58.4-48.6 935 0.75 0.144 9
4 PtGa/SiO, 3 600 44.7-24.5 98.8 0.56 0.018 This
5 PtGa—Pbh/SiO, (Pt/Pb = 2) 3 600 30.0 (4 h)-28.4 99.6 0.38 0.001 Study
6 Pt/Mg(Sn)(Al)O 0.5 600 48.3-43.0 86.4 1.05 0.002 10
7 Pt5In/SiO, 0.3 600 17.5-17 92 0.08 0.018 11
8 Pt3Ga/CeAl 1 600 41.1-32.2 99.6 0.52 0.026 12
9 Pt3Ga/Al,03 1 600 39.4-28.1 99.5 0.50 0.034 12
10 Pt/CeAl 1 600 47.1-22.2 62 0.59 0.076 12
11 PtSn/TS-1 0.5 600 53.5-47.7 925 041 0.033 13
12 15%27n-0.1%/Al,03 - 600 35-31 94 - 0.045 14
13 Pt/TAO 1 600 50.5-21.0 60 0.64 0.134 15
14 Pt/TAL0 1 600 47.3-25.9 77 0.60 0.094 15
15 Pt/TA20 1 600 45.5-17.8 89 0.57 0.135 15
16 PtSnIn/08Zr-Al 0.3 600 57.7-51.7 98 0.74 0.097 16
17 0.1Pt10Cu/Al,O3 0.1 600 40-22 90 1.97 0.215 17
18 Pt-Sn/SAPO-34-500 0.5 595 34.6-43.9 66 0.48 0.149 18
19 Pt/Al,O5 sheet 0.36 590 42.7-15.9 93 1.38 0.058 19
20 PtSn/Al,O; sheet 0.35 590 48.7-44.6 98 1.62 0.007 19
21 Pt-Sn-Na/Al-SBA-15 0.5 590 27.5-12.6 94 0.20 0.024 20
22 Pt-Na/Sn-ZSM-5 0.5 590 41.7-39.1 95.3 0.30 0.011 21
23 PtNa/Zn(1.0%)-ZSM-5 0.5 590 40.6-37.8 93 0.29 0.012 22
24 Pt-Sn/mesoporous Al,O4 0.5 590 29.8-24.6 92 0.22 0.044 23
25 Pt-Sn/ZSM-5 05 590 33.1-26.3 47.7 0.24 0.054 23
26 Pt-Sn/y-Al,03 0.5 590 29.4-22.7 76 0.21 0.058 23
27 Pt-Sn/SBA-15 0.5 590 11.0-6.0 80 0.08 0.110 23
28 PtSnAly./SBA-15 05 590 55.9-40.5 98.5 0.32 0.104 24
29 Pt-Cu/MgAl,O,4 1 590 25.7-21.0 87.5 0.24 0.011 25
30 Pt-Ag/MgAl, 04 1 590 30.6-16.7 95.1 0.28 0.034 25
31 Pt-Au/MgAl,O,4 1 590 33.7-16.6 60 0.31 0.040 25
32 Pt-Sn-2/MgAlO, 0.55 580 44-18.7 92 0.23 0.014 26
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33 Pt-Sn-3/MgAl,04 0.53 580 42-18.7 97 0.23 0.013 26

34 Pt-Sn-4/MgAl,0, 05 580 50-31.5 98 0.29 0.009 26
35 Pt-Sn-5/MgAl,0, 0.42 580 45-37.6 98 031 0.003 26
36 Pt-Sn-6/MgAl,0, 0.39 580 44-38.9 99 0.33 0.002 26
37 PY/0.55n-SBA-15 0.72 580 43.8-38.3 985 0.62 0.038 27
38 Pt-Sn/MgALO,-ALT 1 575 33-29 99 059 0.057 28
39 PZn*/Si0, 3.05 550 30.2-16.1 98.1 0.96 0.027 29
40 Ga*PtYSio, 155 550 31.9-18.2 99 1.36 0.038 3

4 155 550 36.5-26.9 90.9 0.76 0.023 3

42 155 550 40.7-385 63.5 0.04 0.005 3

43 Pt/Mg(Sn)(Al)O 05 550 29.4-27.8 93.7 0.64 0.001 10
44 2Pt-0.6Sn/y-Al0; 2 540 42.9-39.2 93.7 0.09 0.020 30
45  2Pt-1.2Sn/y-Al,O; 2 540 435-41.4 96.9 0.09 0.011 30
46 2Pt-2.4Sn/y-Al,O; 2 540 42.8-41.7 98.3 0.09 0.006 30
47 2Pt-3.6Sn/y-Al0; 2 540 42.8-41.8 98.6 0.09 0.005 30
48 0.1Pt10CU/Al,O; 0.1 520 13.1-12.4 90 0.65 0.001 17
49 Pt-Na-[Fe]/ZSM-5 0.1 520 33-13 98.3 151 0.008 31

[BIThe first value was obtained at the beginning of the run, and the second at the end. P'The C3Hs selectivity was
obtained at the beginning of the run. FIDefined as (mol reacted propane) per (mol Pt*t(s)). MThe first-order
deactivation model was used to estimate the catalytic stability.®
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Table 5. Summary of the catalytic data of PtGa—Pb and other reported Pt-based catalysts for PDH.

Pt Temp. WHSV Operation Ref.
Entry catalyst Gas composition 7 (h)®

(wt%)  (°C) (™ time ()
1 Ptin/Mg(Al)O-600 0.6 620 3.3 CsHs/Ho/Ar = 8/7/35 375 41.0 7
2 Ptin/Mg(Al)O-x 0.6 620 33 CsHg/H,/Ar = 8/7/35 8.5 8.0 8
3 0.3PtSn/1.5In-Al 0.3 620 33 CsHg/H,/Ar = 8/7/35 7.0 2.8 9
4 PtGa/SiO, 3 600 30.7 CsHg=3.9,H,=5He=40 541 50.0 This study
5 PtGa—Pb/SiO, (Pt/Pb=2) 3 600 30.7 CsHg=3.9,H,=5,He=40 1159.0 96.0 Study
6 Pt/Mg(Sn)(Al)O 0.5 600 14 CsHg/H,/Ar = 1/0.5/2 561.2 48.0 10
7 PtsIn/SiO, 0.3 600 3 C3Hg/H, = 1/1, balance N, 57.1 25 11
8 Pt3Ga/CeAl 1 600 10 CsHs/H2 = 1/1, balance N 39.0 15.0 12
9 Pt3Ga/Al,05 1 600 10 CsHg/H, = 1/1, balance N, 295 15.0 12
10 Pt/CeAl 1 600 10 C3Hg/H, = 1/1, balance N, 13.2 15.0 12
11 PtSn/TS-1 0.5 600 3 C3Hg/Ho/N, = 1/1/4 30.1 7.0 13
12 15%27Zn-0.1%/Al,05 - 600 3 C3Hg/H, = 1/1, balance N, 22.1 4.0 14
13 Pt/TAO 1 600 10 CsHg/Ho/N, = 13/13/24 74 10.0 15
14 Pt/TA10 1 600 10 CsHg/Ho/N, = 13/13/24 10.6 10.0 15
15 Pt/TA20 1 600 10 CsHg/Ho/N, = 13/13/24 74 10.0 15
16 PtSnIn/08Zr-Al 0.3 600 33 CsHg/HJ/Ar = 8/7/35 10.3 25 16
17 0.1Pt10Cu/Al,O4 0.1 600 4.0 CsHg/H, =1/1 47 4.0 17
18 Pt-Sn/SAPO-34-500 0.5 595 5.6 CsHg/H, = 4/1 6.7 8.0 18
19 Pt/Al,O3 sheet 0.36 590 94 CsHg/Ho/N, = 1:1.25:4 17.1 24.0 19
20 PtSn/Al,O; sheet 0.35 590 94 CsHg/Ho/N, = 1:1.25:4 142.6 24.0 19
21 Pt-Sn-Na/Al-SBA-15 0.5 590 3.0 CsHg/H, = 75/25 41.3 40.0 20
22 Pt-Na/Sn-ZSM-5 0.5 590 3.0 CsHg/H, = 75/25 92.6 9.0 21
23 PtNa/Zn(1.0%)-ZSM-5 0.5 590 3.0 CsHg/H, = 4/1 85.1 9.0 22
24 Pt-Sn/mesoporous Al,O3 0.5 590 3.0 CsHg/H, =4 22.8 6.0 23
25 Pt-Sn/ZSM-5 0.5 590 3.0 CsHg/H, =4 184 6.0 23
26 Pt-Sn/y—Al,03 0.5 590 3.0 CsHg/H, =4 17.2 6.0 23
27 Pt-Sn/SBA-15 0.5 590 3.0 CsHg/H, =4 9.1 6.0 23
28 PtSnAly./SBA-15 0.5 590 25 CsHg/Ar = 1/5 9.6 6.0 24
29 Pt-Cu/MgAl,O, 1 590 6.8 C3Hg=19,H,=19,He =2 89.2 24.0 25
30 Pt-Ag/MgAl,O, 1 590 6.8 C3Hg=19,H,=19,He =2 29.8 24.0 25
31 Pt-Au/MgAl,O, 1 590 6.8 CsHg =19, H, =19, He =2 251 24.0 25
32 Pt-Sn-2/MgAl,O, 0.55 580 24 CsHs=2,H,=2,He =16 73.3 90.0 26
33 Pt-Sn-3/MgAl,O, 0.53 580 24 CsHg=2,H,=2,He =16 78.5 90.0 26
34 Pt-Sn-4/MgAl,O, 0.5 580 24 CsHg=2,H,=2,He =16 115.9 90.0 26
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35 Pt-Sn-5/MgAl;0,4 0.42 580 2.4 CsHg=2,H,=2,He=16 294.2 90.0 26
36 Pt-Sn-6/MgAl;0, 0.39 580 2.4 CsHg=2,H,=2,He=16 427.8 90.0 26
37 Pt/0.5Sn-SBA-15 0.72 580 8.3 CsHg/Ar=7/3 26.4 6.0 27
38 Pt-Sn/MgAl,O04-ALT 1 575 14.7 CsHg/H, = 1.2, balance He 17.6 3.3 28
39 Pt°Zn®/SiO, 3.05 550 75 CsHs/Ar = 10/40 36.8 35 29
40 Ga*PtY/SiO, 1.55 550 98.3 CsHg/Ar = 1:4 26.5 20.0 3

41 1.55 550 43.3 CsHg/Ar = 1:4 44.2 20.0 3

42 1.55 550 2.0 CsHg/Ar = 1:4 214.1 20.0 3

43 Pt/Mg(Sn)(AO 0.5 550 14 CsHg/H2/Ar = 1/0.5/2 1531.2  240.0 10
44 2Pt-0.6Sn/y-Al03 2 540 35 CsHs/H2/N, = 6/2/42 49.0 6.0 30
45 2Pt-1.2Sn/y-Al,03 2 540 35 CsHs/H2/N, = 6/2/42 87.2 6.0 30
46 2Pt-2.4Sn/y-Al,03 2 540 35 CsHs/H2/N, = 6/2/42 166.4 6.0 30
47 2Pt-3.6Sn/y-Al,03 2 540 3.5 CsHs/H2/N; = 6/2/142 183.0 6.0 30
48 0.1Pt10Cu/Al;03 0.1 520 4.0 CsHg/H, = 1/1 1906.6  120.0 17
49 Pt-Na-[Fe]/ZSM-5 0.1 520 151 CsHg/He = 25/75 125.0 166.0 31

BIWHSV: weight hourly space velocity (h™2). PIExpected catalyst life defined as 7 = kq 2. Cloperation time: total

time tested for a single run.
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Figure 27. At-a-glance chart of the catalytic performance of PtGa—Pb/SiO, (Pt/Pb = 2) and existing Pt-based
catalysts in PDH (references are listed in Tables 4 and 5). Expected catalyst life (t = kg 1) and initial CsHs
selectivity are categorized by reaction temperature (580~620°C). The results of previous studies conducted at
temperatures lower than 570°C and higher than 630°C were omitted due to low C3Hg conversion or production
rate and the lack of long-term stability, respectively.
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Table 6. Summary of catalytic performance of SiO.-supported Pt-based materials in PDH at 600°C.
e Deactivation rate constant. ! Expected catalyst life.

CsHs conversion (%) CsHe selectivity

Catalyst ka (h)® 7 (h)®

at0.5h at50 h (%) at 0.5 h
Pt 30.7 10.8 0.026 38.2 86.8
Pt-Ga

38.9 17.7 0.022 45.6 89.8
(Pt/Ga=3)
PtGa 44.7 24.5 0.018 54.1 98.8
PtGa—Pb

30.3 (4 h) 28.4 (96 h) 0.001 1159 99.6
(Pt/Pb = 2)
PtsSn 39.1 18.0 0.022 46.1 97.5
PtSn 33.6 21.0 0.013 76.9 99.2
Ptsln 34.6 13.9 0.024 41.7 94.9
Pt-Pb

28.8 13.7 0.019 53.0 96.1
(Pt/Pb =3)
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Figure 28. (a) TPO profiles of the spent catalysts (without quartz sand) in the dehydrogenation of propane at
600°C for 20 h. (b) The relative coke amount accumulated on the catalysts (200-800°C) estimated from TPO

experiment.
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and elemental distribution, demonstrating the high thermal stability and resistance to sintering. The stability
test was also conducted at 650°C, where PtGa—Pb retained high conversion (37~38%) for several hours and
then gradually decreased to approximately 20% over 50 h. The gradual deactivation can be attributed to the
contribution of thermal (noncatalytic) cracking.%® This was confirmed by a control experiment using SiO, in
which small amount of C; and C, were formed at 650°C, while that was negligible at 600°C. Other bimetallic
combinations that have been reported to be effective for PDH (PtSn*® and Pt;In®") were also tested at 600°C.
However, they all showed deactivation trends similar to that of PtzSn. Considering that Pt—-Ga (Pt/Ga = 3) gave
higher deactivation rate and lower selectivity than PtGa, using 1:1 PtGa phase is a significant factor to develop
a highly efficient catalytic system for PDH. When the modifier for PtGa was changed from Pb to other metals
such as In or Sn, no positive effects on activity and selectivity were obtained. We also tested the recyclability
of PtGa—Pb catalyst. The spent PtGa—Pb catalyst could be regenerated by O, treatment to recover the original
catalytic performance after some induction period, whereas some bimetallic or trimetallic other Sn-containing
catalysts (PtsSn, PtSn, and PtGa-Sn) did not. Therefore, the combination of intermetallic PtGa and the Pb
modification is suitable for stabilizing single-atom-like isolated Pt at high temperature. This is probably because
(1) PtGa itself is thermodynamically stable (AH¢ = —55.6 kJ mol %)*#1° and (2) the atomic radius® of Pb (1.80
A) is much larger than those of Pt (1.35 A) and Ga (1.30 A): the diffusion of Pb into the bulk of PtGa is likely
to be unfavorable even at 600°C. Although several researchers have pointed that Ga works as a good promotor
for Pt-based PDH as well as other typical element such as Sn or In,%61-6¢ our results indicate that the geometry
and appropriate design of an active site is more significant rather than the individual chemical property of the
additive element, that is, Pt should be strictly isolated. We also surveyed various Pt/Pb ratios and metal oxides
as catalyst supports, which confirmed that PtGa—Pb/SiO, (Pt/Pb = 2) was the best. Ga itself has also been known
to be active for PDH.5” However, a control experiment using Ga/SiO; at 650°C showed very low conversion
(<3%), indicating the negligible contribution of Ga itself to the catalysis of much more active Pt-based materials.

3.3.3. DFT Calculations.

Finally, we conducted DFT calculations for the step-wise C—H scissions of propane to clarify the detailed
property of isolated Pt for selective PDH. Figure 29 summarizes the reaction scheme of PDH and the calculated
energy barrier of each step (Ex: x = 1, 2, 3, and d; see Figures 30~32, Figure 33, and Table 7 for the detailed
structures, energy diagram, and summarized activation energies, respectively). The adsorbed propylene
(CsHs(a)) formed via the first and second C—H scissions undergoes desorption to gas phase (CsHs(g)) or further
(third) C—H scission to trigger undesired side reactions.®1° Here, propylene selectivity depends on the difference
in the two energy barriers (AE = E; — Egq, shaded part in Figure 29): the larger AE is, the higher the selectivity
is. PtGa-Pt; gave AE of 35.9 kimol™, which was slightly larger than that of Pt;Sn(111) (24.1 kJ mol™).
Interestingly, PtGa-Pt; having the isolated Pt showed much larger AE of 64.9 kJ mol™. This is due to the
remarkably high E; (173.2 kJ mol™?) even though E; (typically the rate-determining step of PDH) and Eq did
not differ significantly from those of PtGa-Pt; and PtsSn-Pt; sites. The specifically high Es could be attributed
to the molecular rotation from lying 1,2-z-CsHs to vertically standing 2-o-CsHs conformations occurring at the
convex Pt; site. Because of the molecular rotation and long Pt—Pt distance between the Pt; site and the nearest
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neighboring Pts site (3.06 A), the hydrogen atom involved in the third C—H scission has to migrate a long
distance toward the final state. The energy required for such an unfavorable path becomes significantly high.
We also estimated the theoretical propylene selectivity based on the Arrhenius equation with AE, which are
listed in Table 8 with the corresponding experimental values. The calculated values and their order were
consistent with the experimental results, which demonstrates the validity of our calculation model. Thus, our
calculation successfully reproduced the experimental trends in selectivity. The high propylene selectivity of Pt;
sites minimizes the accumulation of coke, which leads to the outstandingly high catalyst stability. Finally, we
investigated the affinity of Pb deposition to several Pt and Ga sites. Pb atoms adsorbed stably on the Pts, Gas,
and concave Pt; (in PtGa-Pt; termination) sites with large adsorption energies (—462 ~ =337 kJ mol™?, Figure
34), while could not on the convex Pt; site: the Pb atom placed on the top of the Pt; site migrated downward
during structure optimization. This result indicates that the convex Pt; site is unfavorable for Pb deposition
geometrically and energetically.
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Figure 29. Theoretical interpretation of propylene selectivity. (a) The reaction scheme of PDH to generate propylene

and undesired products. (b) The energy barriers of each C—H scission and propylene desorption on Pt3Sn(111)-Pts,
PtGa:A(111)-Pts, and PtGa:A(111)-Pts. Inset picture shows the transition state structure in the third C—H scission for
each surface. Dark green, light green, magenta, and cyan bars represent the activation energies for first (E1), second
(E2), third (Es) C—H scissions, and propylene desorption (Eq), respectively. Shaded parts in magenta bars correspond
to AE (AE = E3 — Eg).
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Pt3Sn-Pt; site
a CsHg— CsH;+H

b CiH; - CsHs+H
IS TS FS

¢ CsHg— C3Hs+H
IS TS FS

Figure 30. Structures of initial (1S), transition (TS), and final states (FS) of (a) 1st, (b) 2nd, and (c) 3rd C-H
scissions in PDH on the Pt;Sn(111)-Pt; site.
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PtGa-Pt; site
a CsHg— CsH;+H

b Ci3H;, - CiHs+H

¢ CsHg—CsHs+H

IS TS

Figure 31. Structures of initial (IS), transition (TS), and final states (FS) of (a) 1st, (b) 2nd, and (c) 3rd C-H
scissions in PDH on the PtGa:A(111)-Pts site.
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Figure 32. Structures of initial (IS), transition (TS), and final states (FS) of (a) 1st, (b) 2nd, and (c) 3rd C-H

scissions in PDH on the PtGa:A(111)-Pt; site.
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Figure 33. Energy diagram for PDH on the PtGa:A(111)-Pt;, PtGa:A(111)-Pt;, and PtsSn(111)-Pts sites

calculated by DFT. The superscript “g” and “a” indicate the gaseous and adsorbed states of molecules,

respectively.

Table 7. Calculated activation energy (E,) for the dehydrogenation of propane on Pt-based surfaces.

Activation energy (kJ mol™)

Surface 15t C—H scission 2nd C-H scission C,H, desorption 3rd C—H scission
1st C-H 2nd C-H d 3rd C-H
(E, T (E, AL (E, )l (E, R0
Pt.;Sn-Pt;  100.5 97.6 90.1 114.3
PtGa-Pt; 88.7 90.0 96.8 132.7
PtGa-Pt, 110.6 73.6 108.3 173.2

[ Activation energy for first C—H scission (C3Hs — CsH7 + H). PlActivation energy for second C—H scission
(CsH7 — CsHs + H). Activation energy for third C—H scission (CsHs — CsHs + H). [WActivation energy for

CsHg desorption.
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Table 8. Theoretical and experimental CsHs selectivity in PDH at 600°C.

Theoretical simulation Experimental result

Surface AE (k] mol 1)l CsHs sel. (%) Catalyst initial CsHg sel. (%)™
PtsSn-Pts 24.1 96.5 PtsSn/SiO; 98.6 (97.5)
PtGa-Pts 35.9 99.3 PtGa/SiO; 99.1

PtGa-Pt; 64.9 >99.9 PtGa—Pb/SiO> 99.6

[EIDifference between the activation energies of propylene desorption and the third C—H scission. P!At 0.5 h of
time on stream. [ICatalyst amount: 15 mg.

PtGa:A(111)-Pt, PtGa:A(111)-Pt,

Ga, concave Pt; convex Pt, convex Pt; concave Pt,
Ead -337  -462 -325 -452 -453
(kd mol™) * not converged with
P1 symmetry

Figure 34. Adsorption energy (Ead) and optimized structure of a Pb atom on various Gas, Pts, and Pt; sites of
the two PtGa:A(111) surfaces. All calculations were done with P3 symmetry. Structure optimization for Pb on
the convex Pt; site did not converged with P1 symmetry due to the complete migration of the Pb atom downward,
which indicates that the convex Pt; site is actually unfavorable for Pb deposition.
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3.4. Discussion

In summary, we designed and prepared the PtGa—Pb/SiO- catalyst for highly selective PDH, in which threefold
hollow Pt; ensembles were successfully blocked by Pb deposition, while the single-atom-like isolated Pt; sites
remained. The isolated Pt; is highly selective (99.6%) for propylene production and the catalyst is outstandingly
stable for long-term operation at high temperature (96 h, 600°C). The catalytic performance in PDH is much
superior to those of the reported systems. The combination of (1) the specific crystal structure of intermetallic
PtGa providing isolated Pt, (2) its thermal stability, and (3) the large atomic size of Pb enables the remarkably
high selectivity and stability even in harsh conditions. The results obtained in this study provide not only a
highly efficient catalytic system for alkane dehydrogenation but also significant insights for material design to
isolate and stabilize active metals.
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Chapter 4
Electronic Modification of Single-atom Pt

In Surface-modified Intermetallics
for Propane Dehydrogenation
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4.1. Introduction

Propylene is one of the most essential basic raw materials in the chemical industry that is suddenly scarce and
demanded for the shale gas revolution.* Among the propylene production processes, on-purpose propylene
production via catalytic PDH has attracted tremendous interest as a strategy for satisfying the growing global
demand for propylene. Pt is widely utilized for alkane, including propane, dehydrogenation because of its high
performance in C—H scissions and relatively low performance in C-C cleavage. However, a high reaction
temperature (>600°C) is required to obtain sufficient propylene yield because of the high endothermicity of
PDH. Thus, the Pt-based catalysts are inevitably deactivated by coking and/or nanoparticle sintering at such a
high temperature and must be regenerated in short cycles. In this context, the development of a perfectly stable
catalytic system that does not require regeneration, even at >600°C, is a great challenge, yet highly attractive
for practical applications. Although several researchers have attempted to resolve this challenge, no catalyst
has been reported, which exhibits month-long stability for PDH at >600°C. Therefore, to achieve this milestone,
an innovative catalyst design must be developed to completely inhibit the occurrences of undesired side
reactions.

The geometric and electronic effects are known to be pivotal to most catalytic systems, including the PDH
one. Regarding the geometric effect, a catalyst design that is based on the alloying of Pt is generally applied.
Furthermore, PDH is a structure-insensitive reaction, whereas, side reactions, such as hydrogenolysis,
isomerization, and polymerization, are structure-sensitive reactions.’®> Moreover, since large Pt-Pt ensembles
are well-known activators of undesired side reactions, the dilution of such ensembles (also known as the
“ensemble effect”) by alloying Pt with inactive metals such as Sn,*® Ga,”® In,'° and Zn*"*2 has been generally
applied to prevent side reactions. The ensemble effect can also be maximized by completely isolating the Pt
atoms by the second metals, thus favoring the first and second C—H scissions, whereas the subsequent C-H
scission would be successfully inhibited.®**14 J. Gong et al. designed an isolated Pt site utilizing a Pt-Cu SAA,
which exhibited high stability at 520°C.** However, the Pt-Cu SAA catalyst was severely deactivated at 600°C
by nanoparticle sintering. Thus, materials possessing isolated Pt sites with high thermal stability should be
utilized for continuous working at a high temperature (>600°C).81%15-21 |n the previous study, we observed
that an isolated Pt atom (single-atom-like Pt, Pt1) included in thermally stable intermetallic PtGa (Pt:Ga = 1:1,
Space group of P2,3)?? functioned as a highly selective and durable active site for PDH without sintering even
at 600°C (refer Chapter 3).8 Although PtGa contains the isolated Pt; and Pt; ensembles at the most stable (111)
surface, the latter can be selectively blocked by Pb decoration (Scheme 2).
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Scheme 2. Catalyst design concept of the double decoration of the nanoparticulate intermetallic PtGa
supported on SiO,. The synergy of the geometric and electronic effects is expected to greatly enhances
propylene selectivity and the stability of the catalyst.

As well as the geometric property, the electronic properties of Pt, contribute to the adsorption strength of
propylene on the Pt site. For instance, an increase in the electron density of Pt induces its electrostatic repulsion
to propylene, thereby promoting propylene desorption and improving stability.?>% Hence, tuning the
electronic properties of Pt can be another approach for increasing the lifetime of PDH catalysts. Therefore, the
double modification of PtGa to synergize the geometric and electronic promotion effects can be a promising
catalyst design concept to construct an ultra-stable catalytic system for PDH. Crucially, the considered
geometric and electronic effects for the double decoration concept should be compatible and not change the
parent PtGa intermetallic structure. Scheme 2 shows a possible approach that satisfies this guideline. The
surface of the intermetallic PtGa nanoparticles on SiO, was decorated with Pb for the geometric modification
to block the Pts sites. Pb remains at the surface of PtGa and is not diffused into the PtGa bulk, even at a high
temperature, because of its large atomic size and the high thermal stability of PtGa.® Moreover, a certain alkali
or alkaline earth cation, such as Ca?*,2¢-8 is deposited around the PtGa nanoparticles as an electron-donating
agent. Notably, such a cation that exhibits high ionization tendency is not easily reduced and alloyed with PtGa.
Hence, the resulting electron-enriched Pt; site is expected to function as an ideal active site that can almost
perfectly suppress side reactions in PDH.

In this study, we report a novel catalyst design concept, the “double decoration of intermetallics,” where
PtGa was modified with Pb and Ca. This strategy enabled the synergy of the geometric and electronic
promotion effects without changing the parent PtGa structure, thereby affording, for the first time, an
innovative catalyst with outstandingly high catalytic stability in PDH for up to one month at 600°C.

72



4.2. Experimental

4.2.1. Catalyst Preparation.

Preparation of Pt-based catalysts supported on silica (without Ca). PtGa/SiO, (Pt:Ga =1:1) and PtGa—
Pb/SiO; (Pt:Ga:Pb = 1:1:0.75) catalysts were synthesized by the pore-filling co-impregnation method, which

can deposit all the metal components on the SiO, support without 10ss.2° Pt(NH3)2(NOs). (Furuya Metal Co.

Ltd., 4.60 wt% of Pt in HNOs solution), Ga(NOs)s-nH-0 (n = 7-9, Wako, 99.9%), and Pb(NOs), (Wako, 99.5%)
were used as metal precursors. The loading amount of Pt was fixed at 3 wt%. Mixed aqueous solution of the
metal precursors was first added dropwise to SiO, (CARIACT G-6, Fuji Silysia, Sger = ca. 500 m? g?) so that
the solutions just filled the pore of the SiO; (ca. 1.6 mL of solution per g of SiO.). The obtained mixtures were

sealed by three pieces of plastic film and kept overnight at room temperature, followed by transferring to a

round-bottom flask and subsequent freezing using liquid nitrogen. The frozen mixtures were dried in vacuum

at ca. —5°C and further dried in an oven at 90°C overnight. The resulting powder was calcined at 400°C for 1

h in dry air with ramping rate of 20 °C min™*. The calcined powder was then reduced under flowing H, (0.1

MPa, 50 mL mint) at 700°C for 1 h with ramping rate of 20 °C min™*.,

Preparation of PtGa-based catalysts supported on silica with Ca. The corresponding Ca containing
catalysts were also prepared using Ca(NOs).-4H,0 (Wako, 98.5%) as Ca source in a similar method to that of
PtGa: PtGa—Ca (Pt:Ga:Ca = 1:1:5) and PtGa—Pb—Ca (Pt:Ga:Ca:Pb = 1:1:5:0.55); Pt: 3 wt%. All the samples
were calcined at 600°C instead of 400°C.

Preparation of PtGa catalysts supported on silica with M (M = Na, K, Rb, Cs, Mg, Sr, Y, La, Ce, Nd,
and Sm). The corresponding M containing catalysts were also prepared in a same method to that of PtGa—
Ca/SiOy; Pt: 3 wt%. NaNO; (Sigma-Aldrich, 99.5%), KNO; (Wako, 99.0%), Rb,CO; (Wako, >97.0%), CsNO3
(KANTO CHEMICAL CO., INC., 99.99%), Mg(NOQ3),-6H.0 (KANTO CHEMICAL CO., INC., >99.2%),
Sr(NOs), (KANTO CHEMICAL CO., INC., >98%), Y(NOs)s-6H.0 (Mitsuwa Chemicals Co., Ltd., >99.9%),
La(NO3)3-6H20 (Mitsuwa Chemicals Co., Ltd., >99.9%), Ce(NOQ3)3-6H.0 (Wako, >98.0%), Nd(NOs)s-6H,0O
(Mitsuwa Chemicals Co., Ltd., >99.9%), and Sm(NQ3)3-6H.0 (Mitsuwa Chemicals Co., Ltd., 99.9%) were
used as precursors of M.

Preparation of PtGa catalysts supported on other supports. CaO support was synthesized by a precipitation
method using urea (CH4N20, Wako, >99.0%) as a precipitating agent. First, Ca(NOs)2-4H,0 and urea (urea/Ca
molar ratio = 20) were dissolved together in deionized water. The mixed solution was stirred at 90°C for 50 h,
then centrifuged and washed with water five times. The resulting powder was dried overnight in oven at 90°C,
then calcined at 800°C in dry air for 3 h. MgAl,O4 support was synthesized in a similar manner using
Mg(NOs3),-6H,0 and Al(NOs) 3-9H,0 (Wako, >98.0%) as precursors.

A series of the PtGa/X catalysts (X = CaO, MgO (JRC-MGO-4 500A), CeO;, (JRC-CEO-2), ZrO; (JRC-
ZR0O-6), y-Al,O3 (prepared by calcination of boehmite [y-AIOOH, supplied by SASOL chemicals] at 900°C
for 3 h, y-phase), and MgAIl.O.) were prepared by the conventional impregnation method. Firstly,
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Pt(NH3)2(NOs3), and Ga(NOs)s-nH>O (n = 7-9) were dissolved in an excess amount of deionized water (25
mML/Qsupport). Then, the support was added to the vigorously stirred mixed solution and kept with stirring at 90°C
for 30 min. The resulting mixture was dried using a rotary evaporator at 50°C and further dried overnight in
an oven at 90°C. Finally, the obtained powder was calcined and reduced, in a similar manner to that of PtGa—
Ca/SiOa.

4.2.2. Catalytic Reactions.

The PDH reactions were performed in a vertical, quartz fixed-bed reactor with an internal diameter of 8
mm under an atmospheric pressure. Generally, 10 mg of catalysts, diluted with quartz sand (total: 1.5 g) were
charged in the reactor. Prior to the catalytic test, the catalyst was reduced under flowing H at 600°C for 0.5 h,
and the reactant gas mixture was subsequently fed; CsHs:He = 2.5:5, a total of 7.5 mL min* (WHSV = 29.5
h™%; calculated based on the weight of catalyst except the quartz sand: WHSVp: = 984 h™?; calculated based on
the weight of Pt). The product gas was analyzed by an online TCD gas chromatograph (Shimadzu GC-8A
with a column of Unipak S or Gaskuropak 54, GL Science) equipped downstream. For all the catalysts, CsHs,
C2H4, CoHsg, and CH. were detected as reaction products. CsHg conversion, CsHg selectivity, CsHs yield, and
material balance were calculated as shown in Chapter 3, respectively. Material balance typically ranged
between 97~103% for all the reactions.

To estimate the catalyst stability, the first-order deactivation model was employed.* kq (h™*) and 7 (h) were
used as shown in Chapter 3. kq (h™)! and 7 (h) represent the deactivation rate constant and mean catalyst life,
respectively. Here, lower kq and higher = values represent higher catalyst stability.

4.2.3. Catalytic Reactions.
The crystalline phase in the prepared catalysts were obtained using powder XRD (MiniFlex 700+D/teX Ultra;
Cu Ko X-ray source).

HAADF-STEM was used to investigate the particle size distribution and the crystal structure of the
prepared catalyst using a FEI Titan G2 microscope equipped with an EDX analyzer. Prior to the observation,
a catalyst was firstly reduced at 600°C for 0.5 h under flowing Hz (10 mL min™t) with a ramping rate of 20 °C
min~t. Then, the catalyst was ground and dispersed in ethanol by ultrasonic, which was deposited on a
molybdenum grid and dried in vacuum. The volume averaged mean particle size (drem) was used.

The dispersion of Pt in the catalyst was estimated by CO-pulse chemisorption at —100°C using BELCAT-
IT (Microtrac BEL) instrument. Prior to chemisorption, 50 mg of the catalyst was reduced under a 5% Ha/Ar
flow (20 mL min™t) at 600°C for 30 min, then cooled to —100°C using CATCryo-II under a He flow (20 mL
min~t). A pulse of 10% CO/He was introduced into the reactor and CO passed thought the catalyst bed was
quantified by a TCD equipped downstream. This CO pulse introduction was repeated until the amount of
chemisorbed CO reached saturation. For the calculation of Pt dispersion, the amount of chemisorbed CO was
estimated using an assumption of 1:1 chemisorption of CO on a Pt atom.

H, temperature-programmed reduction (H2-TPR) was performed using BELCAT-II (Microtrac BEL)
instrument. Prior to the Ho-TPR, 30 mg of the as-calcined (not reduced) catalyst was pretreated under a flow
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of Ar (20 mL min™?) at 300°C for 30 min. After the pretreatment, the catalyst was cooled to room temperature
and further cooled to —120°C using CATCryo-II, and then heated from —120°C to 900°C with a ramping rate
of 5 °C min~t under a flow of 5% Ha/Ar (20 mL min™t). The H, consumption was quantified by a TCD equipped
in BELCAT-IL

The FT—IR spectra of adsorbed CO were obtained using a JASCO FTIR-4100 spectrometer with a mercury-
cadmium-telluride detector in a transmission mode (resolution 4 cm™) under a dynamic condition. Prior to CO
chemisorption, 100 mg of the catalyst was pressed into a pellet (diameter: 20 mm) and placed in a quartz cell
equipped with CaF, windows and a Dewar vessel, followed by reduction under flowing H, at 600°C for 1 h.
The reduced sample was then kept in vacuum at 600°C for 1h, then the cell was cooled to ca. —196°C by liquid
nitrogen. The sample was exposed to 10% CO/He flow, then evacuated in vacuum to remove CO in gas phase
and physiosorbed on the catalyst.

The amount of coke accumulated on the spent catalysts (without quartz sand: 30 mg) after propane
dehydrogenation at 600°C for several hours (0.5, 1, 2, 5, and 20 h) was quantified by TPO. The spent catalyst
(25 mg) was transferred into a quartz tube reactor. Prior to the TPO experiment, the catalyst was first heated
to 150°C under flowing He (10 mL min™?) and held at 150°C for 30 min, and then cooled to 100°C. After
cooling, the catalyst was heated from 100°C to 800°C with a ramping rate of 2 °C min~* under flowing 2%
O,/He (50 mL min™t) and kept at 800°C for 10 min. The outlet gas (typically CO,; m/z = 44) was analyzed
online by quadrupole mass spectrometer (BELMASS) equipped downstream.

XAFS measurements of the catalysts and reference samples were carried out at BLO1B1 and BL1402
beamlines of SPring-8, Japan Synchrotron Radiation Research Institute. XAFS spectra were recorded at the Pt
Liu- and Ga K-edges in transmission mode at room temperature using a Si(111) double-crystal monochromator.
Prior to pelletization, the catalyst was crushed using agate mortar. Then, the crushed catalyst was pressed into
a pellet (diameter of 7 mm). For in-situ XAFS measurement (PtGa, PtGa—Ca, PtGa-Y, PtGa—Pb, and PtGa—
Ca—Pb), the pelletized sample was transferred into a quartz cell and pre-reduced at 600°C for 20 min under
flowing 5% H2/N, (40 mL min1), and then cooled to room temperature under N gas flow. For ex-situ XAFS
measurement, the pelletized sample was transferred into a quartz cell and pre-reduced at 600°C for 30 min
under flowing H, (50 mL min1), and then cooled to room temperature. After the pretreatment, the quartz tube
containing the reduced pellet was sealed and transferred into an Ar grove box (O : <0.1 ppm) without exposing
to air. The pellet was sealed in a plastic film bag (Barrier Nylon) together with an oxygen absorber (ISO A500-
HS: Fe powder).

The obtained XAFS spectra were analyzed using Athena and Artemis software ver. 0.9.25 implemented in
the Demeter package.® Pt Ly-edge EXAFS oscillation was Fourier-transformed in the k range of 3—15 A™,
Curve-fitting was performed using the back Fourier-transforms between 1.5-3.5 A. The back-scattering
amplitude and phase shift functions were calculated by FEFF8.3! R-factor (R?) for curve-fitting was defined as
follows: R? = Zifk3y (k) k3" (K) }/Zi{k3 P (K) }2.
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4.2.4. Computational Details.
Periodic DFT calculations were performed using the CASTEP code® with Vanderbilt-type ultrasoft
pseudopotentials and the revised version of Perdew—Burke—Ernzerhof exchange—correlation functional based
on the generalized gradient approximation.® The plane-wave basis set was truncated at a kinetic energy of 360
eV. A Fermi smearing of 0.1 eV was utilized. Dispersion correlations were considered using the Tkatchenko—
Scheffler method with a scaling coefficient of ss = 0.94 and a damping parameter of d = 20.3* The reciprocal
space was sampled using a k-point mesh with a spacing of typically 0.04 Al as generated by the
Monkhorst—Pack scheme.®*® Geometry optimizations were performed on supercell structures using periodic
boundary conditions. We chose PtGa:A(111) as the most stable surface according to the relevant system of
PdGa.***" The surfaces were modeled using the PtGa:A(111)—(1 x 1) metallic slabs with a thickness of four
atomic layers with 13 A of vacuum spacing. For the Ca decoration, a CaO moiety was adsorbed vertically on
the Gas hollow site adjacent to the Pt; site so that the Ca—O-Gas linkage was formed. Note that this simple
model was made for a qualitative evaluation of the Ca decoration on the electronic state of Pt and that the
results do not directly reflect the actual electronic state of Pt at the real system of the metal-support interface.
For the Pb decoration, a Pb atoms was placed on the hollow site of Pt site. The unit cell size of the bulk
material (PtGa) was firstly optimized, followed by modeling the slab structure and surface relaxation with the
size of the supercell fixed. The convergence criteria for structure optimization and energy calculation were set
to (a) an SCF tolerance of 1.0 x 10°® eV per atom, (b) an energy tolerance of 1.0 x 10°° eV per atom, (c) a
maximum force tolerance of 0.05 eV A, and (d) a maximum displacement tolerance of 1.0 x 1072 A. For all
calculations, the net charge was set to zero and spin polarization was considered.

The adsorption energy was defined as follows: Ea = Eas — (Es + Ea), Where Eas is the energy of the slab
together with the adsorbate, Ea is the total energy of the free adsorbate, and Es is the total energy of the bare
slab.

4.3. Results

4.3.1. Characterization of PtGa—Ca/SiO:x.

First, we prepared and characterized PtGa—Ca/SiO; to elucidate the effect of Ca. HAADF-STEM image of
PtGa—Ca and its particle size distribution are shown in Figure 35. The nanoparticles with a mean particle size
of 2.4 £ 0.5 nm were uniformly distributed. EDX analysis revealed that Pt and Ga co-existed in each
nanoparticle in a ratio of ~1:1 (Figures 36a and b). The quantitative analysis on the EDX maps revealed that
the Ca ratio became much higher when the surrounding areas of nanoparticles were included (odd No. >> even
No., Figure 36b). The high-resolution (HR) HAADF-STEM image (Figure 36c¢) revealed an ordered crystal
structure with interplanar distances of 1.98 A and 2.29 A and a dihedral angle (56°), which agree with those
of the (211) and (201) planes of intermetallic PtGa that were viewed along the [142] direction (Figure 36d).
These results indicate that Ca is present at the metal-support interface rather than on nanoparticles and does
not change the bulk structure of intermetallic PtGa. To obtain further structural information, XAFS analysis
was performed. Pt-Ga scattering with 2.47 A was observed, and this is consistent with the interatomic distance
of the closest Pt and Ga atoms in intermetallic PtGa (2.50 A).?? Similar results were also obtained for the
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undecorated PtGa/SiO- catalyst. Furthermore, Figures 36e and f show the Pt Ly- and Ga K-edge XANES
spectra of PtGa and PtGa—Ca, respectively. The absorption edge in Pt Li;-edge XANES shifted to lower energy
than that of PtGa, indicating the electron donation from Ca to Pt upon Ca decoration. Contrarily, the white
line intensity of Ga K-edge XANES slightly increased upon Ca decoration, indicating that a part of Ga had
been oxidized. This is probably due to the formation of a Ga—O—Ca linkage and suggests the close contact of
the PtGa nanoparticles with the CaO species. Note that the Ca decoration did not decrease Pt dispersion (Table
9); therefore, the active Pt sites are still open for reaction despite the close contact with CaO.
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Figure 35. (a) HAADF-STEM image of the PtGa—Ca/SiO, catalyst and the corresponding elemental maps of
(b) Pt; (c) Ga; and (d) Ca acquired using EDX for the region designated in (a). EDX spectra obtained in (e)
Area 1; (f) Area 2; (g) Area 5; and (h) Area 6; designated in Figure 1c. (i) Particle size distribution of the PtGa—
Ca/SiO, catalyst for more than 900 nanoparticles. The particle size was narrow with small and uniform
nanoparticles ranging from 1 nm to 4 nm (typically smaller than 2.5 nm) with a volume weighted average of
2.4 £ 0.5 nm. (j) H.-TPR profiles of as-calcined (not reduced) PtGa/SiO. and PtGa—Ca/SiO..
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Figure 36. (a) Elemental maps of the Pt+Ga+Ca overlay in PtGa—Ca/SiO.. (b) Atomic ratio of Pt, Ga, and Ca
in areas designated by white/green circles in (a). (c) High-angle annular dark field scanning transmission
microscopy (HAADF-STEM) image of a single nanoparticle of the PtGa—Ca/SiO, catalyst. (d) Crystal
structure of an intermetallic PtGa nanoparticle that was viewed along the [142] direction. (e) Pt Liy- and (f)
Ga K-edge XANES spectra of PtGa/SiO; and PtGa—Ca/SiO. (g) HAADF-STEM image of PtGa—Ca—Pb/SiO,
and (h) the corresponding elemental maps of Pt+Ga+Pb+Ca overlay. (i) Atomic ratio of Pt, Ga, Ca, and Pb
in areas designated by white/green circles in (g). (j) Pt dispersion and the mean particle size of the Pt-based
catalysts. (k) FT—IR spectra of CO that was adsorbed on PtGa, PtGa-Ca, and PtGa—Ca—Pb at —196°C. The
vertical dashed lines indicate the vibrational frequency, as observed in the previous study.® (I) Optimized
structure of PtGa:A(111)-OCa-Pb as a model of PtGa—Pt; that was modified with CaO and Pb (left: side view,
right: top view). (m) Hirshfeld charges of the Pt atoms in (I). (n) Eas of CoH4 adsorbed on the Pt; site (1) of
PtGa:A(111) with and without modifications by CaO and/or Pb. The inset figure illustrates the adsorbed
structure of CoH4 on PtGa:A(111)-OCa—Pb.
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Table 9. Summary of the Pt dispersion and mean particle size of the silica-supported PtGa-based catalysts.

) ) Blocked ) )
Pt dispersion Mean particle size
Catalyst Pt Ga Ca m  surface Pt [l
(%) (nm)
(%)[!

PtGa/SiO2 1 1 0 0 9.1 - 2.4+0.6
PtGa—Ca/SiO; 1 1 5 0 10.6 0 24+0.5
PtGa—Pb/SiO> 1 1 0 0.75 1.0 89 25105
PtGa—Ca—Pb/SiO; 1 1 5 0.55 2.6 7 22+05
PtGang/SI02 [d]

1 1 0 0 13.2 0 —
(Mg/Pt=5)
PtGa—Na/SiO> [d]

1 1 0 0 0 100 -
(Na/Pt =5)
PtGa-K/SlOZ [d]

1 1 0 0 0 100 -
(K/Pt=5)
PtGa-Rb/SlOZ [d]

1 1 0 0 0 100 -
(Rb/Pt =5)
PtGa—CS/SiOZ [d]

1 1 0 0 0 100 -
(Cs/Pt=5)
PtGa-Sm/SlOZ [d]

1 1 0 0 3.0 67 -
(Sm/Pt = 5)
PtGa/Ca0 1 1 0 0 1.4 85 e
PtGa/MgO 1 1 0 0 3.6 60 —[‘“

[Pt dispersion (Det) was calculated using CO-pulse chemisorption at —100°C. (1 — Dpypica my/Drtpicay) X 100:

negative values were regarded as zero. [Mean particle size was estimated based on HAADF-STEM images.

[INot evaluated.

4.3.2. Characterization of PtGa—Ca—Pb/SiO..

Next, we prepared the doubly decorated PtGa—Ca—Ph/SiO; catalyst and thoroughly analyzed its structure. The
HAADF-STEM-EDX analysis revealed that the particles size, Pt-Ga elemental distribution, and the bulk
crystal structure were similar to those of PtGa—Ca/SiO; (2.2 + 0.5 nm, Pt:Ga = ~1:1, and intermetallic PtGa,

respectively (Figures 36g-i, and 37)), thus confirming that the parent PtGa structure was retained (not changed).

The formation of the intermetallic PtGa phase was also suggested by EXAFS curve fitting (Pt-Ga, 2.46 A).

The quantitative analysis on the EDX map revealed that the Ca ratio was higher when the surrounding areas

was included (odd No. >> even No.) as observed for PtGa—Ca, whereas the Pb ratio did not change (Figures

36h, i, and 37). Therefore, unlike the Ca species, Pb atoms seem to be present mainly on the surface of PtGa.

This result was also supported by the change in the dispersions of Pt, as shown in Figure 36j and Table 9. Pt

dispersion was not changed by Ca modification, although it was reduced by Pb deposition, which strongly

79



suggests that Pb was deposited on some of the Pt sites,® whereas Ca was not. A similar trend was observed in
the distribution of Pb in PtGa—Pb. The electron density of Pt was higher in PtGa—Ca—Pb than in PtGa—Pb, as
observed in Pt Li-edge XANES (Figure 38). This result is consistent with the aforementioned trend between
PtGa and PtGa—Ca. Similarly, the Ga K-edge XANES analysis revealed the slight oxidation of Ga probably
because of its close contact with Ca (Ga—O-Ca interaction, Figure 38). These results indicate that PtGa—Pb
can be modified by Ca similarly to PtGa. Thereafter, FT-IR spectroscopy with CO adsorption was conducted
at —196°C to obtain information about the surface structure (Figure 36k). The PtGa—Ca catalyst exhibited
absorption bands, which were assignable to the stretching vibrations of CO that was adsorbed on the Pt; sites,
and a small shoulder that corresponds to CO on the Pt; sites,® which is similar to that of the PtGa catalyst.
However, the peak position of PtGa—Ca was at a lower wavenumber than that of PtGa and indicated the
electron donation from the interfacial CaO to the surface Pt. Conversely, only CO that was adsorbed on the Pt;
sites appeared in PtGa—Ca—Pb, thus supporting the blockage of Pts sites and the exposure of the Pt; ones via
Pb deposition. These results confirm that Ca located at the PtGa-SiO; interface, whereas Pb was deposited on
the surface of the PtGa nanoparticles. Thus, the electronic and geometric effects of Ca and the deposited Pb,
respectively, on the catalyst are compatible because of their different locations and roles therein. Thus, we
have successfully synthesized the doubly decorated intermetallic compound catalyst, in which the electron-
enriched Pt; active sites are present according to the rational catalyst design (Scheme 2).
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Figure 37. (a) HAADF-STEM image of the PtGa-Ca-Pb/SiO, (Pt:Ca:Pb = 1:5:0.55) catalyst and
corresponding elemental maps of (b) Pt; (¢) Ga; (d) Pb; (e) Ca; and (f) HAADF+Pt+Ga+Pb+Ca acquired using
EDX for the region designated in (a). EDX spectra obtained in (g) Area 1; (h) Area 2; (i) Area 3; (j) Area 4;
(K) Area 5; and (l) Area 6; designated in Figure 1f. (m) Size distribution of nanoparticles of the PtGa—Ca—

Pb/SiO; (Pt:Ca:Pb = 1:5:0.55) catalyst. The particle size was narrow with small and uniform nanoparticles
ranging from 1 nm to 3 nm (typically smaller than 2 nm) with a volume weighted average of 2.2 £ 0.5 nm. (n)
High-resolution HAADF-STEM image of a single nanoparticle in PtGa—Pb—Ca/SiO-. (0) Crystal structure of
an intermetallic PtGa nanoparticle that was viewed along the [142] direction.
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Figure 38. (a) Pt Liy- and (b) Ga K-edge XANES spectra of PtGa—Pb/SiO, (Pt:Pb = 1:0.75) and PtGa—Ca-
Pb/SiO; (Pt:Ca:Pb = 1:5:0.55).

4.3.3. DFT Calculations.

Next, DFT calculations were conducted to elucidate the effect of Ca and Pb on the electronic structure of Pt
and the adsorption property of the product, alkene. Figure 361 shows the optimized model structure of the
PtGa(111)-Pt; surface modified with CaO and Pb. The CaO moiety was situated on the Gas hollow site with
a Ca—O-Ga linkage, while the Pb atom was placed on the hollow site of the Pt site. Similar model without Pb
deposition was also considered. The surface Pt atoms became more negatively charged upon the CaO
modification, indicating the electron transfer from CaO to Pt. The electron donation was prominent at the Pt;
site (Figure 36m, charge: <—0.1). Moreover, the adsorption of ethylene as a model light alkene was considered
(Figure 36n). Upon Ca modification, the adsorption energy (Ead) increased from —1.09 to —0.75 eV, indicating
promoted desorption, which is unfavorable to side reactions that form cokes. Furthermore, the density of states
(DOS), which were projected on the d-orbitals of the model structures with and without CaO, were calculated.
However, no significant difference was observed in the d-band structures, and this confirmed that the electron
donation from Ca to Pt was crucial to promoting alkene desorption. Interestingly, the Pb deposition further
increased Exq of ethylene (—0.47 eV), which is probably due to the steric hindrance by the large Pb atom.
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4.3.4. Catalytic Performance in PDH.

Then, we tested the catalytic performances of the prepared catalysts for PDH. Figure 39a shows the normalized
CsHs conversion, in which a considerably harsh condition was applied to investigate the stability in a short
time (600°C without co-feeding Ho, refer to Figures 40 and 41 for the original catalytic performances). PtGa—
Ca, which possesses electron-enriched Pt atoms, exhibited higher CsHs selectivity and stability compared with
those of PtGa. Thus, tuning the electronic property of the intermetallics was effective in prolonging the lifetime
of the catalyst. Pb deposition, as well as the Ca decoration, enhanced the stability of the catalyst.® More
importantly, the combination of Pb and Ca exerted a synergistic effect on the stability of the catalyst. The mean
catalyst lifetime (reciprocal deactivation constant: k¢ * = 7 = 233 h) of PtGa—Ca—Pb was much longer than that
of PtGa—Pb (t = 149 h), thus highlighting the further enhancement of the catalytic stability via the double
decoration by Ca—Pb, which afforded the electron-enriched Pt;. Regarding the Pb-containing catalysts, a short
induction period (~10 h) was observed. This was probably due to the redistribution of excess Pb from a part
of the Pt; sites to the Ga sites or SiO support. Figure 39b shows the amount of coke after 20 h of reaction. The
trend of the amount of coke was very consistent with that of the catalytic stability. Notably, the catalytic
performance of spent PtGa—Ca—Pb could be recovered by a simple regeneration process (O.—H: treatment).
The spent catalyst after regeneration process was evaluated and no aggregation of nanoparticles was not
observed even after long-term reaction and regeneration process, revealing the high thermal stability against
nanoparticles sintering. Despite the excellent stability of PtGa—Ca—Pb, its catalytic activity gradually decreased
probably because of the thermal cracking of propane. Afterward, the catalytic performance of PtGa—Ca—
Pb/SiO, was tested by co-feeding H: (a typically applied condition for PDH?) to suppress the accumulation of
coke. Co-feeding H, drastically decreased coke formation (Figure 39b), thereby improving the catalytic
stability. PtGa—Ca—Pb/SiO. was barely deactivated for 1 month at least, thus highlighting its much greater
stability compared with those of previously reported catalysts (refer to Tables 10-11 and Figure 42 for
comparisons). Noteworthily, the mean catalyst life (z = 3067 h) was 2.6 times higher than the highest ever
reported mean catalyst life (z = 1159 h). Finally, PtGa—Ca—Pb/SiO, was tested in PDH at 580°C utilizing
undiluted neat CsHs (a more industrially favorable condition, Figure 43). Therein, PtGa—Ca—Pb achieved
36.6% initial conversion of CsHs and retained 25.2% conversion after 10.5 days of reaction (z = 465 h),
indicating its much greater stability than that of the recently reported stable catalyst (PtLa/mz-deGa with 7 =
380 h).* To the best of our knowledge, our PtGa—Ca-Ph/SiO; catalyst afforded the highest stability in PDH
under different conditions. We also tested other basic additives or supports instead of Ca or Ca-SiO;,
respectively, of which results are summarized in Table 12. However, none of them showed positive effects on
the catalytic activity and stability of PtGa in PDH.
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Figure 39. (a) Normalized CsHg conversion during PDH at 600°C (CsHs:He = 2.5:5.0 mL min™t). (b) Amount
of coke that was accumulated on the catalyst that was applied for PDH after 20 h at 600°C. (c) Long-term
stability test of PtGa—Ca-Pb/SiO, for PDH at 600°C (CsHs:H.:He =2.5:1.25:3.75 mL min%).
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Figure 40. Catalytic performances of PtGa/SiO; (Pt:Ga = 1:1) and PtGa—Ca/SiO; (Pt:Ga:Ca = 1:1:5) in PDH
(WHSV =29.5 h'?) at 600°C.
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Figure 41. Long-term stability test for PtGa—Pb/SiO, (Pt:Ga:Pb = 1:1:0.75) and PtGa-Ca—Pb/SiO,
(Pt:Ga:Ca:Pb = 1:1:5:0.55) in PDH (WHSV = 9.8 h™?) at 600°C.
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Table 10. Summary of the catalytic performance of PtGa—Ca—Pb/SiO; and other reported Pt-based catalysts

in PDH in the presence of Ha.

Temp.  Conversion CsHe sel. Specific Catalyst
Entry  Catalyst Ref.

(°C) (%) (%)l activity (s )1 ¢ (h)d
1 Ptin/Mg(AI)O-600 620 69-50 98 0.436 37 40
2 0.3PtSn/1.5In-Al 620 58.4-48.6 935 0.705 7 4a
3 PtGa—Ca—Pb/SiO2 600 37.6 (300 h)-34.4 98.3-98.1 0.089 3067 This study
4 PtGa—Pb/SiO2 600 30.0 (4 h)-28.4 99.6 0.376 1159 8
5 PtGa/SiO2 600 44.7-245 98.8 0.556 54 8
6 Pt0.1Zn0.17/SiO2 600 36-28 97-97.2 4.055 433 42
7 PtZn@s-1 600 46.6-39.8 98.5-99.4 0.813 324 4
8 PtMg(Sn)(A)O@AI03 600 48.3-43.0 86.4-98.1 1.439 224 5
9 0.6PtSn/1.5In-Al 600 55-42 96 0.341 101 4
10 PtSnin/1.5Ca-Al 600 60.1-34.0 96.6 0.749 93 28
11 Ptos-Gers/Al20s-Ca0 600 21-17 98.5 1.201 92 2
12 Ptos-Ge1.s/Al203 600 62-52 92.5-96.5 0.191 24 44
13 PtZn/0.02TS-170 600 54.4-20.5 98.2-96.3 1.551 63 4
14 PtsIn/SiO2 600 17.5-17 92 0.218 57 46
15 Pt3Ga/CeAl 600 41.1-32.2 98.5-99.6 0.509 39 4
16 PtSn/TS-1 600 53.5-47.7 925 0.359 30 48
17 15%2n-0.1%Pt/Al203 600 35-31 94-97 1.194 22 4
18 Pt/Nb1AI2-O 600 37-29 92-96 0.293 20 50
19 Pt-Sn/SBA-15 600 40-25 92 0.997 12 51
20 PYTAL0 600 47.3-25.9 77 0.458 10 52
21 PtSnin/08Zr-Al 600 57.7-51.7 98 0.730 10 5
22 0.1Pt10Cu/Al203 600 40-22 90 1.672 5 13
23 Pt-Sn/SAPO-34-500 595 34.6-43.9 66 0.315 7 54
24 Pt-Cu/MgAl204 590 25.7-21.0 87.5 0.188 89 55
25 PtSn/Al203 sheet 590 48.7-44.6 99.1 1.601 143 4
26 PtNa/Zn(1.0%)-ZSM-5 590 40.6-37.8 93 0.274 85 56
27 PtNa/Sn-ZSM-5 590 41.7-39.1 95.3 0.288 83 57
28 PtSnNalLa(1.4%)/ZSM-5 590 415375 97.1-97.5 0.292 30 58
29 PtSnCa(0.9%)/ZSM-5 590 34.9-27.5 51.4-62 0.139 23 21
30 Pt-Sn/mesoporous Al20z 590 29.8-24.6 92 0.249 23 59
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31 PtSnNa(1.0%)/Al-SBA- 590 27.5-12.6 94.1 0.188 12 60

32 Pt-Sn-6/MgAl204 580 45.0-38.9 99-99.7 0.332 359 61
33 Pt-Sn-5/MgAl204 580 47.0-37.6 98-99.5 0.318 233 61
34 Pt-Sn-4/MgAl204 580 50.0-31.5 98-99.6 0.285 116 61
35 Pt-Sn-3/MgAl204 580 42.0-18.7 97-99 0.223 78 61
36 Pt-Sn-2/MgAl204 580 45.0-18.7 92-98.3 0.219 71 61
37 Pt-Sn/MgAI2Os-ALT 575 33-29 99 0.593 18 62
38 Pt/Mg(Sn)(Al)O@AI:03 550 29.4-27.8 93.7-99.2 0.950 3062 5

39 0.1Pt10Cu/Al203 550 13.1-12.7 90-94 0.548 3640 13
40 Pt/Nb2CTx 550 15565 88 - 1 63
41 PU/TisC2Tx 550 15555 95 - 1 63

[{The first value was obtained at the beginning of the run, and the second at the end. P'The C3Hs selectivity
was obtained at the beginning of the run. IIDefined as (mol of reacted propane per second) per mol of total
Pt. IMean catalyst life defined as 7 = kq ™.
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Table 11. Summary of the catalytic performance of PtGa—Ca—Pb/SiO; and other reported Pt-based catalysts

in PDH in the presence of Ha.

Gas kd
Temp. Operation
Entry Catalyst Pt (Wt%) composition WHSV (h ™)l (hhld Ref.
0 time (h)[l
(%)
1 Ptin/Mg(AI)O-600 0.6 620 CsHs/H2/Ar = 8/7/35 31 0.027 30 40
2 0.3PtSn/1.5In-Al 0.3 620 CsHs/H2/Ar = 8/7/35 31 0144 28 4
3 PtGa—Ca—Pb/SiO2 3 600 CsHs/Hz/He = 5.9 0.0003 720 (30d) This
4 PtGa—Pb/SiO2 (Pt/Pb = 3 600 CsHs/H2/He = 30.7 0.001 96 8
5 PtGa/SiO2 3 600 CsHs/Hz/He = 30.7 0.018 50 8
6 Pt0.1Zn0.17/SiO2 0.1 600 CsHs/H2 = 2/1 94 0.002 160 42
7 PtZn@s-1 0.41 600 CsHs/H2/N2 = 1/1/2 5.9 0.003 90 A
8 PUMg(Sn)(A)O@AI,0s 0.5 600 CaHe/Ho/Ar=1/0.52 140 0004 48 5
9 0.6PtSn/1.5In-Al 0.6 600 CsHs/H2/Ar = 8/7/35 31 0010 53 4
10 PtSnin/1.5Ca-Al 0.3 600 CsHs/H2/Ar = 8/7/35 31 0011 100 8
11 Ptos-Gers/Al203-CaO 0.5 600 CsHs/H2/N2/Ar = 236 0011 24 %
12 Ptos-Gew.s/Al20s3 0.5 600 CsHs/H2/N2/Ar = 1.4 0041 10 44
13 PtZn/0.02TS-170 0.5 600 CsHs/H2/N2 = 1/1/4 11.8 0.016 96.8 4
14 Pt3In/SiO2 0.3 600 CsHs/H2/N2 = 7/7/36 33 0018 23 46
15 Pt3Ga/CeAl 1 600 CsHs/H2/N = 13/13/24 10.2 0.026 15 4
16 PtSn/TS-1 0.5 600 CsHs/H2/N2 = 1/1/4 3.0 0033 7 48
17 15%2Zn-0.1%Pt/Al203 0.1 600 CsHs/H2 = 1/1, 3.0 0045 4 49
18 Pt/Nb1AI2-0O 0.92 600 CsHs/H2/N = 1/1/3 64 0050 8 50
19 Pt-Sn/SBA-15 0.75 600 CsHs/H2/N = 14/14/72 165 0.087 8 51
20 PYTAL0 1 600 CsHs/H2/N2 = 10.2 0.098 10 52
21 PtSnin/08Zr-Al 0.3 600 CsHs/H2/Ar = 8/7/35 31 0097 25 53
22 0.1Pt10Cu/Al203 0.1 600 CsHs/H2 = 1/1 38 0215 4 18
23 Pt-Sn/SAPO-34-500 0.5 595 CsHs/H2 = 4/1 5.6 0.149 8 54
24 Pt-Cu/MgAl204 1 590 CsHs/H2/He = 19/19/2 6.8  0.011 24 55
25 PtSn/Al203 sheet 0.35 590 CsHs/H2/N2 = 9.4  0.007 24 4
26 PtNa/Zn(1.0%)-ZSM-5 0.5 590 CsHs/H2 = 4/1 3.0 0.012 10 56
27 PtNa/Sn-ZSM-5 0.5 590 CsHs/H2 = 75/25 3.0 0012 9 57
28 PtSnNalLa(1.4%)/ZSM-5 0.5 590 CsHs/H2 = 4/1 30 0033 5 58
29 PtSnCa(0.9%)/ZSM-5 0.5 590 CsHs/H2 = 4/1 31 0.043 8 o
30 Pt-Sn/mesoporous Al20s 0.4 590 C3Hs/H2 = 4/1 3.0 0.044 6 5
31 PtSnNa(1.0%)/Al-SBA- 0.5 590 CsHs/H2 = 4/1 3.0 0084 7 60
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32 Pt-Sn-6/MgAl204 0.39 580 CsHs/H2/He = 2/2/16 24 0003 90 6l

33 Pt-Sn-5/MgAl204 0.42 580 CsHs/H2/He =2/2/16 2.4  0.004 90 61
34 Pt-Sn-4/MgAl204 0.50 580 CsHs/Ho/He =2/2/16 2.4 0.009 90 61
35 Pt-Sn-3/MgAl204 0.53 580 CsHs/Ho/He =2/2/16 2.4 0.013 90 61
36 Pt-Sn-2/MgAl204 0.55 580 CsHs/Ho/He =2/2/16 2.4  0.014 90 61
37 Pt-Sn/MgAIl204-ALT 1 575 CsHs/H2 = 1.25, 148 0.057 33 62
38 PtMg(Sn)(Al)O@AI:0s 0.5 550 CsHs/H2/Ar=1/0.5/2 14 0.0003 240 5

39 0.1Pt10Cu/Al203 0.1 550 CsHs/H2 = 1/1 3.8 0.0003 120 13
40 Pt/Nb2CTx 2 550 CsHs/H2/N2 = - 1.004 1 63
41 PU/TisCaTx 2 550 CsHs/H2/N2 = - 1188 1 63

[E\WHSV: weight hourly space velocity based on propane gas flow (h™?). PIThe first-order deactivation model
was used to estimate the catalyst stability.! [loperation time: total time tested for a single run.
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Figure 42. At-a-glance chart of the catalytic performance of PtGa—Ca—Pb/SiO, and the ever reported Pt-based
catalysts in PDH with co-feeding H; (references are listed in Tables 10 and 11). Mean catalyst life (defined as
t = kq'?) and initial CsHe selectivity are categorized by several reaction temperatures (580°C~620°C). The
results of the catalytic performance of the ever reported catalysts at temperatures lower than 570°C and higher
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Table 12. Summary of the effects of additives and supports on PtGa and PDH.

Additive / Support  Alloying™ Availability of PtlPl  Activity®

Electron-
donation!

Ca o o
Mg o o
Sr, Y, La, Nd, Sm 0 Q
Na, K, Rb, Cs 0 0
CaO, MgO, Al,0s3,

MgA|204, ZrOy, 0 Q 0

CeO;

0000

(+)
=
=A%
HE=

@9

[@+: PtGa phase was formed. P'Decrease of Pt dispersion upon decoration +: 0%, —:60-85%, x: 100%.

[Nnitial propane conversion. +: >40%, —: 25-40%, x: <10%. [YIXANES negative shift: +: > 0.5 eV, —: 0.1

0.3eV, x:0eV.

4.4. Discussion

Summarily, we designed and successfully synthesized doubly decorated intermetallics applying Ca and Pb to
modify the geometric and electronic characters of PtGa. Pb was deposited on the three-fold Pt (and Ga) sites
of the PtGa nanoparticles, whereas Ca was placed around the nanoparticles to impart them with an electron-
enriched Pt; site (an active site for highly selective PDH). The effects of these modifications were synergistic
and remarkably improved the catalytic stability in PDH. The PtGa—Ca—Pb/SiO, catalyst exhibited much
superior stability to those of reported PDH catalysts (month-long stability, even at 600°C) was achieved. No
other basic additives and supports than Ca did not work as effective modifiers for PtGa intermetallics,
highlighting the specific character of Ca for the double-decoration strategy. The catalyst design concept, which
was established in this study exposes a new horizon to enhance the catalytic performance of intermetallics in

alkane dehydrogenation.
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Chapter 5
Single-Atom Pt in High-Entropy Intermetallics

as an Ultrastable Catalyst
for Propane Dehydrogenation
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5.1. Introduction

Propylene is one of the most important basic raw materials in the petrochemical industry, which has been
increasingly scarce due to the shale gas revolution.® On-purpose propylene production via selective PDH into
propylene has been regarded as the most promising propylene production technology compared with other
methanol-to-olefins and Fischer-Tropsch-to-olefins because of high propylene selectivity to meet the increasing
global demand for propylene. However, due to its endothermicity, PDH requires high operation temperatures
(>600°C) to obtain sufficient propylene yield, in which severe catalyst deactivation by coking and/or sintering
inevitably occurs in short periods. In this context, developing an innovative PDH catalyst that exhibits high
propylene selectivity and catalyst stability even at >600°C is incredibly beneficial for the chemical industry.
Although numerous efforts have been made to overcome this obstacle, no outstandingly stable catalyst has yet been
found to function for several months without deactivation.

PDH is a structure-insensitive reaction, whereas the undesired side reactions leading to deactivation, such as
hydrogenolysis, cracking, and coking, are structure-sensitive.1® Active metal-metal ensembles such as Pt-Pt sites
are known to induce these side reactions. Therefore, the dilution or isolation of Pt—Pt ensembles by an inert metal
has been commonly employed as a standard catalyst design concept for selective and stable PDH.X" SAAs,® where
Pt atoms are isolated by excess counterpart metal such as Cu, are the representative material/approach for this
purpose; the undesired propylene decomposition is successfully inhibited over Pt@Cu SAA. However, SAAs
typically undergo significant aggregation at >600°C due to the insufficient thermal stability, resulting in an
irreversible deactivation of the catalyst. Therefore, a novel material that serves isolated Pt with high thermal
stability is required to develop an ultrastable catalytic system for PDH. The thermal stability of an alloy can be
improved by increasing the number of constituent elements due to the significant contribution of mixing entropy,
as observed for high-entropy alloys (HEAs: solid-solution alloys comprising five or more elements with near
equimolar ratio).>** Because of the unique characteristics and remarkable performances, the catalytic application
of HEAs has received significant attention and amid the "gold rush" in recent years.*? However, for a random alloy
structure, a large excess (>20 equiv.) of counterpart metals is needed for the complete isolation of Pt.312 Therefore,
there remain some Pt—Pt sites in a common (quinary to octonary) HEA. Thus, a multimetallic alloy with a particular
ordered structure should be constructed to overcome this challenge.

A possible candidate for such an ideal active site structure is high-entropy intermetallics (HEIs). Unlike HEAS,
the constituent metals of an HEI are distributed separately to two (or more) crystallographically distinct sites,
depending on the parent intermetallic structure.’*'® Scheme 3 illustrates the specific catalyst design concept
employed in this regard. We focused on PtGe as the parent binary intermetallics (FeAs-type structure, space group:
Pnma) due to its unique ordered surface structure and significantly negative formation enthalpy (AH¢=-90.8 kJ

mol1).2° The former provides one-dimensionally aligned Pt columns separated by Ge columns, where the surface
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type HEI (PtCoCu)(GeGasn). (b) lllustrations of the (020) surface of (PtCoCu) (GeGaSn) HEI (left) and (111)
surface of Pt-based senary HEA (right).

Pt—Pt coordination number is only two (Scheme 3a). Besides, the latter can be the driving force to retain the ordered
structure upon multi-metallization. Here, the Pt and Ge sites in PtGe are partially substituted by much less-active
transition (Co and Cu) and inert typical (Ga and Sn) metals, respectively to form a senary HEI, i.e.,
(PtxC0o.5-x2CUo s—x2) (Geo.33Gan.33SNo 33) (hereafter, denoted as HEI(X)). These diluent metals were chosen based on
the following guidelines; (1) analogous to Pt and Ge (near in the periodic table, Scheme 1a), (2) catalytically less
active or inert, and (3) no volatility and toxicity. This site-specific multi-metallization allows the isolation of Pt by
Co and Cu and further enhancement in thermal stability by Ga and Sn. Moreover, the degree of Pt isolation can be
tuned by changing the Pt fraction x. As a result, the isolated Pt sites surrounded by other inert constituent metals
functioned as a highly selective and stable PDH catalyst at high reaction temperatures. This study reports a novel
catalyst material and design concept based on HEIs, providing thermally stable isolated Pt and working as an
outstandingly stable catalyst for high-temperature PDH.

5.2. Experimental

5.2.1. Catalyst Preparation.

(PtCoCu)(GeGaSn)/Ca-SiO,, namely, high-entropy intermetallic(0.25) [HEI(0.25)] was synthesized by the pore-

filling co-impregnation method, which can deposit all the metal components on the SiO- support without loss.?°

Pt(NH3)2(NOs3), (Furuya Metal Co. Ltd., 4.60 wt% of Pt in HNOj3 solution), Co(NQO3)2-6H.0 (Wako, >98.0%),
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Cu(NO3),-3H.0 (Sigma-Aldrich, >99%), (NHa).GeFs (Sigma-Aldrich, 99.99%), Ga(NOz)3-nH>0 (n = 7-9, Wako,
99.9%) (NH.)2SnClg (Alfa Aesar, 98%), and Ca(NOs3).-4H.0 (Wako, 98.5%), were used as precursors. The loading
amount of Pt was fixed at 1 wt%. The detailed molar ratios of metals are given in Table S1. Mixed aqueous solution
of the metal precursors was first added dropwise to SiO, (CARIACT G-6, Fuji Silysia, SBET = ca. 500 m> g?) so
that the solutions just filled the pore of the SiO; (ca. 1.6 mL of solution per g of SiO2). The obtained mixtures were
sealed by three pieces of plastic film and kept overnight at room temperature, followed by transferring to a round-
bottom flask and subsequent freezing using liquid nitrogen. The frozen mixtures were dried in vacuum at ca. —5°C
and further dried in an oven at 90°C overnight. The resulting powder was calcined at 400°C for 1 h in dry air with
ramping rate of 1 °C min™™. The calcined powder was then reduced under flowing H, (0.1 MPa, 50 mL min?) at
700°C for 1 h with ramping rate of 20 °C min™. The metal content of HEI(0.25) was estimated using inductively
coupled plasma atomic emission spectroscopy as follows: Pt: 0.96 wt%, Co: 0.45 wt%, Cu: 0.53, Ge: 0.44 wt%,
Ga: 0.53 wt%, Sn: 0.89 wt%, Ca: 3.01 wt%, which were close to the fed compositions (Pt: 1.00 wt%, Co: 0.45 wt%,
Cu: 0.49, Ge: 0.56 wt%, Ga: 0.71 wt%, Sn: 0.91 wt%, Ca: 3.08 wt%)

PtFeCoCuGa/Ca-SiO; (high-entropy alloy: HEA), (PtCoCu)Ge/Ca-SiO,, and PtCoCuGa/Ca-SiO, catalysts
were also prepared in a similar method to that of HEI. The loading amount of Pt was fixed at 1 wt%. Fe(NOs)s-6H,0
(Sigma-Aldrich, >98%) was used as a precursor for HEA.

PtosMo.s/Ca—SiO; (solid solution alloys, M = Co and Cu) and PtM’/Ca—SiO; (intermetallic compounds, M’ =
Ge, Ga, and Sn) catalysts were also prepared in a similar method to that of HEI. The loading amount of Pt was
fixed at 1 wt%. The detailed molar ratios of metals are summarized in Table S1.

Pt—Cu/Ca-Si0O,, namely, SAA catalyst was also prepared in a similar method to that of HEI. The loading of Pt
and ratio of Cu/Pt were fixed at 1 wt% and 25, respectively. Pt—-Cu/Ca-SiO, catalysts with different Cu/Pt ratios
were also prepared in a similar method to that of SAA catalyst.

Bulk PtGe powder was synthesized by mixing aqueous solutions of Pt(NHa)4(OH)2(q) and (NHa)2GeFsq). First,
an aqueous solution (total 4.0 g) containing 114.2 mg of (NH4).GeFs (Thermo Scientific, 99.99%) was added
dropwise to a vigorously stirred aqueous solution of Pt(NH4)4(OH)2@aq (4.87 g, Furuya Metal, Pt: 2.05 wt%),
followed by stirring for 30 min. Then, the precipitate was corrected by centrifugation and washed by water 3 times.
The resultant mixture was dried in an oven at 90°C overnight, followed by reduction under flowing H> (0.1 MPa,
50 mL minY at 700°C for 1 h with a ramping rate of 20 °C min™2.
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5.2.2. Catalytic Reactions.

The PDH reactions were performed in a vertical, quartz fixed-bed reactor with an internal diameter of 4 mm under
an atmospheric pressure. Typically, 20~100 mg of catalysts was charged in the reactor. Prior to the catalytic test,
the catalyst was reduced under flowing H, at 600°C for 0.5 h, and the reactant gas mixture was subsequently fed;
CsHg:He = 2.5:5.0, a total of 7.5 mL min (WHSV = 3.0~14.8 ht). WHSV was calculated based on the weight of
CsHs and catalyst. For the long-term stability tests of the HEI catalyst at 600°C with co-feeding H,, 150 mg of
catalyst was used to obtain over 30% propane conversion (WHSV = 2.0 h™1). Prior to the catalytic test, the catalyst
was pretreated under flowing Hz (10 mL min™t) at 600°C for 0.5 h, the reactant gas mixture was subsequently fed;
CsHg:H2:He = 2.5:1.3:3.7, a total of 7.5 mL min'.. The product gas was analyzed by online gas chromatography
equipped downstream with a TCD (Shimadzu GC-8A) and a column of Gaskuropak 54 (GL Science). For all the
catalysts, CsHs, C2H4, C2Hs, and CH4 were detected as reaction products. CsHs conversion, CsHg selectivity, CsHg
yield, and material balance were calculated as shown in Chapter 3, respectively. Material balance typically ranged
between 98~102% for all the reactions.

To estimate the catalyst stability, the first-order deactivation model was employed.* kq (h™1) and 7 (h) were used
as shown in Chapter 3. kq (W"1)* and 7 (h) represent the deactivation rate constant and mean catalyst life, respectively.
Here, lower kq and higher z values represent higher catalyst stability. CsHg conversion, CsHe selectivity, CsHs yield,
and material balance were defined by Eqgs (1) ~ (4), respectively. Material balance typically ranged between 98~102%
for all the reactions. To estimate the catalyst stability, the first-order deactivation model was employed (refer to
Experimental in Chapter 2).! kg (h™1) and ¢ (h) were used (refer to Experimental in Chapter 2). kg (h™)! and 7 (h)
represent the deactivation rate constant and mean catalyst life, respectively. Here, lower kq and higher z values
represent higher catalyst stability. The rate constant for the forward direction (k) of PDH was estimated by Eq 7.

ke = (7)

R
_ ipcsHepﬂz)
K,

p (1
Gsfle PC3H8

where, R, Px, and K. are the specific activity [molcsns get 2 h™2], partial pressure of X [bar], and equilibrium constant
[bar]."#
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5.2.3. Characterization.
The crystalline phase in the prepared catalysts were analyzed in an ex-situ mode using powder XRD (Rigaku,
MiniFlex 700+D/teX Ultra; Cu Ko X-ray source).

Synchrotron XRD measurement was carried out for the HEI catalyst at BL19B2 beamlines of SPring-8, JASRI.
Wavelength of 0.5 A (25 keV) was utilized as X-ray source.

HAADF-STEM was used to investigate the particle size distribution and the crystal structure of the prepared
catalyst using a FEI Titan G2 microscope equipped with an EDX analyzer operated at 300 kV. Prior to the
observation, the as-reduced catalyst was firstly ground and dispersed in ethanol by ultrasonic. Then, the dispersed
catalyst was deposited on a molybdenum grid and dried in vacuum. The particle size distribution was estimated by
using length mean particle size.

H,-TPR was performed using BELCAT-II (Microtrac BEL) instrument. Prior to the H,-TPR, 30 mg of the as-
calcined (not reduced) catalyst was heated under a flow of Ar (20 mL min™?) at 300°C for 30 min to remove the
physically absorbed species (such as H20). Then, the catalyst was cooled to 100°C, subsequently heated from
100°C to 900°C with a ramping rate of 2 °C min~* under a flow of 5% Ha/Ar (20 mL min™?). The Hz consumption
was quantified by a TCD equipped downstream in BELCAT-II.

The dispersion of Pt in the catalyst was estimated by CO-pulse chemisorption at —100°C using BELCAT-II
(Microtrac BEL) instrument. Prior to chemisorption, 100 mg of the catalyst was reduced under a 5% H/Ar flow
(20 mL min™t) at 600°C for 30 min, then cooled to —100°C using CATCryo-II under a He flow (20 mL min™?).
Afterward, a pulse of 10% CO/He was introduced into the reactor and CO passed thought the catalyst bed was
quantified by a TCD equipped downstream. This CO pulse introduction was repeated until the TCD signal due to
the effluent CO gas unchanged (the amount of chemisorbed CO reached saturation). For the calculation of Pt
dispersion, the stoichiometry of chemisorbed CO/Pt was estimated as 1.

The FT-IR spectra of adsorbed CO were obtained using a JASCO FTIR-4100 spectrometer with a mercury-
cadmium-telluride (MCT) detector in a transmission mode (resolution 4 cm™) under a dynamic condition. Prior to
CO chemisorption, 100 mg of the catalyst was pressed into a pellet (diameter: 20 mm) and placed in a pretreatment
room (quartz). The catalyst was heated to 600°C and kept at same temperature under flowing H at 600°C for 1 h.
The reduced sample was then evacuated in vacuum at 600°C for 1h, then the cooled to room temperature,
subsequently transferred to a measurement room, equipped with CaF, windows and a vessel, without exposure to
air. Then the sample was then cooled to ca. —100°C using cooled ethanol. The sample was subsequently exposed
to 10% CO/He flow, then evacuated in vacuum to remove CO in gas phase and physisorbed on the catalyst. During
the measurement, infrared ray was cut by 20% using a filter.

XPS analysis was performed using a JEOL JPS-9010MC spectrometer (X-ray source: Mg-Ka radiation). First,
the as-reduced catalysts were re-reduced at 700°C for 30 min under flowing H, (50 mL min™?), then cooled to room
temperature, subsequently transferred into an Ar grove box (O- : <0.1 ppm) without exposing to air. Afterward, the
catalysts were loaded on carbon tape and transferred into the spectrometer using transfer vessel without air exposure.
The obtained spectra were calibrated with the Si 2p emission of the SiO; support (103.9 eV).
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The amount of coke accumulated on the spent catalysts after PDH was quantified by TPO. Firstly, 60 mg of the
fresh catalyst (Pt 1 wt%) was used for PDH at 600°C for 20 h. Then, the spent catalyst (30 mg) was transferred into
a quartz tube reactor. Prior to the TPO experiment, the catalyst was first pretreated at 300°C for 0.5 h under flowing
He (10 mL min?), and then cooled to 100°C, subsequently heated from 100°C to 700°C with a ramping rate of
2 °C mint under flowing 2% O./He (50 mL min™t) and kept at 700°C for 10 min. The outlet gas (typically COy;
m/z = 44) was analyzed online by quadrupole mass spectrometer (BELMASS) equipped downstream.

Temperature-programmed desorption of CsHs (CsHe-TPD) was carried out using BELCAT-II (Microtrac BEL)
instrument. Prior to the CsHs-TPD, the as-reduced catalyst (100 mg) was heated to 600C under 5%HJ/Ar gas
mixture (20 mL min™!) with a ramping rate of 20 °C min?, then kept at same temperature for 0.5 h. After the
reduction, the catalyst was cooled to —35°C using CATCryo-11 under a He flow (20 mL min™?), then kept at —35°C
for 0.5 h, subsequently exposed to 5%CsHs/He gas mixture (20 mL min™!) at same temperature for 5 minutes. The
catalyst was then purged under He (50 mL mint) at —35°C for 1.5 h, subsequently heated from —35°C to 300°C
with a ramping rate of 2 °C min™. The outlet gas (CsHs; m/z = 41) was analyzed online by quadrupole mass
spectrometer (BELMASS) equipped downstream.

CO-TPD was performed using a JASCO FTIR-4100 spectrometer with a MCT detector in a transmission mode
(resolution 4 cm™) under a dynamic condition. First, 100 mg of the catalyst was pressed into a pellet (diameter: 20
mm) and placed in a measurement room (pyrex). The catalyst was then heated to 500°C with a ramping rate of
20 °C min~t and kept at same temperature under flowing 15%H./He (70 mL min™t). After the reduction, the sample
was cooled to room temperature, subsequently purged under He (60 mL min™t) for 10 minutes. Afterward, the
sample was exposed to 10% CO/He flow for 10 minutes, then purged under He (60 mL min™?) to remove CO in
gas phase and physisorbed on the catalyst. Finally, the sample was heated with a ramping rate of 10 °C min™.
During the measurement, infrared ray was cut by 20% using a filter.

The actual metal content of HEI(0.25) was measured using ICP-AES at the Instrumental Analysis Division,
Global Facility Center, Creative Research Institution, Hokkaido University.

XAFS measurements of the catalysts and reference samples were carried out at BL01B1 and BL14B2 beamlines
of SPring-8, JASRI. XAFS spectra were recorded at the Pt L;;- and Co K-, Cu K-, Ge K-, Ga K-, and Sn K-edges
in transmission mode at room temperature using a Si(111) double-crystal monochromator. Typically, XAFS spectra
for Pt-containing catalyst is performed at the Pt L-edge. However, Ge K-edge oscillation interfered the Pt Ly-
edge XAFS spectra, therefore Pt Lj-edge spectra was chosen in this study. Besides, the Pt Ly;- and Pt Li-edge
oscillations also interfere the Ge K-edge and Pt Ly-edge spectra, respectively. Therefore, the XAFS oscillations for
Pt Lii- and Ge K-edges at high k values (> ca. 11) do not provide the important information for structural analysis
due to the overlap of the adjacent XANES spectra. Prior to pelletization, the catalyst was crushed using agate
mortar for more than 40 min to suppress the hole effect. Then, the crushed catalyst was pressed into a pellet
(diameter of 7 mm). For in-situ XAFS measurement, the pelletized sample of as-calcined (not reduced) catalyst
was transferred into a quartz cell and pre-reduced at 700°C for 60 min under flowing 50% Hz/He (50 mL min™?),
and then cooled to room temperature under He gas flow (25 mL min™?). For ex-situ XAFS measurement, the

pelletized sample of as-reduced catalyst was transferred into a quartz cell and pre-reduced at 700°C for 30 min
101



(bulk PtGe: 650°C for 1 h) under flowing H, (50 mL min?), and then cooled to room temperature. After the
pretreatment, the quartz tube containing the reduced pellet was sealed and transferred into an Ar grove box (O :
<0.1 ppm) without exposing to air. The pellet was sealed in a plastic film bag (Barrier Nylon) together with an
oxygen absorber (ISO A500-HS: Fe powder). The spectra were recorded several times and merged at each
measurement step to obtain good signal-to-noise (S/N) ratio. The obtained XAFS spectra were analyzed using
Athena and Artemis software ver. 0.9.25 implemented in the Demeter package.?? The back-scattering amplitude
and phase shift functions were calculated by FEFF8.%2 R-factor (R?) for curve-fitting was defined as follows: R? =
Zi {3 (K)o ™ (K F/Zi kP (k) }.

5.2.4. Computational Details.
Periodic DFT calculations were performed using the CASTEP code? with Vanderbilt-type ultrasoft
pseudopotentials and the revised version of Perdew—Burke—Ernzerhof exchange—correlation functional based on
the generalized gradient approximation.?® The plane-wave basis set was truncated at a kinetic energy of 360 eV. A
Fermi smearing of 0.1 eV was utilized. Dispersion correlations were considered using the Tkatchenko—Scheffler
method with a scaling coefficient of sg = 0.94 and a damping parameter of d = 20.2° The reciprocal space was
sampled using a k-point mesh with a spacing of typically 0.04 A, as generated by the Monkhorst—Pack scheme.?’
Geometry optimizations were performed on supercell structures using periodic boundary conditions. The surfaces
were modeled with a thickness of four atomic layers with 13 A of vacuum spacing. The unit cell size of the bulk
crystal was first optimized, followed by modeling the slab structure and surface relaxation with the size of the
supercell fixed. The convergence criteria for structure optimization and energy calculation were set to (a) an SCF
tolerance of 1.0 x 107°® eV per atom, (b) an energy tolerance of 1.0 x 10°° eV per atom, (c) a maximum force
tolerance of 0.05 eV A%, and (d) a maximum displacement tolerance of 1.0 x 1073 A. For all calculations, the net
charge was set to zero and spin polarization was considered. The adsorption energy was defined as follows: Eqy =
Ea-s — (Es + Ea), where Eas is the energy of the slab together with the adsorbate, Ea is the total energy of the free
adsorbate, and Es is the total energy of the bare slab. Surface energy calculations were conducted for densely packed
low-index planes of PtGe such as (211), (202), (112), (002), (020), (102), (103). The surface energy was defined
as follows: y = (Es — NEg)/2A, where Eg is the energy of bulk unit cell, A is the surface area, and N is the number
of unit cells in the slab. Transition state search was carried out based on the complete linear synchronous
transit/quadratic synchronous transit method??® with the tolerance for all root-mean-square forces on an atom of
0.10eV A,

For constructing the HEI(0.25) structure, a PtGe—(2x2x2) supercell was considered as a base structure. Some
Pt and Ge atoms in the supercell were substituted with Co/Cu and Ga/Sn atoms, respectively so that the
Pt/(Pt+Co+Cu) and Ge/(Ga+Ge+Sn) ratios were 0.25 and 0.33, respectively (total numbers; Pt: 8, Co: 12, Cu: 12,
Ga: 11, Ge: 11, and Sn: 10). The configuration of each element (Pt, Co, Cu in the Pt sites and Ga, Ge, Sn in the Ge
sites) was randomly determined using the RAND and RANK functions in Excel. Besides, the following restrictions
were employed to maximize the configuration entropy, which cannot be considered by the conventional DFT and

is expected to be thermodynamically likely: (1) all the Pt atoms in each (040) plane are isolated (no Pt—Pt) and (2)
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the number of each element in each (040) plane is almost same (Pt: 2, Co: 3, Cu: 3, Ga: 2 or 3, Ge: 2 or 3, and Sn:
2 or 3) (mode A). In addition, purely random distributions without these restrictions were also considered (mode
B). We generated forty (twenty for modes A and B) configurations that were geometrically optimized and chose
the most energetically stable one as a likely structure. The first (HEI(040):A) and the second (HEI(040):B) top
layers of the (040) plane of the supercell were selected as the model surfaces of HEI(0.25) (Figure S50). There are
four isolated Pt atoms and eight Pt—-Co(Cu) bridge sites (A1-A4 and B1-B4) as the H adsorption sites. The stepwise
C—H scissions of propane were considered for the eight different active sites so that the eliminated hydrogen atom
was captured by the bridge site, whereas the carbon moiety was placed on the Pt atom.

5.3. Results

5.3.1. Characterization of (PtCoCu)(GeGaSn)/Ca-SiO:.

The HEI and the related alloy catalysts were prepared by a pore-filling impregnation method as supported
nanoparticles using Ca-modified amorphous silica (Ca-SiOz). The HAADF-STEM analysis showed that
nanoparticle size ranged mainly 1.5-3 nm (average: 2.2 nm, Figure 44). Figure 45a shows the elemental maps of a
single nanoparticle obtained using the EDX analysis, confirming that the nanoparticle comprised Pt, Co, Cu, Ge,
Ga, and Sn. Quantitative analysis for some small nanoparticles revealed that the atomic ratios of
(Pt+Co+Cu)/(Ge+Ga+Sn) were close to unity (Figure 46). Figure 45b shows the synchrotron XRD pattern of the
HEI(0.25) catalyst, showing a PtGe-type diffraction pattern, unlike fcc- or hcp-type HEAs.'? The diffraction angles
for the HEI were higher than those of the parent PtGe, which can be attributed to lattice shrinkage by substituting
Pt with the smaller size elements, Co and Cu. This experimental lattice shrinkage (5.6%) was consisted finely with
the theoretical value estimated by Vegard’s rule and each atomic radius (5.4%, supporting the formation of the HEI
structure. The intensity of 011 diffraction (observed at 9° for PtGe) was lowered for HEI, which can be attributed
to lattice distortion caused by mixing several elements with different atomic radii. Such a decrease in the diffraction
intensity was also observed in fcc HEA systems.30-32

d=22 + 13 nm

01234567 89101112
Particle size (nm)

Figure 44. (a) HAADF-STEM image of the HEI(0.25) catalyst (Pt 1 wt%) and (b) the particle size distribution for
1000 nanoparticles.
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Figure 45. Characterization of the HEI(0.25) catalyst. (a) HAADF-STEM image and the corresponding elemental
maps for a single nanoparticle. (b) Synchrotron XRD pattern. Pt L;-edge (c) XANES, (d) k3-weighted EXAFS
oscillations, and (e) Fourier-transformed EXAFS of Pt/Ca-SiO,, bulk PtGe, PtGe/Ca-SiO,, and HEI(0.25). (f) FT-
IR spectra of CO adsorbed on PtGe/Ca—SiO, and HEI(0.25) at —100°C. (g) XPS of Pt/Ca-SiO,, PtGe/Ca-SiO,, and
HEI(0.25).
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Figure 46. (a) HAADF-STEM image of the HEI(0.25) catalyst and corresponding elemental maps of (b) Pt, (c) Co,
(d) Cu, (e) Si, (f) Ge, (g) Ga, and (h) Sn. (i) Quantitative analysis of the HEI(0.25) catalyst. The atomic ratio of
(Pt+Co+Cu)/(Ge+Ga+Sn) was approximately 1/1, which is consistent with the PtGe-type HEI structure, in which
Pt and Ge sites were substituted by Co(Cu) and Ga(Sn), respectively. The elemental maps acquired by EDX did
not clearly reflect the shapes of nanoparticles, which was due to the too small size and the insufficient resolution
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We also performed XAFS analysis to obtain further structural information. Figure 45c shows the Pt L-edge
XANES spectra of Pt/Ca-SiO;, bulk PtGe, PtGe/Ca-SiO,, and HEI(0.25) (see Figure 47 for other edges). The bulk
PtGe and PtGe/Ca-SiO; have diffraction patterns characteristic to intermetallic PtGe (Figure 48 and 49), hence can
be used as references for bulk and nanoparticulate PtGe, respectively (the size of nanoparticle size was 1.8 nm in
average). HEI(0.25) has a XANES characteristic that was similar to bulk PtGe and PtGe/Ca-SiO; but different
from Pt/Ca-SiO,. In the raw EXAFS oscillations, a similar tendency was seen (Figure 45d). Although a small
difference in the oscillation feature was observed at k = 3-6 AL, this can be attributed to the overlap of the Pt-Sn
scattering (Figure 50). Notably, the EXAFS oscillation of HEI(0.25) did not match with those of PtGa/Ca-SiO;
and PtSn/Ca-SiO; (Figure 49), supporting that the HEI retained the PtGe-type crystal structure. Further structural
information is presented in the Fourier-transformed EXAFS spectra. Unlike PtGe, HEI(0.25) showed two peaks at
2.0 A and 2.5 A (Figure 45e), which could be assigned to Pt-Ge(Ga) and Pt-Sn scatterings, respectively,
demonstrating that Sn is doped into the Ge site. Besides, the Pt—Pt scattering at 3.0 A, observed for PtGe,
disappeared upon the multi-metallization. This suggests that Pt atoms were sufficiently isolated by substitution with
Co and Cu. We also performed comparable analyses for absorption edges other than Pt L;;, where curve fitting
allowed use to assign all of the associated transition—typical metal scatterings (for example, Co-Ge(Ga), Cu-Sn,
Ga—Co(Cu), and Sn-Pt). These results comprehensively support the formation of the (PtCoCu)(GeGaSn) HEI
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Figure 47. (a) Pt Ly-, (b) Co K-, (c) Cu K-, (d) Ge K-, (e) Ga K-, and (f) Sn K-edges XANES spectra of HEI(0.25)
recorded at room temperature. In-situ; Ge K-, Ga K-, and Sn K-edges. Ex-situ: Pt L-, Co K- and Cu K-edges.
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Figure 49. (a) XRD patterns of SiO,-supported Pt-based bimetallic catalysts (Pt 6 wt%, Ca/Pt = 2.5). The vertical
lines and the rhombus indicate the diffraction angles of references. References: Pt®, PtosC005%, PtosCuos
(calculated based on Vegard’s law using Pt*® and Cu® as references), PtGe®, PtGa®, PtSn®, and Pt;Sn®. The
unknown peak, centered at 47°, was observed for PtGe/Ca—SiO,. The unknown peak did not match with those of
other Pt-Ge intermetallics. (b) Pt L-edge XANES spectra, (c) Pt Ly-edge k3-weighted raw EXAFS oscillations,
and (d) magnitude of Fourier transform of Pt L;-edge k3-weighted raw EXAFS spectra (Ak = 3—10) of SiO,-
supported Pt-based bimetallic catalysts (Pt 1 wt%, Ca/Pt = 15) and reference Pt foil. (e) Curve-fitting for the Pt Ly-
edge k3-weighted EXAFS of SiO.-supported Pt-based bimetallic catalysts and reference Pt foil. Solid and pink
dashed lines indicate the results of experiment and simulation, respectively. The fitting ranges are Ak =3-10 A™!
and Ar = 1.1-3.5 A (for PtSn, Ak =3-10 At and Ar=1.3-3.5 A).
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Figure 50. (a) Pt L-edges k3-weighted raw EXAFS oscillation of PtGe bulk (solid green line), PtGe/Ca-SiO (solid
orange line) and HEI(0.25) (solid black line). Corresponding curve-fitting results of HEI(0.25) (solid blue line),
and the component Pt—-Ge(Ga) (dashed pink lines) and Pt-Sn paths (dashed green lines) are also shown. (b) Curve-
fitting results of PtGe/Ca-SiO, and HEI(0.25) (solid blue lines), and the component Pt—-Ge(Ga) (dashed pink lines)
and Pt-Sn paths (dashed green lines) are also shown. (c) The component Pt—-Ge(Ga) (solid pink lines) of PtGe/Ca—

SiO; and HEI(0.25).

Next, the surfaces of PtGe and HEI were analyzed by FT-IR spectroscopy with CO adsorption (Figure 45f).
The adsorption temperature was set to —100°C because CO did not adsorb on HEI at near room temperature (50°C).
For PtGe, a peak assigned to linearly adsorbed CO on Pt atoms appeared at 2080 cm™2,**4% which was consistent
with the previous study of intermetallic PtGe.** For HEI(0.25), two kinds of linear CO were observed at 2070 cm™
and 2150 cm™, assignable to those on Pt3%4° and Cu,*? respectively. The broad shoulder peak at 2024 cm™ may
be attributed to linear CO on Co.*® For both catalysts, no absorption was observed below 2000 cm™?, indicating the
absence of three-fold Pt ensembles. These findings are consistent with the substitution of the Pt site in PtGe with
Co and Cu. The electronic state of Pt was also investigated using XPS analysis (Figure 45g). The Pt 4f;; binding
energy of PtGe (72.1 eV) was higher than that of Pt (71.4 eV), depicting that the electron density of Pt was decreased
by alloying with Ge and is consistent with the observation in literature.***> On the contrary, the binding energy
shifted lower from PtGe to HEI(0.25) (71.6 eV), which suggests that the electron density of Pt 4f state was slightly
recovered upon multi-metallization. Similar trends in the electron density were also observed in the XANES (white
line intensity; PtGe > HEI(0.25) >> Pt, Figure 45c) and FT-IR studies (frequency of linear CO on Pt; PtGe > HEI,
Figure 45f). However, as observed in XANES, the difference in the d-electron density of Pt between PtGe and
HEI(0.25) was much smaller than that between PtGe and Pt (Figure 45c). This indicates that the electronic effect
of multi-metallization on the Pt d-state is limited.

We also prepared an SAA (Cu—Pt/Ca-SiO,, Cu/Pt = 25) and quinary HEA (PtFeCoCuGa/Ca-SiO,) catalyst as
control catalysts. The XRD, XAFS (Figure 51 and 52), and HAADF-STEM analyses confirmed that each catalyst
had an fcc structure with high phase purity. Moreover, Pt atoms in the SAA were sufficiently isolated. Besides, the
corresponding quaternary alloys (PtCoCuGe/Ca-SiO- and PtCoCuGa/Ca-SiO-) and binary alloys or intermetallics
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Figure 51. (a) XRD patterns of the Pt—-Cu/Ca-SiO, (Pt 1 wt%) catalysts with different Cu/Pt ratios. Pt LIl-edge (b)
XANES and (c) Fourier transforms of k®-weighted raw EXAFS spectra (Ak = 3-10) of SiO,-supported Pt-Cu bimetallic
catalysts (Pt 1 wt%) and reference Pt foil. (D) Curve-fitting for the Pt Ly-edge k®-weighted EXAFS of SiOz-supported
Pt—Cu bimetallic catalysts and reference Pt foil. Solid and dashed lines indicate the experiment and simulation,
respectively. The fitting ranges were Ak =3—10 A—1 and Ar = 1.5-3.5 A (for Pto5Cuos/Ca-SiOz; Ak =3—-10 A~ and Ar
=1.1-3.5A).
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Figure 52. (a) XRD pattern of the PtFeCoCuGa/Ca-SiO, (HEA) and PtCoCuGa/Ca-SiO, catalysts (Pt 1 wt%). (b)
Pt Ly~ (c) Fe-, (d) Co K-, (e) Cu K-, and (f) Ga K-edges ex-situ XANES spectra of the HEA and PtCoCuGa/Ca—
SiO; catalysts (Pt 1wt%). Summary of the k3-weighted raw EXAFS oscillations in k space for (g) HEA and (h)
PtCoCuGa/Ca-SiO. (i) Pt Ly-edge k3-weighted raw EXAFS oscillations in k space of PtysCuos/Ca-SiO,, HEA,
and PtCoCuGa/Ca-SiO:. (j) Fe K-edge k3-weighted raw EXAFS oscillations in k space of Fe foil, FeO, and HEA.
(k) Cu K-edge k3-weighted raw EXAFS oscillations in k space of Cu foil, HEA, and PtCoCuGa/Ca-SiO.. (g)
Magnification of Fourier transform of the Pt Ly-edge k3-weighted EXAFS spectra (Ak = 3-10) for HEA and
PtCoCuGa/Ca-SiO:.
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(PtM/Ca-SiOz; M = Co, Cu, Ga, Ge, Sn) were prepared. Interestingly, the Ge-containing quaternary alloy had the
PtGe-type intermetallic structure, i.e., (PtCoCu)Ge (Figure 53), whereas the Ga-containing one showed an fcc solid
solution phase. This is probably due to the large difference in AHs between PtGe (—90.8 kJ mol )™ and PtGa (—55.6
kJ mol™1).#¢ As mentioned for Scheme 1, the significant contribution of the enthalpic term of PtGe seemed to prevail
over the entropic effect to form a solid-solution phase upon multi-metallization, while that of PtGa did not. This
interpretation is also valid to understand the difference between HEI(0.25) and the quinary HEA. A similar
characterization was also performed on a series of binary catalysts, revealing that the desired bimetallic phases were
formed with high phase purities.
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Figure 53. (a) Pt Ly, (b) Co K-, (c) Cu K-, and (d) Ge K-edges ex-situ XANES spectra of the (PtCoCu)Ge/Ca—
SiO; catalyst. (e) Pt Liy-edge k3-weighted raw EXAFS oscillations in k space and (f) magnification of Fourier
transform of the Pt L;-edge k3-weighted EXAFS spectra (Ak = 3-10) for PtGe/Ca-SiO,, (PtCoCu)Ge/Ca-SiO,, and
(PtCoCu)(GeGasSn)/Ca-SiO; (HEI).
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We also used an in-situ XAFS approach to explore the stability of the HEI phase at high temperatures, implying
that the original structure of HEI(0.25) was preserved even at 700°C (Figure 54). Besides, the EXAFS features of
HEI and the fcc HEA was still distinct at 700°C (Figures 55 and 56). Similar trends were also observed in the
XANES region (Figure 56). Thus, we successfully synthesized the PtGe-type HEI, which provides thermally stable
single-atom Pt as an ideal active site for high-temperature PDH.
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Figure 54. (a) Pt Ly- and (b) Ge K-edges k3-weighted raw EXAFS oscillations of HEI(0.25) recorded at 700°C and
RT. Magnification of Fourier transform of the (c) Pt Ly- and (d) Ge K-edges k3-weighted EXAFS spectra of
HEI(0.25) recorded at 700°C and RT. For HEI(0.25), as-calcined sample was reduced at 700°C for 1 h under
flowing 50% H,/He (50 mL min™?), and then cooled to room temperature under flowing He (25 mL min™). The
spectra of HEI@700°C were collected during the H, treatment (after 35 min). The Pt Ly-edge k3-weighted raw
EXAFS oscillation of SAA (SAA@RT) was also shown for the comparison of the PtGe-type and fcc structures.
Although the oscillation strength and S/N ratio decreased at 700°C due to the large contribution of the Debye—
Waller factor, the EXAFS features in Pt Ly- and Ge K-edges were not changed, demonstrating that the PtGe-type

structure of HEI was retained even at high temperatures.
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Figure 55. (a) Pt L-edges k3-weighted raw EXAFS oscillations and (b) magnification of Fourier transform of the
Pt Li-edges k3-weighted EXAFS spectra of HEA recorded at 700°C and RT. For HEA, as-calcined sample was
reduced at 700°C for 1 h under flowing 50% H/He (50 mL min), and then cooled to room temperature under
flowing He (25 mL mint). The spectra of HEA@700°C were collected during the H, treatment (after 25 min). The
Pt Lii-edge k3-weighted raw EXAFS oscillation of SAA (SAA@RT) was also shown for the comparison. Although
the oscillation strength and S/N ratio decreased at 700°C due to the large contribution of the Debye—Waller factor,
the EXAFS features in Pt Lj-edges showed similar oscillation with those in HEA@RT and SAA@RT,

demonstrating that the fcc-type structure of HEA was retained even at high temperatures.
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Figure 56. Pt Lj;-edge XANES spectra of HEI(0.25) recorded at 700°C and the comparison with (a, b) PtGe/Ca—
SiO; and (c, d) HEA. The spectra were collected during the H; treatment. b and d are the magnification of the region
designated by dashed lines in a and c, respectively.
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5.3.2. Catalytic Performance in PDH.

Then, we tested the catalytic performances of the prepared catalysts in PDH under a considerably harsh
condition (600°C, without co-feeding H,). The SAA catalyst and PtGe were deactivated within 20 h (Figure
57a) due to the aggregation of nanoparticles and coke accumulation, respectively. The quinary HEA (Figure
57a), quaternary (Figure 58), and binary (Figure 59) catalysts also showed slow deactivation due to coking.
Conversely, HEI(0.25) was not deactivated within 100 h (Figure 57a) and retained >30% conversion and 99%
propylene selectivity up to 260 h (Figure 60), where the mean catalyst life ¢ (reciprocal deactivation constant
ka ') was 628 h (Table 13). Moreover, HEI(0.25) still exhibited good stability at 620°C (>40% conv. for 120
h). To the best of our knowledge, the HEI catalyst exhibited the highest stability in PDH in the absence of H.
(Figure 57b, details are listed in Tables 14-15), which is highly beneficial for practical application. The particle
size distribution did not change before and after the 100-hour catalytic run, indicating high thermal stability
and strong resistance to sintering HEI, according to the HAADF-STEM analysis. Interestingly, HEI(0.25)
showed a short induction period in propane conversion at the initial stage of reaction (<10 h). Since no change
in the bulk structure was observed during this period, the increase in conversion might be attributed to the
change in the Pt:Co:Cu composition ratio at the surface. A possible interpretation is that Pt, Co, and Cu atoms
can migrate gradually in the subsurface region under the high-temperature condition; therefore, the Pt:Co:Cu
ratio at the surface is gradually optimized by contacting with hydrocarbons. We also tested another control
experiment using HEI(0.25) without Ca, which resulted in lower stability than HEI(0.25) with Ca. Ca is known
to acts as a spacer for metallic species,*” which enhances homogeneous distribution and alloying of metallic
species, thus promoting sufficient alloying. Therefore, the lower stability may be due to incomplete formation
of the HEI structure. Next, we tested HEI(0.375) and HEI(0.5) in PDH, which resulted in lower selectivity and
stability. As shown in Figure 57c, a strong positive correlation was observed between the Pt fraction x and the
mean catalyst life z, indicating that the degree of Pt isolation in HEI determines the selectivity and stability in
PDH. Thus, these results demonstrated the validity of our catalyst design concept based on HEIs for high-
temperature PDH. Control experiments using the Ca—SiO, and unmodified SiO> support were also performed
at 600°C, where a small amount of propane was converted to propylene with low selectivity (conv., ~5%; sel.,
~60%). This is probably due to a small contribution of noncatalytic thermal cracking.*’

We subsequently investigated the reusability of the prepared catalysts through repeated regeneration
processes (O,—H: treatments, Figure 57d). The catalytic activity of PtGe was recovered after the first
regeneration procedure, indicating that this treatment could combust the accumulated coke. However, it was
not fully recovered despite repeated regeneration, most likely due to irreversible catalyst decomposition.
Conversely, HEI(0.25) showed no deactivation after the repeated regeneration procedures, revealing its high
durability in repeated regeneration and reuse. Indeed, the XRD patterns of HEI(0.25) showed no changes after
PDH reaction and regeneration process, indicating that the original crystal structure of HEI(0.25) was retained.
Then, the long-term stability of HEI(0.25) was examined in the presence of co-fed H, to minimize the coke
formation, which is a more common condition for PDH. Notably, HEI(0.25) exhibited outstandingly high
stability at 600°C for the first time; little deactivation was observed for at least two months (Figure 57¢), where
the mean catalyst life (z = 4146 h) was 1.4 times higher than the highest ever reported (z = 3067 h). Thus, the
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HEI(0.25) catalyst is the most stable PDH catalyst under different conditions to the best of our knowledge.
The coke amount was drastically decreased by co-feeding H, due to the decoking effect of H, (coke
hydrogenation).*” We also focused on the relationship between catalytic activity and stability, because a
negative correlation between them is often suggested. For this purpose, we calculated the rate constant for the
forward direction (kf) as a universal scale covering the influences of space velocity and the degree of approach
to equilibrium,”?* which was plotted against the mean catalyst life (z = kq ) for reported Pt-based catalysts
(Figure 61). Although a weak negative correlation was observed between activity and stability, HEI(0.25)
deviated from this correlation significantly and exceptionally. Therefore, it is unlikely that the outstandingly
high stability of HEI was achieved at the expense of activity, but rather due to the combination of site-isolation
and entropy effects. However, further increase in the catalytic activity might be required for practical
application with efficient propylene productivity.
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Figure 57. Catalytic performance of HEI in PDH and DFT calculations. (a) Catalytic performances of PtGe,
HEI(0.25), SAA, and HEA in PDH at 600°C without co-feeding H». (b) Mean catalyst life (t = k4 ') of reported
catalysts and HEI(0.25) in PDH without co-fed H, (references are listed in Tables S8-9). (c) Relationship
between mean catalyst life (t = k4 ') and the degree of Pt isolation represented by x as Pt/(Pt+Co+Cu) molar
ratio in PtGe and HEI (d) Reusability of PtGe and HEI(0.25) in PDH at 600°C after repeated regeneration
processes. () Long-term stability test of the HEI(0.25) in PDH at 600°C with co-feeding H, (catalyst: 150 mg,
Cs;Hg:Ha:He = 2.5:1.3:3.7 mL min"!, WHSV = 2.0 h™"). (f) Model structure of HEI (left bottom) derived from
PtGe (left top) for DFT calculations. An example of the HEI slab model for PDH: C3H++H at a Pt; site (right).
(g) Relationship between Eaq (C3Hg) and AE or Ea; for various Pt-based surfaces. (h) C3sHs-TPD for Pt-based
catalysts (adsorption temperature: —35°C).
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Figure 58. Long-term stability test of the (a) (PtCoCu)Ge/Ca-SiO- (Pt 1 wt%) and (b) PtCoCuGa/Ca-SiO-

(Pt 1 wt%) catalysts in PDH at 600°C (C3Hs/He = 2.5/5.0, F = 7.5 mL min™t). 60 mg of catalyst, WHSV = 4.9
h™™.
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Figure 59. Catalytic performances of Pt-based bimetallic catalysts (Pt 1 wt%) in PDH at 600°C. Conditions:
CsHs/He = 2.5/5.0, F = 7.5 mL min%, 20 mg of catalyst, WHSV = 14.8 h™%. C3Hs and by-products (CH4 and
C2H4) were detected due to the dehydrogenation and thermal cracking of CsHs, respectively.
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Figure 60. Long-term stability test of the HEI(0.25) catalyst (Pt 1 wt%) in PDH at 600°C (CsHs/He = 2.5/5.0,
F =7.5mL min, 100 mg of catalyst, WHSV = 3.0 h%).
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Table 13. Summary of the catalytic performances of the silica-supported Pt-based catalysts at 600°C.

Time (h) CsHs conversion (%)  CsHe selectivity (%) )
Catalyst kd (h’l)[a] r(h)[]

initial ~ final initial ~ final initial final
(PtCoCu)(GeGaSn)/Ca-SiO,"

10 260 403 312 99.3 98.7 0002 628
(HEI(0.25), Pt/Pt+Co+Cu) = 1/4, Pt 1 wt%)
(PtCoCu)(GeGasn)/Ca—SiOz"!
(HEN(0.375), PUPL+Co+Cu) = 15/4, Pt 1510 119 322 277 98.6 98.4 0002 509
Wt%)
(PtCoCu)(GeGaSn)/Ca-SiO"

10 120 394 321 98.7 98.9 0003 343
(HEI(0.5), PUPt+Co+Cu) = 2/4, Pt 2 Wt%)
(PtCoCu)Ge/Ca-SiO," 1 49 442 220 993 985 0021 47
PtCoCuGa/CaSioz" 1 90 407 276 98.6 98.3 0007 152
PtFeCoCuGa/Ca-SiOz 1 90 440 283 98.6 98.0 0.008 130
PtGe/Ca-SiO" 1 90 421 153 99.3 97.9 0016 64
PtGa/Ca-SiO," 1 20 332 241 98.8 98.3 0.024 43
PtSN/Ca—Sio" 1 60 533 144 98.9 97.0 0032 31
Pt-Cu/Ca-SiOz (SAA, Cu/Pt = 25)° 1 90 508 166 945 95.2 0018 54

[[IDeactivation rate constant. PIMean catalyst lifetime. [IWHSV = 3.0 h™*. [MWHSV = 5.9 h . FIWHSV = 14.8
h. ITWHSV =49 h™.
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Table 14. Summary of the catalytic performance of HEI and other representative reported Pt-based catalysts
in PDH in the absence of H..

Entry  Catalyst. Temp. conversion  Gas CsHs Specific  kr (MOlcans Catalyst
activity gt ht Ref.
(%)@ composition (%) 7 (h)l
(sHH bar™) [
0 (PtCoCu)(GeGaSn)/Ca— 493 (11 h)— CsHg/He = 97.4-
620 0.174 29 318
Si0,: HEI 408 2.5/5 96.7 This
study

(PtCoCu)(GeGaSn)/Ca— 403 (10h)- CiHg/He = 99.3-
1 600 0.145 20 628

SiO,: HEI 31.2 2.5/5 98.7
2 PtGa—Ca-Pb/SiO, 600 37.8 (8 h)- CsHg/He = 98.0- 0.149 19 233 %
3 PtGa—Pb/SiO, 600 316 (11 h)- CsHe/He = 97.9- 0125 13 149 %
4 1.5Ga0.1@S-1 600  45.9-415 CHe/N, = 921 0.667 495 129 %2
5 K-PtSn@MFI-GOOHz- 600 38.7 (2 h)* C3H3/He = >97 3.406 573 77 33
6 K-PtSn@MFI 600  20-17 CsHe/N: = g7 0340 - 72 u
7 PtZn4@S-1-H 600  66.7-43.2 CiHg/N, =1/3 908~ 0370 834 60 3
8 Pt/Sn-ZSM-5 600  70-45 CsHe/N, = g9 0472 - 23 %
9 0.3PtZn0.5@S-1 600  31.0-26.0 CsHe/N, = g7 1.044 99 16 37
10 Zn10Pt0.1/HZ 600  80-50 CsHe/N, = &g 0.130 476 14 38
11 PtSnAly/SBA-15 500  55.9-40.5 CsHg/Ar=1/5 985 0320 149 10 »
12 PtSnAly /SBA-15 500  55.1-38.8 CsHg/Ar=1/5 97.8 0313 139 9 »
13 0.7Pt0.7Zn/MZ 580  35-20 CsHs 9895 0782 - 626 40
14 PtGa-Ca-Pb/SiO, 580  36.6-25.2 CsHs 98.0- 0.087 - 465 %
15 PtLa/mz-deGa 580  42-417 CsHs 95 0539 - 380 2
16 PtY/mz-deGa 580 425 CsHs 9% 0544 - 119 2
17 INPt/SSF 580  46.9-40.9 CiHg/Ar=1/4 98 0.200 59 135 a
18 CePt/SSF 580  44.9-37.5 CHg/Ar=1/4 92 0.180 48 108 a
19 LaPt/SSF 580  44.4-35.2 CHg/Ar=1/4 92 0.178 46 86 a
20 FePt/SSF 580  56.8-44.0 CsHg/Ar=1/4 90 0223 143 64 a
21 PtSN/SiO, 580  35.2-30.3 CsHs >99 1629 - 90 42
22 PtSN/SiO, 580  34.5-27.6 CsHs >9 2434 - 62 42
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23 Pt/0.8Sn-SBA-15 580 43.8-38.3 CsHg/Ar=7/3 985 0.438 192 26 4

24 1Pt1Zn/MZ 580  30-27 CsHs 96-96 4599 - 20 40
25 PtZn4@S-1-H 550  47.4-40.4 CsHe/N, =1/3  93.2- 0.270 337 759 %
26 PtZn4@S-1-H 550  40.0-21.8 CiHg/N,=1/3  99.1- 1816 552 121 *
27 PtZn4@S-1-H 550  34.7-29.6 CsHe/N, =1/3  99.1- 3151 633 4 %
28 PtZn4@S-1-H 550  21.2-11.8 CiHe/N,=1/3  98:3- 3.890 438 14 %
29 K-PtSN@MFI-600H,;- 550  20-17 CsHs >97 7.040 822 351 %
30 Ga**PtY/SiO, 550  40.7-38.5 CiHo/Ar=1/4 635 0016 5 217 “
31 Ga**Pt/Sio, 550  36.5-26.9 CsHo/Ar=1/4  90.9 0408 99 45 44
32 Ga**Pt/Si0, 550  31.9-18.2 CsHg/Ar=1/4 99 0.847 170 27 “
33 0.1Pt-2Zn/Si-Beta 550  65-36 CsHe/He=1/9 98 1849 - 126 %
34 0.3Pt/0.5Sn-Si-Beta 550  27.5-25.2 CsHg/Ar = 99.1- 0.152 82 101 4
35 PZn**/SiO, 550  35.3-26.6 CiHo/Ar=1/4  97.6- 1147 261 73 a
36 PZn**/SiO, 550  30.2-16.1 CiHy/Ar=1/4 98.1- 0422 76 37 a
37 Zn10Pt0.1/HZ 550  56.2-48.2 CsHe/N, = 73 0127 - 62 38

[@The first value was obtained at the beginning of the run, and the second at the end. PIThe C3Hs selectivity
was obtained at the beginning of the run. EIDefined as (mol of formed propylene per second) per mol of total
Pt. FIAIthough the ks value was negative in some references, values are not listed in the table in such cases.
This is mainly because the actual propane conversion was somehow higher than the estimated equilibrium
conversion. [¥'Mean catalyst life defined as 7 = kg 2.
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Table 15. Summary of the catalytic performance of HEI and other representative reported Pt-based catalysts
in PDH in the absence of H..

Operation
Entry Catalyst Pt (Wt%) Temp. (°C) WHSV (h ) kg (hHe! Ref.
time (h)!
(PtCoCu)(GeGasn)/Ca—
0 1 620 3.0 0.003 120 This study
Si0,: HEI
(PtCoCu)(GeGasn)/Ca—
1 1 600 3.0 0.002 260
Si0,: HEI
2 PtGa—Ca-Pb/SiO, 3 600 9.8 0.004 160 2%
3 PtGa—Pb/SiO, 3 600 9.8 0.007 160 2%
4 1.5Ga0.1@5-1 0.092 600 1.2 0.008 24 %2
K-PtSn@MFI-600H2-
5 0.4 600 295 0.013 25 8
22h
6 K-PtSn@MFI 0.42 600 1.8 0.014 67 34
7 PtZn4@S-1-H 0.72 600 3.6 0.017 58.3 %
8 Pt/Sn-ZSM-5 0.32 600 1.8 0.044 24 3
9 0.3PtZn0.5@S-1 0.23 600 6.5 0.061 5 s7
10 Zn10Pt0.1/HZ 0.1 600 0.2 0.069 20 %
11 PtSNAly,/SBA-15 0.5 590 2.4 0.104 6 3
12 PtSNAly1/SBA-15 0.5 590 2.4 0.110 6 3
07
13 0.7Pt0.7Zn/MZ 580 13 0.002 480 40
14 PtGa—Ca—Pb/SiO; 3 580 5.9 0.002 252 2
15 PtLa/mz-deGa 1 580 11.0 0.003 480 2
16 PtY/mz-deGa 1 580 11.0 0.008 312 2
17 INPt/SSF 1 580 35 0.007 33 4
18 CePt/SSF 1 580 35 0.009 33 4
19 LaPt/SSF 1 580 35 0.012 33 4
20 FePt/SSF 1 580 35 0.016 33 4
21 PLSN/SiO, 0.5 580 19 0.011 20 42
22 PLSN/SiO; 0.5 580 29 0.016 20 42
23 Pt/0.8Sn-SBA-15 1 580 8.3 0.038 6 2
24 1Pt1Zn/MZ 1 580 130 0.049 3 40
25 PtZn4@S-1-H 0.72 550 3.6 0.001 216.7 %
26 PtZn4@S-1-H 0.72 550 26.8 0.008 105.9 %
27 PtZn4@S-1-H 0.72 550 53.7 0.024 103 %
28 PtZn4@S-1-H 0.72 550 109.4 0.072 10.3 %
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K-PtSn@MFI-600H2-

29 0.4 550 118.1 0.003 70 33
22h
30 Ga**PtY/SiO, 437 550 2.1 0.005 20 a4
31 Ga**PtY/SiO, 437 550 437 0.022 20 a4
32 Ga**PtY/SiO, 437 550 98.4 0.037 20 a4
33 0.1Pt-2Zn/Si-Beta 1 550 2.4 0.008 150 4
34 0.3Pt/0.5Sn-Si-Beta 0.26 550 1.2 0.010 12 46
35 P°Zn®*/SiO, 3.05 550 82.6 0.014 30 4
36 P°Zn®*/SiO, 3.05 550 35.4 0.027 30 4
37 Zn10Pt0.1/HZ 0.1 550 0.2 0.016 20 ®

[B\WVHSV: weight hourly space velocity based on propane gas flow (h™1). PIThe first-order deactivation model
was used to estimate the catalyst stability.! [lOperation time: total time tested for a single run.
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Figure 61. Relationship between activity (ks) and stability (z = kq ) obtained in PDH over Pt-based catalysts
in literature and this study. Numbers correspond to the entries in Tables S8 and S9. To minimize the effect of
temperature, values at 580°C~600°C were shown.

5.3.3. DFT Calculations.

Finally, we used DFT computations to ascertain the origin of HEI’s exceptional catalytic performance. For
PtGe, the (020) plane was considered as the main active surface because it is one of the major facets of PtGe
crystal (see Figure S62 the result of Wulff construction) and much more active for C—H scissions than the most
stable (211) and the second stable (112) planes (Figures 63-72 and Table 16). The HEI(0.25) structure was
modeled based on the PtGe—(2x2x2) supercell, where the Pt and Ge sites were substituted partially and
randomly with Co/Cu and Ga/Sn, respectively, such that the Pt faction x was 0.25 (Figure 57f). Here, we
randomly generated forty structures (Figure 73) and chose the most stable one as an energetically favorable
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model (Figure 74). The segregation energies of Pt atoms were also calculated for each isolated Pt site, which
were mostly positive. This indicates that the isolated Pt state is electronically preferable to the segregated state.
Then, for slab models, two HEI(040) surfaces (equivalent to PtGe(020) plane) were considered, each with four
distinct isolated Pt atoms and eight Pt—Co/Cu bridge sites for H adsorption (Figure 74). On each Pt—Co/Cu site,
the stepwise C—H scissions from CsHs to CsHs were calculated (Figure 57f right, Figures. 75-98, and Table
16). Similar computations were also executed on the (111) surfaces of Pt, PtsSn, and Cu—Pt; for comparison
(Figures. 97-107 and Table 16, results of PtGa were reproduced from the previous study®*). The third C-H
scission triggers propylene decomposition, leading to selectivity decrease, coke formation, and consequent
catalyst deactivation (Scheme 4). Therefore, the propylene selectivity (and catalyst stability) generally depends
on the difference in the energy barriers between the third C—H scission and propylene desorption (AE = Eaz —
Eq = Eas + Eaq).2%4% The calculated AE were in the following order; Pt (-0.11 eV) << Pt@Cu (0.55 eV) =
PtsSn (0.60 eV) < Pti@PtGa (0.74 eV) < PtGe(020) (1.05 eV) < HEI(040) (1.04~1.54 eV) (Figure 57g and
Table 16), which is consistent with the experimental trend in propylene selectivity (Table 13). Although the
AE values for HEI varied depending on the site, they were much higher than those on other bimetallic surfaces,
indicating exceptional selectivity and stability. Overall, AE linearly increased with the E. (Figure 57g),
indicating that the adsorption strength of propylene on the surface indicates AE. Figure 57¢ also describes that
Ea: did not vary depending on the surface, consistent with the structure-insensitivity of PDH. These results
suggest that the single-atom Pt on HEI can selectively catalyze propane's first and second C—H scissions, while
effectively inhibiting the third one and subsequent side reactions by facile propylene desorption. Notably, no
significant difference was observed in the d-band shapes and centers between PtGe and HEI(0.25) (Figure
108). Therefore, the weakened propylene adsorption can be attributed to a geometric ensemble effect due to
the Pt isolation rather than an electronic effect upon multi-metallization. We also calculated the d-band
structure of Pt—Cu SAA, of which d-band center was much closer to the Fermi level than those of PtGe and
HEI. This is consistent with the more negative E.q of SAA (Figure 579) and the lower propylene selectivity in
PDH (Figure 2a).

Guided by the theoretical study outlined above, we conducted CsHes-TPD (Figure 57h) with an adsorption
temperature of —35°C (12°C above the boiling point). PtGe, PtSn, and Cu-Pt SAA exhibited broad desorption
peaks between at —40~20°C, where the peak tops appeared in this order. Conversely, no desorption was
observed on HEI(0.25), indicating that propylene could not be adsorbed even at —35°C. This trend agrees with
that of E.s and demonstrates the remarkably easy desorption of propylene from HEI. We also used CO-TPD,
which revealed a similar pattern (Figure 109). As a result, the Pt isolation using HEIs allows for months of
selective and continuous propylene production via PDH.

On the other hand, the DFT model considered in this study were the bulk and slab structures, but not a
nanoparticle on an oxide support. Considering the small size and the interaction with silica support, the trends
in selectivity and thermal stability may be influenced by the nanosizing and support effects. To obtain the
insights closer to the real HEI/SiO. catalyst, more sophisticated theoretical studies based on a supported
nanoparticle model are preferred.®>"® Although modeling and studying such a complex system is highly
challenging, success in this approach will advance the chemistry of HEI-based catalysis.

122



Wulff construction for PtGe

(020)
211)
(112)
(002)
(102)

(202)

N

Figure 62. Equilibrium crystal shape of PtGe determined by Wulff construction.

Figure 63. Structures of initial (1S), transition (TS), and final states (FS) of 1t C-H scissions in PDH on the
PtGe(211) site.
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PtGe(211) C3H, — C;Hg + H

Figure 64. Structures of initial (IS), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
PtGe(211) site.

PtGe(211) C4Hg — C3Hs + H

Figure 65. Structures of initial (1S), transition (TS), and final states (FS) of 3 C-H scissions in PDH on the
PtGe(211) site.
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PtGe(112) C4Hg — CsH, + H

Figure 66. Structures of initial (1S), transition (TS), and final states (FS) of 2" C—H scissions in PDH on
the PtGe(112) site.

PtGe(112) C4H; — CyHg + H

Figure 67. Structures of initial (1S), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
PtGe(112) site.
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PtGe(112) CsHg — C3Hs + H

Figure 68. Structures of initial (IS), transition (TS), and final states (FS) of 3" C—H scissions in PDH on the
PtGe(112) site.

PtGe(020) C;Hg — CsH, + H

IS TS FS

Figure 69. Structures of initial (IS), transition (TS), and final states (FS) of 1%t C-H scissions in PDH on the
PtGe(020) site.
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PtGe(020) C;H, — CsHg + H
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Figure 70. Structures of initial (IS), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
PtGe(020) site.

PtGe(020) C4Hg — CsHg + H
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Figure 71. Structures of initial (IS), transition (TS), and final states (FS) of 3" C—H scissions in PDH on the
PtGe(020) site.
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m PtGe(211) = PtGe(112) m PtGe(020)

—— 2
>
L
>
O 15
[}
C
o
(e
o 1
el
©
=
el
O
© 05 4
T
@)
O_

Ea1 Ea2 EaS

Figure 72. Activation barriers of 1%, 2", and 3@ C—H scissions (Ea1, Ea2 and Eas) from propane over the major
facets of PtGe. PtGe(020) was more active than (211) and (112) for C—H scissions, indicating that the (020)
surface is the most active surface of PtGe. This is probably because (211) and (112) are more stable than (020).

Table 16. Calculated activation energy (EA) for the dehydrogenation of propane on PtGe(211) and PtGe(020).

Activation energy (eV)

Surface 15t C—H scission (Ea1) 2" C—H scission (Eaz) 3@ C-H scission (Eas)
(CsHg — CsH7 + H) (CsH7 — CsHs + H) (CsHe — C3Hs + H)

PtGe(211) 1.78 1.46 1.90

PtGe(112) 141 1.05 1.82

PtGe(020) 1.29 0.80 1.65
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A random distribution in the
Pt and Ge sites (mode B)
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Figure 73. Difference in the electronic energies of various atomic configurations of the supercell of bulk HEI.
The energy of the lowest one (selected for the model structure) was set to zero. Mode A: all the Pt atoms in
each (040) plane are isolated (no Pt—Pt) and the number of each element in each (040) plane is almost same
(Pt: 2, Co: 3, Cu: 3, Ga: 2 or 3, Ge: 2 or 3, and Sn: 2 or 3), mode B: random distribution without the restriction
in mode A (mode B). Two or three Pt—Pt pair sites are typically included in mode B.
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A Pt, Co, Cu, Ga, Ge, Sn

[010] -1~ (040):A
-1- (040):B
-1-(040):C
.-+~ (040):D
B

(040):A

Figure 74. (a) The optimized structure of HEI(0.25) with the most stable atomic configuration. The first
(HEI(040):A) and the second (HEI(040):B) top layers of the (040) plane were selected as the model surfaces
for catalysis. (b) The atomic arrangements of the HEI(040):A/B surfaces. Eight different Pt—Co and Pt-Cu
sites (A1-A4 and B1-B4) were designated by magenta and cyan dotted lines, respectively. The optimized
structures of CsHg+H on (040):A and CsH» on (040):B were also shown as example.
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HEI(040):A1 (Pt-Co: Sn, Ga) CsHg — CsH, + H

IS TS

Figure 75. Structures of initial (I1S), transition (TS), and final states (FS) of 1%t C—H scissions in PDH on the
HEI(040):Al site.

HEI(040):A1 (Pt-Co: Sn, Ga) C;H, — C;Hg + H

FS

Figure 76. Structures of initial (1S), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
HEI(040):Al site.
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HEI(040):A1 (Pt-Co: Sn, Ga) CsHg — CaHs + H

IS TS

Figure 77. Structures of initial (1S), transition (TS), and final states (FS) of 3™ C—H scissions in PDH on the
HEI(040):Al site.

HEI(040):A2 (Pt-Co: Ga, Sn) C4Hg — C3H, + H

IS TS FS

Figure 78. Structures of initial (1S), transition (TS), and final states (FS) of 1*t C-H scissions in PDH on the
HEI(040):A2 site.
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HEI(040):A2 (Pt—Co: Ga, Sn) C3H; —» C;Hg + H

IS TS

Figure 79. Structures of initial (IS), transition (TS), and final states (FS) of 2™ C—H scissions in PDH on the
HEI(040):A2 site.

HEI(040):A2 (Pt-Co: Ga, Sn) CsHg — C4Hs + H
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Figure 80. Structures of initial (1S), transition (TS), and final states (FS) of 3™ C—H scissions in PDH on the
HEI(040):A2 site.
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Figure 81. Structures of initial (1S), transition (TS), and final states (FS) of 1%t C—H scissions in PDH on the
HEI(040):A3 site.

HEI(040):A3 (Pt-Cu: Ge, Ga) C4H, — C4H, + H
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Figure 82. Structures of initial (IS), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
HEI(040):A3 site.

134



;9"0‘ ;0‘00; ;000)

gad e s

IS TS

Figure 83. Structures of initial (1S), transition (TS), and final states (FS) of 3™ C—H scissions in PDH on the
HEI(040):A3 site.

IS TS

Figure 84. Structures of initial (1S), transition (TS), and final states (FS) of 1*t C-H scissions in PDH on the
HEI(040):A4 site.
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HEI(040):A4 (Pt-Cu: Ga, Ge) C;H, — C3Hg + H
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Figure 85. Structures of initial (IS), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
HEI(040):A4 site.

Figure 86. Structures of initial (IS), transition (TS), and final states (FS) of 3" C—H scissions in PDH on the
HEI(040):A3 site.
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Figure 87. Structures of initial (I1S), transition (TS), and final states (FS) of 1%t C—H scissions in PDH on the
HEI(040):B1 site.

HEI(040):B1 (Pt-Co: Ga, Ga) CsH, — C;H, + H
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Figure 88. Structures of initial (1S), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
HEI(040):B1 site.
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HEI(040):B1 (Pt-Co: Ga, Ga) C;Hg — CsHg + H

Figure 89. Structures of initial (1S), transition (TS), and final states (FS) of 3™ C—H scissions in PDH on the
HEI(040):B1 site.

HEI(040):B2 (Pt-Co: Ge, Ge) CsHg — CsH, + H

Figure 90. Structures of initial (IS), transition (TS), and final states (FS) of 1%t C—H scissions in PDH on the
HEI(040):B2 site.
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Figure 91. Structures of initial (IS), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
HEI(040):B2 site.
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Figure 92. Structures of initial (IS), transition (TS), and final states (FS) of 3" C—H scissions in PDH on the
HEI(040):B2 site.
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HEI(040):B3 (Pt—Cu: Ga, Ga) C;Hg — C;H, + H
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Figure 93. Structures of initial (IS), transition (TS), and final states (FS) of 1%t C—H scissions in PDH on the
HEI(040):B3 site.
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Figure 94. Structures of initial (1S), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
HEI(040):B3 site.
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Figure 95. Structures of initial (1S), transition (TS), and final states (FS) of 3™ C—H scissions in PDH on the
HEI(040):B3 site.

HEI(040):B4 (Pt—Cu: Ge, Ge) C;Hg — C3H, + H

Figure 96. Structures of initial (IS), transition (TS), and final states (FS) of 1%t C—H scissions in PDH on the
HEI(040):B4 site.
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Figure 97. Structures of initial (IS), transition (TS), and final states (FS) of 2™ C—H scissions in PDH on the
HEI(040):B4 site.
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Figure 98. Structures of initial (1S), transition (TS), and final states (FS) of 3™ C—H scissions in PDH on the
HEI(040):B4 site.
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Table S16. Summary of DFT calculation for PDH on various metallic surfaces.

Surface active sites Energy barrier (eV) Eua Reaction energy (eV) AEI
{constituent metals) Eu Eas Eaa (eV) AE AE: AF (eV)
HEI 044}

Al (Sn, Pt, Ga, Co) 1.17 0.97 1.81 -0.38 0.42 .49 1.06 1.43
B1 (Ga, Pt, Ga, Co) 1.07 0.62 1.69 <0.22 0.40 .21 0.85 1.47
A2 (Ga, Pt, Sn, Co) 1.28 (.66 1.48 .44 0.74 .26 0.83 1.04
B2 (Ge, Pt, Ge, Co) 1.28 (.86 1.60 <0.38 0.74 .60 1.34 1.22
A3 (Ge, Pt, Ga, Cu) 1.26 0.59 1.59 <0.08 0.96 .34 1.26 1.50
B3 (Ga, Pt, Ga, Cu) 1.22 0.92 1.52 <0.14 .85 (.65 0.96 1.38
Ad (Ga, Pt, Ge, Cu) 1.26 0.68 1.73 <0.19 0.80 .66 1.31 1.54
B4 (Ge, Pt, Ge, Cu) 1.12 0.60 1.76 <0.53 0.73 .39 1.33 1.23
PrGe(020) 1.29 (.80 1.63 0.60 0.81 .43 1.33 1.05
PrGe(112) 1.41 1.05 1.82 -0.38 0.80 0.24 0.85 1.43
PrGe(211) 1.78 1.46 1.90 0.21 1.36 0.604 0.97 2.11
Pti@PtGa(111) ™ 1.11 0.76 .77 -1.03 0.81 0.10 1.50 .74
Pti@Cu(l11) 1.13 0.98 1.29 -0.74 0.61 0.24 1.02 (.55
PtsSn(111) 1.17 0.76 1.36 -0.77 0.23 0.23 0.70 (.60
Pri111) 1.04 0.98 1.17 -1.28 0.31 0.24 0.67 011

BIAE = Eas — Eq = Eas + Eaa. P’Reproduced from the previous study®.
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Pt,@Cu(111) CsHg — CgH, + H
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Figure 99. Structures of initial (IS), transition (TS), and final states (FS) of 1%t C—H scissions in PDH on the
Pt-Cu SAA; Pti@Cu(111) site.

Pt,@Cu(111) C3H; —» C3Hg + H
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Figure 100. Structures of initial (IS), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
Pt-Cu SAA; Pti@Cu(111) site.
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Pt,@Cu(111) CsHs — CsHs + H

=

IS

Figure 101. Structures of initial (IS), transition (TS), and final states (FS) of 3" C—H scissions in PDH on the
Pt-Cu SAA; Pti@Cu(111) site.

Ptgsn(lll) C3H8 — C3H7 + H

Figure 102. Structures of initial (1S), transition (TS), and final states (FS) of 1% C—H scissions in PDH on the
PtsSn(111) site.
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Pt,Sn(111) CsH, — C4Hg + H

Figure 103. Structures of initial (IS), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
PtsSn(111) site.

Pt;SN(111) CgHg — C3Hs + H

Figure 104. Structures of initial (IS), transition (TS), and final states (FS) of 3" C—H scissions in PDH on the
PtsSn(111) site.
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Pt(lll) C3H8 — C3H7 + H

* *

Figure 105. Structures of initial (1S), transition (TS), and final states (FS) of 1% C—H scissions in PDH on the
Pt(111) site.

IS

Figure 106. Structures of initial (IS), transition (TS), and final states (FS) of 2" C—H scissions in PDH on the
Pt(111) site.
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Pt(lll) C3H6 — C3H5 + H
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Figure 107. Structures of initial (IS), transition (TS), and final states (FS) of 3" C—H scissions in PDH on the

Pt(111) site.
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Scheme 4. Reaction scheme and energetics from CsHs to carbon over PtGe(020) surface.
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Figure 108. Density of states (DOS) of PtGe, HEI, and Pt—-Cu SAA projected on d orbitals of surface Pt atoms.
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Figure 109. TPD profiles of linearly chemisorbed CO on PtSn, PtGe, and HEI(0.25) measured by FT-IR.
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5.4. Discussion.

In the present study, we designed the PtGe-type HEIs to construct thermally stable single-atom Pt sites for
PDH. The Pt and Ge sites of intermetallic PtGe were substituted with Co/Cu and Ga/Sn, respectively, which
formed the nanoparticulate (PtCoCu)(GeGaSn) HEI on Ca-SiO; support. The degree of Pt isolation can be
tuned by the Pt fraction in the Pt site (Pt/(Pt+Co+Cu) ratio), in which Pt atoms are sufficiently isolated at the
ratio of 0.25. The single-atom-like Pt sites in HEI(0.25) effectively promotes the desorption of as-generated
propylene to inhibit undesired side reactions. The HEI(0.25) catalyst is capable of working in PDH at 600°C
for at least two months for the first time.

The role of each metal element is summarized as follows: (1) Pt works as the main active metal for C-H
activation. (2) Ge, which is catalytically inactive, is the parent counterpart metal that determines the
intermetallic PtGe structure and reduces the surface Pt—Pt coordination number to 2. (3) less active Co and Cu
further dilute the Pt—Pt bridge sites in the transition metal site of HEI and provide isolated Pt sites. (4) Ga and
Sn partially substitute the Ge site, which does not directly affect the catalysis, while increase the thermal
stability of the HEI phase due to the entropy effect. (5) Ca works as a spacer to enhance the metal dispersion
and alloying.

Thus, the multi-metallization strategy based on HEI is an ideal design concept for thermally stable single-
atom Pt sites for light alkane activation.
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6. General Conclusions

In this thesis, a series of innovative alloy-based catalysts were synthesized and tested for the dehydrogenation
of methylcyclohexane and propane. The developed catalysts functioned as remarkably efficient catalysts. In
addition, detailed characterization, kinetic studies, and theoretical calculations revealed the origin of excellent
catalytic performance in atomic-scale.

Chapter 2 concludes that the Pts(Feo7sZno2s) pseudo-binary alloy supported on silica acted as a highly
active, selective, and stable catalyst for the dehydrogenation of methylcyclohexane. The substitution of part of
Fe by Zn forms the Pts(Feo.7sZno2s) pseudo-binary alloy structure, which exhibits a three times higher TOF
than that of Pt/SiO;,, excellent toluene selectivity (>99%, methane: <500 ppm), and long-term durability (>50
h). Fe has a unique capability to facilitate the hydrogenation of coke precursor to methane. Zn makes Pt
electron-rich and further dilutes Pt; hollow sites, which strongly accelerates toluene desorption owing to the
ligand and ensemble effects, respectively. The synergy of enhanced decoking capability and toluene desorption
serves an outstanding catalytic performance. Therefore, the catalyst design based on the pseudo-binary alloy
structure allows to construct multifunctional active sites that are highly efficient for methylcyclohexane
dehydrogenation.

Chapter 3 concludes that the surface decoration of PtGa intermetallics using Pb as a modifier served a
highly stable active site for propane dehydrogenation. PtGa has four different surface terminations, denoted as
Pts, Gas, Pt1, and Ga; at the most stable (111) plane. Although both Pt; and Pt; sites are active for C—H scissions
of propane, Pt; sites also catalyze the overdehydrogenation of propylene and subsequent C—C scissions, while
the Pt; sites can selectively generate propylene. The Pt; ensembles were successfully blocked by Pb deposition,
while the Pt; sites remained. The developed PtGa—Pb/SiO- catalyst exhibited high propylene selectivity (99.6%
propylene selectivity) without deactivation for 96 h at 600°C in the presence of co-feed H, (r = 1159 h). DFT
calculations revealed that Pt; sites well catalyze the first and second C—H activation, while effectively inhibits
the third one, which minimizes the side reactions to coke and drastically improves the selectivity and stability.

Chapter 4 concludes that doubly-decorated PtGa by Ca and Pb worked as a highly stable propane
dehydrogenation. Pb was deposited on the Pts sites of the PtGa nanoparticles, whereas Ca was placed around
the nanoparticles to impart them with an electron-enriched Pt; site. The effects of these modifications were
synergistic and remarkably improved the catalytic stability in propane dehydrogenation. PtGa—Ca—Pb/SiO;
exhibited an outstandingly high catalytic stability, even at 600°C (z = 3067 h), and almost no deactivation of
the catalyst was observed for up to one month for the first time.

Chapter 5 concludes that the Pt; sites in high-entropy intermetallics functioned as ultrastable active sites
for propane dehydrogenation. Pt—Pt ensembles, which cause side reactions, are entirely diluted by the
component inert metals in PtGe-type high-entropy intermetallics. The resultant (PtCoCu)(GeGeSn)/Ca-SiO;
catalyst exhibited an outstandingly high catalytic stability, even at 600°C (r = 4146 h), and almost no
deactivation of the catalyst was observed two months for the first time. Detailed experimental studies and
theoretical calculations demonstrated that the combination of the site-isolation and entropy effects upon multi-
metallization of PtGe drastically enhanced the desorption of propylene and the thermal stability, eventually
suppressing the side reactions even at high reaction temperatures.
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In summary, this thesis not only demonstrates outstanding catalytic performance, but also opens a new
paradigm for the catalyst design concept. | believe that this work would be a guideline for promoting the field
of multimetallic alloy materials.
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