Design of Structure and Catalysis of Supported Metal

Nanoparticles by Understanding Metal—Support Interaction

MURATA Kazumasa






Design of Structure and Catalysis of Supported Metal

Nanoparticles by Understanding Metal—Support Interaction

BRI AR OB X D HFF I8 7/ R O & e ORG

MURATA Kazumasa

FH - FodE

Department of Materials Chemistry, Graduate School of Engineering

Nagoya University
2021






Preface

Today, automobile emission regulations are becoming increasingly stringent in order to
improve environmental pollution around the world. In addition, there is a rapid growing movement to
reduce emissions of carbon dioxide and methane, which cause a global warming. Moreover, the use of
hydrogen as an energy source will be the key to realizing a sustainable society. Molecular conversion
by using heterogeneous catalysts has the potential to fundamentally solve these environmental and
energy problems. Supported metal nanoparticles (MNPs), in which active metal components are
deposited on supports, are one of the typical heterogeneous catalysts, and have been used for many
chemical reactions in exhaust gas purification and petrochemistry. However, innovation in supported
MNPs catalysts is necessary to overcome the unsolved problems mentioned above. Until about a
decade ago, the structure of supported MNPs catalysts was often discussed on a macroscopic scale,
such as the size and shape of the MNPs. Recently, there has been a remarkable development in the
structure analysis of catalysts, and we can now see the structure of supported MNPs, which is close to
the practical catalysts, on a microscopic scale. In particular, spherical aberration-corrected electron
microscopy has made it possible to observe the catalysts at the atomic level, and novel structures of
MNPs are being discovered. In this study, we aimed to enhance the catalytic activity by controlling the
surface structure of supported MNPs based on understanding metal—support interaction.
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Chapter 1.

General Introduction

Supported metal nanoparticle catalysts

Supported metal nanoparticles (MNPs) have been used in various catalytic processes for
purification of automotive exhaust gas and petrochemicals (Figure 1).! Precious metals such as Pt and
Pd are the highly active components for the catalysis. However, since precious metals are expensive
and scarce, there is a need for new supported MNPs catalysts that show high activity even in small
amounts. Metal oxides (such as Al>O3, S10;, ZrO,, TiO,, CeO,, and zeolite) and carbon have been used
as support materials. In general, active metal species are efficiently utilized by increasing the
dispersion of metal on a support with a high surface area. However, there is a limit to the improvement
of catalytic performance simply by increasing the dispersion of metal species. To dramatically improve
the catalytic activity, turnover frequency (TOF) of catalysts, that is the activity per surface metal atom

in the supported MNPs, should be increased.

Metal nanoparticles
(Pt, Pd, Rh, and other transition-metal element)

Support
(AlL,O4, SiO,, Zro,, TiO,, CeO,,
MgO, zeolite, and carbon, etc.)

Figure 1. Schematic illustrations of supported metal nanoparticles.

Relationship between structure and catalysis of metal nanoparticles

The relationship between the structure of MNPs and their catalytic properties is one of the
hottest topics in the field of catalyst chemistry. The surface sites such as corners, edge-steps, and planes
with different coordination structures present on the MNPs and the fractions of surface sites varies
dramatically with size of the MNPs (especially below 20 nm).>* Therefore, the size effect of MNPs
has been widely studied.’ For example, the catalytic activity of Au nanoparticles for water—gas shift®’
and hydrogenation of aldehyde® increased with decreasing particle size. This was attributed to the
increase in corner sites on Au particles. On the other hand, the well-facetted structure of Pt
nanoparticles was highly active for hydrolytic dehydrogenation of ammonium borane® and carbon
monoxide (CO) oxidation.!” The interface sites of MNPs supported on reducible metal oxides that is
CeO, and TiOs served as active sites for oxidation and hydrogenation. !4

The crystal structure, shape, and surface structure of MNPs, which have different properties
from the bulk, may improve their catalytic performances. As the size of Ru particles increased from
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0.8 to 7 nm, the shape of Ru particles, which is related to the fraction of active sites for ammonia
decomposition, changed from round ones to flat and elongated ones.'> Moreover, as the size of MNPs
is decreased, the MNPs lose their regular atomic arrangement, leading to a disordered atomic
arrangement including complex systems of facets and twinning.'®!” The Ru nanoparticles with
disordered surface showed specifically high activity in Fischer—Tropsch synthesis and hydrogen
oxidation.'®!” The CO oxidation activity of twinned Au nanoparticles was higher than that of single
crystal Au nanoparticles.?’ Recently, isolated metal atoms on supports have also attracted attention. 2!~
29It is under discussion in various catalytic reactions, whether the nanoparticles or isolated metal atoms

are more active species.’®

Metal—support interaction

The catalytic properties of supported MNPs are greatly influenced by the supports, that are
referred to as support effects. The changes in the shape and surface structure of MNPs has been induced
by metal—support interaction (MSI).>®*” For instance, the A,Os support triggered disorder in the
atomic arrangements and the lengths of Pt—Pt bonds in the supported Pt particles.*® *° The layered Ru
structure with low crystallinity on Pr.Os showed high activity for ammonia synthesis.*! In addition to
these, the difference in the Fermi level between the metal particles and the supports causes charge
transfer.*>* The Ru/Nb,Os catalyst shows high selectivity for synthesis of primary amines due to weak
electron donation from Nb,Os support to Ru particles.** On the other hand, the charge transfer from
Pd particles to carbon contributed to the enhancement of hydrogenation activity because it reduced the
electron density of Pd.*> The support may also be indirectly involved in the catalytic reaction through

the spillover of H atoms or other species.***’

Tuning strategies of metal-support interaction

The size of the MNPs, the supports, and the treatment to prepare catalysts are important
factors in determining the MSI in the supported MNPs (Figure 2). As the size of the MNPs decreases,
the MSI in the supported MNPs becomes stronger due to the increase in the interface in contact with
the supports. In term of the study of Pt/CeO», the charge transfer per Pt atom from CeO> to Pt was
enhanced on 1-1.5 nm Pt particles.*® CeO,-supported 1.2 nm Ru particles showed higher CO
methanation activity than single Ru atoms and 4.0 nm Ru particles due to moderate charge transfer
and H spillover. ’

The catalysis and the structure of supported MNPs vary depending on the selected support
materials. Thus, the chemical composition of the support is one of the most important factors in the
tuning of MSIs. The alcohol oxidation activity of supported Au particles increased as the electron-
donating ability of metal oxide supports increased.* The catalytic activities of the supported Pt and Pd
particles were affected on the acid-base properties of the supports.’*>! In addition, even if the chemical
composition of the support is the same, differences in the crystalline phase and morphology of supports
affect the strength of MSI. The coordinatively-unsaturated pentacoordinate Al** sites (Alpenta) On the
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(100) plane of y-Al>Os interacted strongly with PtO or Pt species, forming Pt single atoms and 2D Pt
raft-like particles.’>*® On the other hand, large 3D Pt particles were formed on a-Al,O3 without the
Alpenta sites. The strong MSI of defect-rich TiO2(100) and TiO2(101) stabilized flat Ru particles, while
relatively weak MSI of TiO2(001) formed spherical Ru particles. The spinel structure of MgAl,O4
prevented the sintering of Pt nanoparticles due to the strong interaction between spinel(111) surface
oxygen and epitaxial Pt(111).54°

The structure of supported MNPs is modified depending on the temperature and gas
atmosphere. In the about 40 years ago, the phenomenon of TiO» support covering the surface of MNPs
under H> atmosphere at high temperature (>500°C) was called strong MSI (SMSI), which dramatically
changed the adsorption of molecules and catalytic properties of MNPs.**7 Recently, SMSI-like
phenomena have also been reported in oxidizing or reactive gas atmospheres. Adsorption of gas
molecules on metal nanoparticles promotes the exposure of specific surfaces as a result of surface
energy reduction; CO adsorption on Pt nanoparticles caused surface reconstruction of Pd(100) and
stepped facets. High temperature steam treatment has been reported to cause dispersion of metal
nanoparticles into monatomic particles by enhancing MSI derived from the formation of hydroxy
groups. Recently, phenomena similar to SMSI have been reported in oxidizing or catalytic reaction gas
atmospheres.>® % Adsorption of gas molecules on MNPs promotes the exposure of specific surfaces
as a result of lowering the surface energy.®' "% For example, CO adsorption on Pt particles caused the
surface reconstruction of Pd(100) to stepped facets.®+% The steam treatment has been reported to
induce the redispersion of MNPs into single atoms by enhancing MSI derived from the formation of
hydroxy groups.5¢¢7

According to the above previous studies, the author expected that the structure of supported
MNPs and their catalytic properties can be designed by tuning the MSI in terms of particle size, support,
and treatment. However, since these are intricately intertwined to determine the structure of supported

MNPs, there is still no clear guideline for the better catalyst for the desired reaction.
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Figure 2. Schematic representation of tuning strategies of supported MNPs by understanding the MSI.

Target reactions in this thesis

In this study, we aimed to developing the highly active and selective catalysts for oxidation
and hydrogenation reactions, mainly CH4 combustion over supported Pd nanoparticles. The catalytic
properties for different reaction substrates provided a comprehensive understanding of the
relationships between structure and catalysis of supported MNPs.

Methane (CHy4) combustion Natural gas, which mainly contains CHy, is often used as
a fuel for automobiles and thermal power generation. Unburned CHs4 in the exhaust gas, which has a
greenhouse effect 25 times greater than CO», should be purified by catalytic combustion. Supported
Pd nanoparticles were highly effective catalyst for CHs combustion (CHs+ 20, — CO; + 2H,0).%®
However, the CH4 combustion activity of the conventional Pd catalyst at lower temperatures (<300 C)
is still insufficient.®* So far, supported Pd nanoparticle catalysts for CH4 combustion have been
developed by focusing on the aspects of Pd particle size, interface between Pd—support, and oxidation
state.”® The size effect of Pd particles in CHs combustion has been reported, but no unified view has
been obtained.”'””® The active Pd phase (such as Pd metal, PdO, and Pd/PdO mixtures) is still under
discussion because the transitions of Pd oxidation state by the minute during CHs combustion.”®” In
addition, the large amount of H>O (ca. 10-15%) present in the catalytic converter rapidly deactivates
the activity of the supported Pd catalyst.®” There are several possible reasons for the deactivation of Pd
catalyst by H>O. The adsorption of OH/H>O species on the Pd/PdO phase reduced the number of sites
for C—H activation.®' % On the other hand, it was also reported that the accumulation of OH/H>O
species on the catalyst surface interfered with the oxygen supply from the support to Pd particles.?°
At high temperatures, the presence of H>O promoted the aggregation of PdO particles.?*!2 Therefore,
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the understanding of MSI can be expected to improve the activity of supported Pd catalysts for CHs4
combustion in the absence/presence of water.

CO oxidation ~ CO, which is harmful to human health, is oxidized to CO; by catalysts.
Supported Pd particles have been widely used as efficient catalysts for CO oxidation (CO + 1/202 —
C0O»).27% The size effect of Pd particles on CO oxidation was first reported 40 years ago.”’ So far,
the size effect has been reported, but there is no report on the CO oxidation activity of Pd nanoparticles
smaller than <4 nm 279393989

Soot combustion Gasoline direct injection (GDI) is an efficient technology for improving
both engine power and fuel economy.!®’ However, GDI increases PM emissions, which are seriously
harmful to the respiratory system.!” PM, which is mainly composed of soot, is caught by the GPF
system and burned by a catalyst coated with the GPF (C + O, — CO,). Conventionally, supported Pt
catalysts have been used for soot combustion in diesel exhaust gas (DPF system), which contain high
O, concentration (ca. 8%) and NOx. While, the O> concentrations in gasoline engine exhausts is
extremely low (ca. 0.5%).'%? Therefore, the development of a different catalyst from that in DPF
systems are required for GPF systems.

Cinnamaldehyde (CAL) hydrogenation Selective hydrogenation of unsaturated aldehydes
such as CAL to saturated aldehydes and unsaturated alcohols is an important process in the production
of fine chemicals. In general, C=C bond of CAL is selectively hydrogenated by Pd and Ni, while C=0O
bond of CAL is selectively hydrogenated by Pt, Ru, Co, and Au.'”® Recent researches have been
conducted focusing on the size, the shape, the electronic state, and the interface of the supported MNPs

to improve CAL hydrogenation under mild conditions (lower temperature and H» pressure).

QOutline of This Thesis

Based on the above background, this thesis aims to improve the catalytic performance of
supported MNPs by controlling their structure by MSI.

In Chapter 2, the author focuses on the shape and surface structure of Pd nanoparticles
supported on ALOs with different crystal phases. The ?’Al magic angle spinning (MAS) nuclear
magnetic resonance (NMR) implied that y-Al2O3 with Alyena sites interact strongly with Pd species,
while 6-AL203; and a-AlO; without Alpenta sites have weaker interactions. The shape and surface
structure of Pd particles on Al>O3 depended on the Pd particle size and the Al,Os crystal phase. The 5—
10 nm spherical Pd particles with high fraction of step sites on 0-Al2Os and a-Al,O3 were highly active
in CH4 combustion (2-1) and CAL hydrogenation (2-3). On the other hand, in term of CO oxidation
(2-2), amorphous Pd particles of about 2 nm on y-Al,O3 were highly active due to the abundance of
corner sites. The reason for the different active sites depending on the reaction substrate is explained
on the basis of kinetic analysis and infrared (IR) spectroscopy.

In Chapter 3, the shape of supported MNPs is controlled by adsorption of molecules/atoms
on the metal surface for a system with weaker MSI of supported MNPs. The spherical and concave-
tetrahedral Pd particles, which were reduced by CO, with high fraction of step site promoted the
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hydrogenation of the C=C bonds of CAL. On the other hand, the Pd particles reduced by H> were
flattened shape with plain surface and shows low CAL hydrogenation activity. In addition, the reason
for preferential exposure of step sites by CO adsorption is revealed by the density functional theory
(DFT)-based surface energies and Wolf construction.

In Chapter 4, the effects of MSI on the redox properties and oxidation activities of supported
MNPs were systematically investigated. Herein, the author focused on the MSI, which varies
depending on the composition and structure of the support and the supported metal species. Firstly, the
author investigated the CH4 combustion activity of supported Pd particles prepared using various metal
oxides supports (4-1). The CHs combustion activity shows a volcano-type trend with respect to the
oxide formation enthalpy (AfH;,[_O) of the supports. Combining X-ray photoelectron spectroscopy
(XPS) and scanning transmission electron microscopy (STEM)—electron energy loss spectroscopy
(EELS) suggests the structure of active Pd/PdO particles during the CH4 combustion. Secondly, the
author studied the effect of structure of Al,O3 supports on CH4 combustion activity of Al,O3 supported
Pd catalysts (4-2). Finally, the author tried to improve the CeO:-supported metal catalysts for soot
combustion (4-3). As a result of the screening of 3d and 4d transition metals, Cu and Rh were found
to be highly active in soot combustion because of the formation of abundant interface sites with CeO»
and ease of oxygen release at the interface.

In Chapter 5, the role of Al2O3 supports indirectly involved in CH4 combustion is reported.
The CH4 combustion activity of the Pd/Al>Os3 catalysts in the presence of H.O depended on the Al,O;
crystalline phase. According to kinetic study and in situ IR spectroscopy, the accumulation of OH/H>O
species on the catalyst surface inhibited the CHs combustion over the Pd/Al>O3 catalysts. Therefore,
relatively hydrophobic Pd/a-Al,O3 showed higher CHs combustion than Pd/y-Al,Os and Pd/0-Al,O3
due to more resistant to deactivation by H>O. In addition to this, the structure of active PdO particles
in CH4 combustion was identified by structural analysis using X-ray diffraction (XRD) and STEM.
Amorphous PdO particles (<7 nm) were less active for CH4 combustion. On the other hand, crystalline
PdO particles (>7 nm) were found to be highly active in CH4 combustion.

In Chapter 6, the structure and catalysis of supported MNPs designed based on understanding

the MSI were summarized.
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Chapter 2-1.
The Metal-Support Interaction Concerning the Particle Size Effect of

Pd/Al203 on Methane Combustion
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Abstract

The particle size effect of Pd nanoparticles supported on alumina with various crystalline phases on
methane combustion was investigated. Pd/0, a-Al,O3; with weak metal—support interaction showed a
volcano-shaped dependence of the catalytic activity on the size of Pd particles, and the catalytic activity
of the strongly interacted Pd/y-Al>Os increased with the particle size. Based on a structural analysis of
Pd nanoparticles using CO adsorption IR spectroscopy and spherical aberration-corrected
scanning/transmission electron microscopy, the dependence of catalytic activity on Pd particle size and
the alumina crystalline phase was due to the fraction of step sites on Pd particle surface. The difference
in fraction of the step site is derived from the particle shape, which varies not only with Pd particle
size but also with the strength of metal—support interaction. Therefore, this interaction perturbs the

particle size effect of Pd/ALO3 for methane combustion.

Contents

2-1-1. Introduction

2-1-2. Experimental methods
2-1-3. Results and Discussion
2-1-4. Conclusions

2-1-5. References

13



2-1-1. Introduction

The structure—activity relationship of metal nanoparticles is one of the most essential subjects
in the study of practical solid catalysts. With the progress of structural analysis techniques at the atomic
level (e.g. spherical aberration corrected scanning/transmission electron microscopy (Cs-S/TEM)), a
unique and size-specific catalysis that cannot be explained by a conventional single crystal model (e.g.
cuboctahedron, truncated octahedron) has been revealed: for example, subnano-size Au clusters having
two atomic layers for CO oxidation' and aldehyde hydrogenation;> Ru nanoparticle with disordered
surface for Fischer-Tropsch synthesis® and hydrogen oxidation reaction;* and single metal (Ir, Pd, and

89 and alcohol oxidation.'® The

Pt) atom catalysts for CO oxidation,>® water gas shift reaction,
structural analysis techniques at the atomic level have also revealed the unique structural variation of
supported metal nanoparticles due to metal—support interaction (MSI).!!~!* It can be expected that MSI
perturbs size—dependent catalysis of supported metal nanoparticles. To our knowledge, however, no
report to date has clearly demonstrated that strength of MSI affects size-dependent catalysis of
supported metal nanoparticles.

Methane combustion catalysts are becoming increasingly important as natural gas has become
widely used as a clean fuel in vehicles and power generation. In using natural gas as a fuel, the
unburned methane must be removed from exhaust gases, because methane causes global warming due
to its high greenhouse effect, which is about 20 times higher than CO,.!° Recently, for efficient removal
of unburned methane, the catalysts for the complete combustion of methane have been extensively
developed. It is known that the Pd supported on alumina is one of the most active catalysts for methane
combustion under an excess oxygen.!>2* However, the activity of conventional Pd catalysts is still
insufficient, and the enhancement of catalytic activity is demanded, in particular, at lower temperatures
(<300 °C).*

To enhance the catalytic activity for methane combustion, the particle size effect of supported
Pd catalysts has been studied; however, there is no consensus on the particle size effect of Pd
nanoparticles on the catalytic activity for methane combustion. Stakheev et al. reported that the
turnover frequencies (TOFs) of Pd/y-Al>Os increased with increasing Pd particle size in the range of
1-20 nm.* The same trend has also been reported by Hicks et al. for Pd/Al,Os and by Fujimoto et al.
for Pd/Zr0,.2%?” Baldwin and Burch reported that the activity of Pd/Al,Os largely varied with Pd
particle size, but no correlation was found between the Pd particle size and the TOF.?® In contrast,
according to the previous study by Ribeiro et al. using various supported Pd catalysts, the methane
combustion was insensitive to Pd particle size.?’

Alumina is the most common support for metal nanoparticle catalysts due to its high thermal stability

and mechanical strength. Although alumina has various crystalline phases (e.g. a., 0, d, K, 1, and y), y-

Al>O3 with a high specific surface area is often used because it can support metal species with high

dispersion. The surface structure of alumina, which changes with the crystalline phase, plays an

important role in determining the structure of supported metal nanoparticles. Kwak et al. reported that

the unsaturated pentacoordinate A1** site on the (100) facets of the y-Al,Os surface affects Pt dispersion
14



and particles’ morphology due to a strong interaction between the pentacoordinate Al** sites and PtO
or Pt.!3 More specifically, the Pt species is atomically dispersed on y-ALOj3 at low Pt loading and forms

2D Pt rafts at higher loading. However, when a-ALOs is used, large 3D Pt particles are formed due to
13" sites on the a-ALOs surface.’® The similar effect of alumina crystalline phase

10,12

no pentacoordinate A
on the structure of supported metal species is expected to also appear on Pd/Al,Os.

Based on the above results, the Pd particle size and MSI will affect the catalytic activity of
Pd/Al,O; for methane combustion. Recently, Park ef al. reported the effect of the alumina crystalline
phase (0, 3, k, 1, and y) on methane combustion using Pd/Al,03.*> Among the Pd/AL,O; catalysts,
Pd/6-Al,O3 displayed the highest activity. However, the particle size effect of the Pd/ALL,O3 with
various crystalline phases has not been examined. Herein, we present the particle size effect of Pd
catalysts supported on alumina having various crystalline phases (y-, 6-, and a-Al,O3) for methane
combustion. On the basis of the structural analysis using CO adsorption IR spectroscopy and Cs-

S/TEM observation at atomic resolution, we reveal MSI concerning the particle size effect of Pd/Al>Os.

2-1-2. Experimental methods
Catalyst preparation

v-Al,O3 was prepared by thermal decomposition of boehmite (Sasol, PURAL alumina) at 500
°C for 1 h. 6-A1,03 (AKP-G07) and a-Al,O3; (AKP-50) were supplied from Sumitomo Chemical Co.
Ltd.; 8-AlbOs and a-Al>O3 were calcined at 500 °C for 1 h. Pd (Pd loading: 0.2-2 wt%) were deposited
onto alumina supports with various crystalline phases by the impregnation method using a 4.5 wt%
Pd(NO:s3)> solution supplied from Cataler Co. The alumina supports were impregnated with a 4.5 wt%
Pd(NO3) solution, and the suspension was stirred for 1 h. Excess water was removed by a rotary
evaporator at 60 °C, and then catalysts were dried at 80 °C for 8 h and calcined at 500 °C for 3 h. Some
of the samples were further treated at 800, 850, or 900 °C under air for 10 h to obtain Pd/Al,Os catalysts

with various Pd particles sizes.

Characterization

CO pulse chemisorption measurement was performed using BEL-CAT-B. An approximately
50 mg sample was put into a sample tube and pretreated under 100% O, at 400 °C for 15 min and then
under 100% H> at 200 °C for 15 min. After the sample was cooled to 50 °C in He, pulse chemisorption
measurement was performed with 5% CO/He while monitoring the effluent with a thermal
conductivity detector. The dispersion of Pd was calculated from total adsorption gases by assuming

that carbon monoxide was adsorbed on surface palladium at 1:1 (= Pd:CO) stoichiometry.

XRD measurement was carried out using a Rigaku MiniFlex II/AP diffractometer with Cu Ko

radiation.

IR measurement was performed using a quartz in-situ IR cell and a JASCO FT/IR-6100 with
a liquid-nitrogen-cooled HgCdTe (MCT) detector. IR spectra were obtained by averaging 128 scans at
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a resolution of 4 cm™". The samples were pressed into approximately 100 mg of self-supporting disk
and mounted into the IR cell with a CaF, window. The samples were pretreated by oxidation in 10%
Oo/Ar at 400 °C for 15 min and reduced in 10% Ha/Ar at 200 °C for 15 min. After the samples were
cooled to room temperature in Ar, IR spectra were taken as a background. CO (0.4% CO/Ar at a rate
of 50 mL min™") was introduced into a quartz in-situ IR cell for 10 min. After physisorbed CO on
Pd/Al,O; catalysts were removed by a flowing of 100% Ar, IR spectra of adsorbed CO on Pd/Al,O3

were obtained.

Palladium particle size distributions were obtained by observation using JEM-ARM200F Cs-
corrected or JEM-2100F scanning transmission electron microscopy (STEM). The structure of
Pd/Al>Os3 catalysts were observed using JEM-ARM200F Cs-corrected S/TEM operated at 80 or 200
kV. The S/TEM samples were prepared by spreading a drop of methanol suspension of pretreated
Pd/ALLO3 catalysts. The samples of Figures 2, 9, and 10 were pretreated under a flowing mixture of
10% O2/N; for 10 min and 3% H>/N> for 10 min at 500 °C, and the S/TEM images were taken at an
accelerating voltage of 200 kV. The samples of Figure 12 were prepared by oxidation in 10% O»/N; at
500 °C for 10 min and reduced in 3% H2/N; at 500 °C for 10 min, and then treated under 0.4% CHa,
10% O2, and N> balance at 500 °C for 30 min. The S/TEM images in Figure 12 were taken at a low
accelerating voltage of 80 kV to prevent reduction of PdO to metal under observation.

Pd K-edge X-ray absorption spectroscopy (XAFS) measurement was carried out on the
BLO1B1 beamline of the SPring-8 synchrotron radiation facility of the Japan Synchrotron Radiation
Research Institute in Hyogo, Japan. The XAFS spectra were taken without exposure in air after the
reaction treatment by sealing the samples under N> at room temperature. The data analysis was

performed using the Athena software including in the Demeter package.

27Al MAS-NMR measurement was performed on a JEOL 800 MHz NMR spectrometer
operating at a magnetic field of 18.8 T. The corresponding 2’ Al Larmor frequency is 208.57 MHz. All
spectra were acquired at a sample spinning rate of ~20 kHz. A single pulse sequence with a pulse width
of 0.6 ps, corresponding to a pulse angle of ~30°, was used. Each spectrum was acquired with 128
scans with a recycle delay time of 2 s and an acquisition time of 5.12 ms. All the spectra were externally

referenced to 1.0 M aqueous AICls (0 ppm).

Methane combustion activity test

The methane combustion (light-off test) was carried out using a conventional fixed-bed flow
reactor at atmospheric pressure. Prior to performing a light-off test, each sample (20 mg) inside a U-
shaped quartz tube (inside diameter of 4 mm) was exposed to a flowing mixture of 10% O2/N: for 10
min at 500 °C and then 3% H2/N; for 10 min at 500 °C. The methane combustion test was performed
under 0.4% CHa, 10% O, and N, balance at the total flow rate of 100 mL min~!, corresponding to the
gas hourly space velocity of 300,000 mL (g-h)~!. Temperature was ramped at 5 °C min™' from 200 to
600 °C. The effluent gas was analyzed by a nondispersive infrared CO/CO; analyzer (Horiba VIA510).
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To compare the turnover frequencies (TOFs) between the catalysts at 300 °C, the samples showing
>20% CHas conversion at 300 °C were diluted to 1/2, 1/4, or 2-10 with inert quartz to reduce CHs4
conversion to <20% to exclude thermal and gas diffusion problems. The TOF was defined as the

reaction rate per molar amount of surface Pd determined by CO pulse measurement.

2-1-3. Results and Discussion

The 0.2-2 wt% Pd/Al,O3 catalysts were prepared by impregnation method. Some of the
samples were further treated at 800, 850, or 900 °C under air for 10 h to obtain Pd/Al,Os catalysts with
various Pd particles sizes. The XRD patterns shown in Figure 1 confirmed the alumina crystalline
phases. Table 1 shows the Pd/Al,O3 catalysts used in this study as well as their Pd loadings, dispersions,
and particle sizes. Pd particle sizes were evaluated from the Pd dispersions assuming spherical Pd
particles. The samples with Pd particle size of X nm was denoted as X nm Pd/Al>Os. For some catalysts,
Pd particle sizes were also determined from the size distributions obtained using STEM (Figure 2) to
confirm that the order of Pd particle size evaluated from CO chemisorption is consistent with that from
STEM observation.

(a) (b) 19 nm Pd/y-Al,O5
- A | ﬂ oA 3.8 nm Pd/y-AL,O,
S S
(U. Mzos m NMM&W
2 2 -Al,O
@ 7-Al04 ‘® s
=S PO R o, W < ’“"'M
& 2
= I [, | , | ¢ k0s (PDF#0-0173) c ] PO (PDF#43-1024)

0-Al,O,, (PDF#35-0121) L s
NERRTE A M 1-AlLO, (PDF#02-1420)
1-Al,0; (PDF#02-1420) | |
'"'l!"I'I]"I"l""ll"'f’l""l ""ll"'ll""I"'I'Il""l"'l'll
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Figure 1. XRD patterns of (a) various crystal phase alumina (b) Pd/y-Al>O3, together with PDF card
of Al,O3 (PDF number #02-1420, #35-0121, #10-0173, and #43-1024). In 19 nm Pd/y-AL,O3, y-Al,O3
support did not almost change after the exposure to high temperature (900 °C) but PdO diffraction

peaks were observed.
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Table 1. Pd/ALbOs3 catalysts used in this study as well as their Pd loadings, dispersions, and particle

sizes.
catalyst Pd loading calcination temperature ~ CO pulse measurement STEM
(wt%%) O particle size  dispersion particle size
(nm)“ (%) (nm) *

1.9 nm Pd/y-ALLO3 1.0 - 1.9 57.9 -
3.7 nm Pd/y-ALLOs 2.0 - 3.7 30.2 -
5.4 nm Pd/y-ALLO3 2.0 800 5.4 20.8 4.9+2.7
7.7 nm Pd/y-AlO3 2.0 850 7.7 14.5 -

19 nm Pd/y-Al,O; 2.0 900 19.1 5.9 -
1.5 nm Pd/6-AL,0;3 0.5 - 1.5 72.7 1.1£1.0
3.8 nm Pd/6-AL,0; 1.0 - 3.8 29.2 4.1£0.9
5.4 nm Pd/6-AL,0;3 2.0 - 5.4 21.0 5.242.5
7.3 nm Pd/6-AL,0;3 2.0 800 7.3 15.4 6.412.0
14 nm Pd/0-Al,03 2.0 850 14.4 7.8 9.9£5.5
19 nm Pd/6-Al,03 2.0 900 19.2 5.8 22.6%12
3.5 nm Pd/a-AlLOs 0.2 - 3.5 322 -
4.1 nm Pd/a-ALOs 0.5 - 4.1 27.0 -
5.3 nm Pd/a-ALOs 1.0 - 5.3 22.1 44423
9.3 nm Pd/a-ALOs 2.0 - 9.3 12.0 -

19 nm Pd/a-ALO;3 2.0 800 19.2 5.8 -

@ Calculated from Pd dispersion assuming spherical Pd particles. ® Calculated from size distribution

presented in Figure 2.
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Figure 2. HAADF -STEM images of Pd/0-Al,O3 and their size distribution histograms. (a) 1.5 nm
Pd/6-Al,03, (b) 3.7 nm Pd/0-AL03, (¢) 5.4 nm Pd/6-Al>03, (d) 7.3 nm Pd/0-Al,O3, (e) 14 nm Pd/6-
ALOs3, (f) 19 nm Pd/6-Al,03, (g) 5.4 nm Pd/y-ALOs, and (h) 5.3 nm Pd/a-ALOs.

The results of CH4 combusion on all catalysts are presented in Figures 3. Figure 4 shows Pd-

metal weight normalized reaction rates for methane combustion over ca. 5 nm Pd/y-, 0-, and a-Al>Os.
The reaction rates of 5.4 nm Pd/0-Al,03 and 5.3 nm Pd/a-Al,Os were higher than 5.4 nm Pd/y-ALOs.
It is also noteworthy that the activity of 1 wt% Pd/6-Al>O;3 is comparable to that of a highly active Pd
catalyst (1 wt% Pd@CeO,/H-Al,Os) reported in the literature (Figure 5)."
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and (c) 2 wt% Pd/Al,Os.
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Figure 4. Pd-metal weight normalized reaction  Figure 5. The result of methane combustion

rates for CH4 combustion over ca. 5 nm Pd/y-, over 1 wt% Pd/6-AlbO3 under the reaction

0-, a-AlOs: 5.4 nm Pd/y-AbO3 (m), 5.4 nm conditions similar to the reported one for

Pd/6-Al;03 (e), and 5.3 nm Pd/a-ALOs (A). Pd@CeO2/H-ALLO3 (0.5% CHa/2.0% O2/No,
total flow rate of 100 mL min~!, GHSV of
200,000 mL (g-h)~!, temperature ramp rate of
10 °C min™")'5.

Figure 6a shows the dependence of TOF on Pd particle size for Pd/Al,Os3 having various
alumina crystalline phases. The TOFs were calculated from CH4 conversion (<20%) where thermal
and gas diffusion problems are negligible. Interestingly, the TOFs of Pd/6-Al,O3 and Pd/a-Al,O;
showed a volcano-shaped dependence on the size of Pd particles. The TOFs drastically increased from
0.040 to 0.621 s~! as Pd particle size increased from 1.5 to 7.3 nm, but they gradually decreased to
0.271 s~! with Pd particle size increasing to 19 nm. Accordingly, the most active Pd species for the
methane combustion exists on ca. 7 nm Pd/0-Al,O3; and Pd/a-AlOs. In contrast, the TOFs of Pd/y-
ALOs3 did not show a volcano-shaped dependence; rather, it monotonously increased from 0.005 to
0.081 s~! as Pd particle size increased from 1.9 to 19 nm. This result corresponds to the previously
reported particle size effect of Pd/y-ALO; on methane combustion.”> Comparing among catalysts
having different alumina crystalline phases, the TOFs of Pd/6-Al>Os and Pd/a-Al,O3 were higher than
those of Pd/y-Al>Os3 in all Pd particle size regions. More specifically, the TOF of 7.3 nm Pd/6-AL0;
was more than seven times higher than Pd/y-Al>O;.The size dependency of TOF was also obtained
using Pd/AL,Os catalysts without H» pretreatment (Figure 6b). The trends were consistent with Figure
6a.
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Figure 6. Dependence of TOF (at 300 °C) on Pd particle size (a) with and (b) without H» pretreatment
(m: Pd/y-AlOs3, @: Pd/6-AlLO3, A: Pd/a-AlO3). Error bar represents experimental error evaluated by
repeating preparation of 5.4 nm Pd/6-Al,O3 and activity test three times.

Averaged information about surface structures of Pd particles on Pd/Al,O;3 catalysts was
obtained using CO adsorption IR spectroscopy (Figure 7). Figure 7b presents the IR spectra of CO
adsorbed on Pd/0-Al,O3 having various Pd particle sizes. Three CO stretching vibration bands were
observed at 2075, 1980, and 17501960 cm™'. The band at 2075 cm™' is mainly assigned to linear-
adsorbed CO on Pd atoms of corners with low coordination numbers or on Pd(111) facets.>!” The
band at 1980 cm™! is attributed to bridge-adsorbed CO on the step sites of Pd particles.?!3+333738 The
broad band at 1750—-1960 cm™!' mainly originates from CO adsorbed on bridge sites on facets as well
as on hollow sites on Pd(111).%!-*8 The relative intensity of the band at 1980 cm™! (/1950) of Pd/0-A1,O;3
increased as Pd particle size increased to about 7 nm and then decreased as the Pd particle size
increased above 7 nm. In contrast, the relative intensity of the band at 2075 cm™' (/2075) showed the
opposite trend to the 7i980. A similar variation was observed on the CO adsorption IR spectra of Pd/a-
ALOs (Figure 7¢). However, the 1950 of Pd/y-Al,O3; monotonically increased with Pd particle size,
while the intensity was smaller than Pd/6-Al,O3 and Pd/a-Al>Os at each size (Figure 7a). It should be
noted that the Pd particle size dependence of the /19580 corresponds to the variation of the TOF with Pd
particle size (Figure 6a). Since the band at 1980 cm™! is derived from the Pd step site, it is anticipated

that the Pd step site is responsible for high catalytic activity.
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Figure 7. IR spectra of adsorbed CO at room temperature on (a) Pd/y-AlbO3, (b) Pd/6-Al>0O3, and (c)
Pd/a-AlOs with various Pd particle sizes. The samples were pretreated under 10% Hz/Ar at 200 °C
before CO adsorption.

To clearly show the variation of Pd step site fraction with Pd particle sizes, the Pd step site
fraction was quantified for each Pd/Al>O3 catalyst based on the IR band area of adsorbed CO species
by fitting the IR spectra with Gaussian functions (see the Chapter 1-2): (Pd step site fraction) = (the
band area at 1980 cm™') / (the total band area at 1750-2100 cm™). It should be noted that the Pd step
site fraction calculated in this study is not an absolute value but a relative value; this is because the
extinction coefficient of various CO species has not been defined.?* Figure 8a shows the dependence
of the Pd step site fraction on Pd particle size for Pd/Al,O3 having the various Al,O3 crystalline phases.
It is found that the size dependence of the step site fraction in Figure 8a is consistent with that of the
TOF in Figure 6a. In fact, when the TOFs were plotted against the Pd step site fraction as shown in
Figure 8b, a proportional relationship was observed between them. This result indicates that Pd

particles with a high fraction of step sites are highly active for methane combustion.
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Figure 8. (a) Dependence of the fraction of step sites on Pd particle size. (b) Plot of TOFs (at 300 °C)
against the fraction of step sites (m: Pd/y-ALLO;, @: Pd/0-ALOs, A: Pd/a-ALOs3).
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Considering the conventional particle models, such as cuboctahedron and truncated
octahedron, the edge sites of Pd nanoparticles may be regarded as the Pd step sites. However, the size
dependence of the Pd step site fraction cannot be explained when we assume the growth of Pd particles
with the conventional shapes, since the conventional particles show the maximum fraction of the edge
site at a particle size of about 2 nm.*’ Thus, the local structure of Pd nanoparticles on the Pd/ALO3
catalysts was observed in detail using Cs-S/TEM. Figure 9a—c shows the typical Cs-S/TEM images of
Pd/6-Al>03 and illustrations for the size-dependent Pd particle structure. The 1.5 nm Pd/0-Al,O3
exhibited small Pd particles with an amorphous-like structure and also Pd single atoms (Figure 9a).
The growth of Pd particles to 7.3 nm formed spherical Pd particles showing lattice fringes due to Pd
metal (Figure 9b). However, further growth of Pd particles to 19 nm resulted in a well-faceted structure,
like conventional particle models (Figure 9c). Pd/a-Al.O3 showed similar Pd particle structures as
Pd/6-Alx0O3 (Figure 10). Therefore, the spherical structure is considered to be the key to the generation
of Pd step sites in a high fraction. Based on the relationship between the particle structure (Figure 8
and 9) and the catalytic activity (Figure 6), the activity of surface sites is in the order of step > plane >
corner ~ single atoms.

The structural change of Pd/y-Al,O3 was also observed using Cs-S/TEM, as shown in Figure
9d—f. On 1.9 nm Pd/y-Al>O3, small Pd particles with amorphous-like structures, and Pd single atoms
were observed as is the case with 1.5 nm Pd/0-ALO; (Figure 9d). When the Pd particle grew to 5.4 nm
and even to 20 nm on y-Al,Os, they maintained a distorted shape, although the particles on 6-Al,Os
transformed into spherical and then well-facetted shape as the size increased. Combined with the IR
results (Figure 7a and the blue squares in Figure 8a), the particle growth in a distorted shape is
considered to increase the step site gradually. It was also found that the distorted Pd particles showed
roughed or amorphous-like structures near the surface. Such surface structure is considered to have
highly coordinatively unsaturated sites (e.g. corner sites) in a high fraction and cause low catalytic

activity for methane combustion.

Figure 9. Typical Cs-S/TEM images (upper) and structural illustrations (lower) of (a) 1.5 nm, (b) 5.4

nm, and (¢) 19 nm Pd/0-Al>Os3; those of (d) 1.9 nm, (e) 5.4 nm, and (f) 19 nm Pd/y-AL,Os. Structural

illustrations of (d-f) Pd/6-AlxO; and (j-1) Pd/y-Al,O3 with various Pd particle sizes. The red, gray,

orange, and blue spheres represent surface Pd atoms, bulk Pd atoms, 06-Al,03, and y-Al>O3, respectively.
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Figure 10. TEM image of (a) 9.3 nm Pd/a-Al>Os, (b) 19 nm Pd/a-ALOs.

The structural analysis has been performed for metallic Pd/Al,Os after H» treatment; however,
the metallic Pd particles are oxidized (at least at surface) during methane combustion under oxygen
excess condition (Figure 11),*1*> and PdO species is the actual working species in CH4 combustion.****
To connect the the structures of Pd metal species with those of PdO species formed under CH4
combustion reaction, we analyzed the structure of Pd/Al,O; catalysts treated under CH4 combustion
conditions. As aresult, we found PdO nanoparticles having similar structures to the original Pd metal
nanoparticles (See Figure 12). It is suggested that the structures of Pd metal nanoparticles reflect those
of PdO species formed under CH4 combustion. Recent study on PdO bulk surfaces by Chin et al.
demonstrated that PdO(101) surface having a step like structure shows higher activity for CHgy
oxidation comapred to PdO(100) surface having a packed flat structure.*’ Based on the results, we

propose PdO species on step sites of nanoparticles as highly active species.
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Figure 11. Pd K-edge XANES spectra for (a) Pd/6-Al>Os, (b) Pd/ALOs; with different alumina

crystalline phase, and (c) Pd/0-Al,O3 without H> reduction pretreatment after CH4 combustion at 300
°C, together with those of Pd foil and PdO as references. The samples were treated under 0.4% CHa,
10% O, and N balance at 300 °C (reaction conditions) for 30 min after the pretreatment.
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Figure 12. The Cs-S/TEM images of PdO particles on Al,03 ((a) 1.5 nm Pd/6-Al,03, (b) 7.3 nm Pd/6-
AL O3, (¢) 19 nm Pd/6-Al>0s, (d and e) 5.4 nm Pd/y-Al,Os3). The same particles are observed in d, and
e. The samples were prepared by oxidation in 10% O2/N; at 500 °C for 10 min and reduced in 3%
H>/N; at 500 °C for 10 min, and then treated under 0.4% CHa4, 10% O», and N; balance at 500 °C for

30 min.

The Pd particle shape and surface structure of Pd/Al,O3 greatly depended on the alumina
crystalline phase. This is attributable to the difference of MSI by alumina crystalline phase. As

described in the introduction section, y-ALO; having pentacoordinate AI**

site causes strong
interaction with its supported metal species.'®> We actually observed the interaction of Pd species with
pentacoordinate AI** sites of y-ALOs using 2’Al MAS-NMR spectroscopy (Figure 13). We also
confirmed that 0- and a-Al,O3 have no or much less pentacoordinate Al**. The strong MSI of Pd/y-
AL O3 can cause distorted Pd particles having corner sites at a high fraction. In contrast, the weak MSI
interaction of Pd/0- and a-ALOs affords 3D spherical or well-facetted Pd particles.*® Therefore, we
propose that MSI is the origin of the different particle size effect of Pd/Al,O3; by alumina crystalline
phase. In other words, MSI is concerned with the particle size effect of Pd/Al,Os on methane

combustion.
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Figure 13. The >’Al MAS-NMR spectra of Al,O;3 (red lines) and 2 wt% Pd/AL,Os (black lines): (a) y-
ALO3, (b) 6-AL203, and (c) a-AlO3; samples. The peak indicated by Alocta, Alpenta, and Aleewra 1S due to
AI** ions in octahedral, pentahedral, and tetrahedral coordination sites. The peaks indicated by

asterisks are spinning side bands.

25



2-1-4. Conclusions

We have shown the particle size effect of Pd nanoparticles supported on y-, 6-, and a-Al>O;3
on methane combustion. When using 6-Al,O3 and a-Al,O3 as supports, the catalytic activity showed
a volcano-shaped dependence on Pd particle size, and size-specific high activity was obtained at 5—10
nm. In contrast, when using y-Al>O3 as a support, the catalytic activity monotonically increased with
the Pd particle size, although the catalytic activity of Pd/y-Al>O3 was lower than Pd/0-Al,O3 and Pd/a-
AlL>Os. Therefore, the catalytic activity of Pd/Al,O3; was strongly affected not only by Pd particle size
but also by alumina crystalline phase. The alumina crystalline phase affects Pd particle shape because
of the difference of strength of MSI. Weak interaction between Pd and 0- and a-AlLOs affords
formation of spherical Pd particles with a high fraction of step sites by size control of Pd particles.
However, a strong interaction between Pd and y-Al,O3 hinders the formation of spherical Pd particles,
and it leads to a distorted shape with a high fraction of coordinatively unsaturated sites. The above
results demonstrate that the MSI concerns the particle size effect of Pd/Al,O3 for methane combustion
through the modification of Pd particle shape and surface structure. The understanding of particle size
effect, including MSI, will contribute to the development of supported metal catalysts being widely

used in the industry.
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Chapter 2-2.

Identification of Active Sites in CO Oxidation over a Pd/Al2O3; Catalyst
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Abstract
The active sites of Pd/ALLO3 catalysts for CO oxidations were identified by investigating the

1

dependence of CO oxidation activities on the surface structure and morphology of Pd nanoparticles.
The maximum catalytic activity was obtained for Pd particles approximately 2 nm in particle size. We
performed structural analyses on the Pd surface through infrared (IR) spectroscopy of the adsorbed
CO molecules. A positive correlation was obtained between catalytic activity and the fraction of linear
CO adsorbed on Pd corner sites and Pd(111) facets, indicating that these sites are highly active for CO
oxidation. X-ray absorption fine structure (XAFS) and spherical aberration-corrected scanning
transmission electron microscopy (Cs-STEM) measurements demonstrated that Pd nanoparticles less
than 2 nm in particle size with amorphous-like structures and Pd particles with large, well-ordered

structures favor the formation of a high fraction of corner sites and Pd(111) facets, respectively.
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2-2-1. Introduction

Supported metal nanoparticle catalysts have been widely used in a variety of industrially
relevant catalytic processes such as purification of exhaust gas from automobiles. Thus, improving the
performance of these heterogeneous catalysts has attracted considerable attention. One effective
approach has been to control the size of the supported metal particles as the proportion of surface sites
(e.g., corners or edges) on the nanoparticles changes dramatically depending on the particle size.! For
example, the abundance of low-coordination atoms on Au clusters improves the activities of CO
oxidations?, water gas shift reactions**, and aldehyde hydrogenations®. Additionally, it has been
reported that the interfacial sites between Ni, Pd, or Pt nanoparticles and CeO» supports, which increase
with decreasing metal particle size, promote CO oxidations.®

The crystal and surface structures of metal nanoparticles that are different from those of bulk
metals occasionally improve the catalytic performance.” !> For example, the controlled synthesis of 3
nm Ru nanoparticles improved the catalytic activity for hydrogen oxidations owing to the generation
of an amorphous-like surface structure.!! Metal-support interaction (MSI) has also played an important
role in determining the structure and catalytic activity of metal nanoparticles on supports.!®1314
Recently, we investigated that effect of Pd particle size on methane combustion for Pd/Al,O3 with
various alumina crystalline structures (y-,0-, and a-AlO;)."> The interaction of y-AlL,Os; with Pd
species is stronger than those of 0- and a-AlO3. The morphology and surface structure of the Pd
particles that varied based on Pd particle size and MSI had a profound effect on methane oxidation
activity. In the case of extremely low metal loadings, metal species were present as an isolated metal
atom on supports.'** It has been demonstrated that the isolated metal species (e.g., Pt'*?, Pd?!, Rh??%3,
and Ru?*) are generally more active than the corresponding nanoparticles in various catalytic reactions.
Therefore, it is necessary to understand the influence of their structure on catalytic activity to improve
their performance further and inform the design of new and efficient catalytic systems.

Pd-based systems have been the most widely-used and effective catalysts in CO oxidations.?>
29 Structure sensitivity studies probing the effect of Pd particle size on CO oxidation activity have also
been of great interest, with the first report dating back almost 40 years ago.** Despite the widespread
use and interest in Pd-based CO oxidation catalysts, concerns on the sustainability and practicality of
harsh reaction conditions have placed the emphasis on developing catalytic systems that can operate
at lower temperatures (<200 °C). One of the important parameters influencing the reaction rate of CO
oxidations is the size of the Pd particles. Wang and co-workers demonstrated that the activity of a
Pd/AL>O3; CO oxidation catalyst increased with decreasing particle size from 5070 nm to 4-8 nm,*!
and Osaki observed a similar trend for particle sizes between 5 and 14 nm.*? In contrast, Haneda®® and
Phan®’ have reported that the catalytic activity of Pd/Al,Os catalysts in CO oxidations is not affected
by the Pd particle size for 4-14 nm and 5-12 nm structures, respectively. Moreover, Peterson et al.
have reported that Pd dispersed atomically on Al>Os is more effective for CO oxidations than Pd
nanoparticles at low temperatures.”” Microcalorimetric measurements and density functional theory
(DFT) calculations have demonstrated that the adsorption properties of CO on Pd nanoparticles (<1000
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atoms) are considerably different from bulk Pd.?*® Taken together, these studies suggest there is great
variability on the relationship between Pd particle size and CO oxidation activity. We were therefore
interested in probing the effects of non-reported particle sizes (<4 nm) to discern whether greater CO
oxidation activity could be achieved.

Herein, we prepared Pd/AlbOs catalysts of various particle sizes and alumina crystalline
phases and evaluated their CO oxidation activities. We hypothesized that controlling the particle size
and increasing the strength of the MSI would favorably change the shape and surface structures of the
metal nanoparticles. We combined X-ray absorption fine structure (XAFS) spectroscopy, spherical
aberration-corrected scanning transmission electron microscopy (Cs-STEM), and infrared (IR)
spectroscopy using CO as a molecular probe to identify the size, shape, and surface structure of the Pd
particles on Al,Os. A comparison between the relative fraction of various Pd surface sites and the

catalytic activities revealed the most active sites for CO oxidations.

2-2-2. Experimental methods
Catalyst preparation

v-Al>O3 was obtained by thermal decomposition of boehmite (Sasol, PURAL alumina) at 500
°C for 1 h. 8-Al,03 (AKP-GO07) was supplied from Sumitomo Chemical Co. Ltd. and calcined at 500
°C for 1 h. Pd (Pd loading: 0.1-2 wt%) was deposited onto alumina supports with various crystalline
phases via an impregnation method using a 4.5 wt% Pd(NOs3): solution. The alumina supports were
impregnated with an aqueous 4.5 wt% Pd(NOs), solution, and the suspension was stirred for 1 h.
Excess water was removed by a rotary evaporator at 60 °C, and then the catalysts were dried at 80 °C
for 8 h and calcined at 300 °C or 500 °C for 3 h. Some of the samples were further treated at 800 °C,
850 °C, or 900 °C under air for 10 h to obtain Pd/Al>O3 catalysts with various Pd particle sizes.

Characterization

CO and H: pulse chemisorption measurements were performed using the BEL-CAT-B
instrument (MicrotracBEL). Approximately 50-200 mg of the sample was placed into a sample tube
and pretreated with 100% O at 300 °C for 10 min and then 100% H> at 300 °C for 10 min. After the
sample was cooled to 50 °C under a He atmosphere, CO pulse chemisorption measurements were taken
at 5% CO/He while monitoring the effluent with a thermal conductivity detector. For the H> pulse
chemisorption studies, the pretreated sample was first exposed to an Ar atmosphere at 300 °C for 10
min to eliminate adsorbed H atoms on Pd. The sample was then cooled to 0 °C, and the pulse
chemisorption measurements were performed under a gaseous mixture of 5% H»/Ar. The Pd dispersion
was calculated based on the total volume of adsorption gases by assuming that CO and H> were
adsorbed on the Pd surface at 1:1 (Pd:CO) and 1:2 (Pd:H>) stoichiometries, respectively.

The structure and size of the Pd nanoparticles supported on Al.O3 were obserbed using the
Cs-STEM, JEM-ARM200F (JEOL Ltd.), operating at 200 kV. Scanning transmission electron
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microscope (STEM) images were recorded by a high angle annular dark field (HAADF) detector.
Pd/ALLO; catalysts were pretreated under a flowing mixture of 10% O2/N2 for 10 min at 300 °C
followed by 10% H2/N for 10 min at 300 °C. The samples were prepared by spreading a drop of the
pretreated Pd/Al>O3 catalysts in a methanol suspension onto the microgrid carbon polymer supported
on cupper. The Pd particle size distribution was also estimated after CO oxidation. Samples in Figure
S10 were prepared by an initial oxidation in 10% O2/N2 at 300 °C for 10 min and subsequent reduction
in 10% H2/N> at 300 °C for 10 min. These samples were then subjected to a mixture of 0.4% CO, 10%
0>, and N> balance at 130 °C for 30 min.

FT-IR measurements were performed using a quartz in-situ IR cell and a JASCO FT/IR-6100
instrument (JASCO Co.) with a liquid-nitrogen-cooled HgCdTe (MCT) detector. IR spectra were
obtained by averaging 128 scans at a resolution of 4 cm™!. The samples were pressed into
approximately 50—100 mg of the self-supporting disk and mounted into the IR cell with a CaF, window.
The samples were pretreated under 10% Oo/Ar at 300 °C for 10 min and then 10% H»/Ar at 300 °C for
10 min. It should be noted that samples used in our previous study were oxidized at 400 °C and reduced
at 200 °C." This difference in pretreatment temperature should not have affected the oxidation state
of the Pd catalysts because the oxidation form of Pd (i.e., PdO) can be reduced to Pd metal below room
temperature. The samples were then cooled to room temperature under Ar, and IR spectra were taken
for reference. CO (0.4% CO/Ar at a rate of 100 mL min ') was introduced into the quartz in-situ IR
cell for 10 min. The physisorbed CO on Pd/Al;O; catalysts were removed under a flow of 100% Ar,
and IR spectra of adsorbed CO on Pd/Al>O3 were obtained.

Pd K-edge XAFS measurements were conducted on the BL14B2 beamline of the SPring-8
synchrotron radiation facility at the Japan Synchrotron Radiation Research Institute in Hyogo, Japan.
The data analysis was performed using the Athena software included in the Demeter package. The
samples were pretreated under 10% O2/N; for 10 min at 300 °C and then under 10% H2/N; for 10 min
at 300 °C.

CO oxidation activity test

The CO oxidation reactions were conducted using a conventional fixed-bed flow reactor at
atmospheric pressure. Prior to performing an activity test, each sample (10 mg) inside a U-shaped
quartz tube (inside diameter of 4 mm) was exposed to a flowing mixture of 10% O2/N; for 10 min at
300 °C and then 3% H2/N: for 10 min at 300 °C. The CO oxidation test was performed under a gaseous
mixture of 0.4% CO, 10% Oz, and N balance at a total flow rate of 100 mL min"!, corresponding to a
gas hourly space velocity of 600,000 mL (g-h)™'. The effluent gas was analyzed by a nondispersive
infrared CO/CO; analyzer (Horiba VIA510). The CO conversion was measured at steady-state from
100 °C to 200 °C. The turnover frequency (TOF) was defined as the reaction rate per molar amount of
surface Pd, as determined by CO pulse measurements. Samples showing >20% CO conversion at 130

°C were diluted with inert quartz to reduce CO conversion and exclude thermal and gas diffusion
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problems that would affect activity tests conducted at this temperature. The TOF values in Figure 9

were calculated using the amount of surface Pd determined by H> pulse chemisorption.

2-2-3. Results and Discussion

Table 1 shows all Pd/Al>Os3 catalysts examined in the present study. In Table 1, “catalyst” is
denoted as X nm Pd/Al,O3, where X corresponds to the average Pd particle size of Pd/Al,O3 estimated
by CO pulse chemisorption. To ensure accurate measurements for the smaller Pd sized particles (i.e.,
1.5-9.0 nm Pd/y-Al>O3), catalyst preparations and CO pulse chemisorption studies were performed at
least three times and average values for Pd dispersions and Pd particle sizes are displayed in Table 1.
Based on the revised experimental design, we now characterize 1.9, 3.7, 5.4, and 7.7 nm Pd/y-AlLO3
in ref. 31 as 2.6, 4.1, 5.2, and 9.0 nm Pd/y-AlOs, respectively. The particle sizes and dispersions
calculated by H» pulse chemisorption were consistent with those estimated by CO pulse chemisorption,
with the exception of 0.1 wt% Pd/AlbOs. As it may be difficult to occur a dissociative adsorption of H»
molecules on isolated Pd atom, the H» pulse technique underestimated the dispersion of 0.1 wt%
Pd/AlbOs (Table 1).
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Table 1. Pd/AL,Os catalysts used in this study characterized by their Pd loadings, 1°' and 2" calcination

temperatures, Pd dispersions, and Pd particle sizes.

catalyst Pd loading 1st calcination 2nd calcination CO pulse chemisorption H, pulse chemisorption
(Wt%) temperature temperature Pd dispersion Pd particle Pd dispersion Pd particle
(°C) (°C) (%) size® (nm) (%) size® (nm)
1.5 nm Pd/y-ALO; 0.1 300 - 7147 1.540.1 51 22
1.6 nm Pd/y-ALO; 0.2 300 - 711 1.620.1 60 1.9
2.2 nm Pd/y-ALOs 0.5 500 - 54+11 2.240.1 48 23
2.6 nm Pd/y-AlL,O; 1 500 - 4549 2.610.5 38 2.9
4.1 nm Pd/y-ALOs 2 500 - 2743 4.140.4 34 33
5.2 nm Pd/y-ALOs 2 500 800 2449 52+1.1 21 53
9.0 nm Pd/y-AL,O4 2 500 850 1342 9.0+1.1 11 9.9
19 nm Pd/y-AL,O4 2 500 900 6 19.1 7 159
1.2 nm Pd/6-Al,0; 0.1 300 - 97 1.2 66 1.7
1.4 nm Pd/6-Al,0; 0.2 300 - 83 1.4 77 1.5
1.5 nm Pd/6-Al,04 0.5 500 - 73 1.5 37 3
3.8 nm Pd/6-Al,05 1 500 - 29 3.8 25 45
5.4 nm Pd/6-Al,03 2 500 - 21 54 17 6.7
7.3 nm Pd/8-AL,O; 2 500 800 15 7.3 13 8.5
14 nm Pd/6-Al,0; 2 500 850 8 14.4 8 14.4
19 nm Pd/6-Al,053 2 500 900 6 19.2 6 18.1

dCalculated from Pd dispersion assuming spherical Pd particles.

XAFS measurements were performed to gain insights on the oxidation state and coordination
structure of the Pd/Al,Os catalysts. Figures 1a and 1b show the Pd K-edge X-ray absorption near edge
structure (XANES) spectra of Pd/Al>O3 using Pd foil and PdO as reference samples. The XANES
spectra of Pd/Al,O3 with smaller Pd particles were similar to that of the PdO reference. This result
indicates the presence of Pd*" species in Pd/Al,Os with particle sizes between 1 and 2 nm. As the
particle size of Pd/AlbOs increased, the X-ray absorption intensity of Pd/Al>Oj3 at approximately 24,357
eV decreased. This relationship suggests that metallic Pd nanoparticles tended to form on Al>O; as the
Pd particle size increased.

Fourier-transformed (FT)—extended X-ray absorption fine structure (EXAFS) spectra of Pd/y-
Al>Os3 are displayed in Figure 1c. Pd—O scattering in PdO and Pd—Pd scattering in the Pd foil samples
were observed at 1.6 and 2.5 A, respectively. In 1.5 and 1.6 nm Pd/y-Al,O3, Pd—O scattering (1.6 A)
without Pd—Pd scattering (2.5 A) was observed, suggesting that these samples are composed of isolated
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Pd atoms. In 2.2 and 2.6 nm Pd/y-Al>Os, small peak due to Pd—Pd scattering was observed at 2.5 A,
indicating the formation of small amorphous-like Pd particles with low Pd—Pd coordination. The
intensity of this Pd—Pd scattering peak was clearly detected for Pd particles larger than 2.6 nm while
Pd—O scattering disappeared. These results indicate that Pd species are transformed from isolated
atoms to small amorphous like particles and then to crystalline particles as the particle size increases
on the Al,O3 support. A Pd—Pd scattering peak was clearly observed in the EXAFS spectrum of 1.5
nm Pd/0-Al>O3 (Figure 1d) but was not detected for 1-3 nm Pd/y-Al,O3. The formation of crystalline
Pd particles preferentially forms on 0-AlOs rather than y-Al,O3 because isolated Pd atoms and

amorphous Pd particles are less stable on 8-Al,Os, resulting in weak MSI.’
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Figure 1. Pd K-edge (a, b) XANES and (c, d) FT-EXAFS spectra for Pd/Al,O3 with different average
particle sizes after H, reduction, together with those of Pd foil (black line) and PdO (gray line) as

references.

Cs-STEM was employed to visualize all Pd species (e.g., single atoms, small clusters) on
Al>Os3 at the atomic level. Figure 2 shows STEM images of three typical Pd/y-Al,O3 samples. The
STEM images of other Pd/y-Al>O; catalysts are shown in Figure 3. The STEM or transmission electron
microscopy (TEM) images of 19 nm Pd/y-AlbO; and Pd/6-AlOs of various Pd particle sizes are
displayed in ref. 31. A STEM image of 1.5 nm Pd/y-Al,O3 depicted isolated Pd atoms and amorphous-
like Pd particles smaller than 2 nm on y-AlLO3 (Figure 2a). In 2.2 nm Pd/y-AlO3, amorphous-like Pd
particles were mainly detected (Figure 2b). When the particle size increased to 9.3 nm, the Pd particle
was distorted in shape, and its surface had an amorphous-like structure (Figure 2c). The Pd particles
maintained a distorted shape even at particle sizes up to 19 nm. The size distributions of the Pd particles
in Pd/y-Al,O3 were obtained from STEM images (Figure 4). Pd particles less than or equal to 0.3 nm
were denoted as an isolated Pd atom. The size distribution of 2.2 nm Pd/y-Al,O; exhibited a high
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fraction of Pd nanoparticles smaller than 2.1 nm excluding isolated Pd atoms.

Isolated Pd atoms and small amorphous Pd particles were detected in 1.5 nm Pd/6-Al03,
which displayed a similar STEM image as 2.2 nm Pd/y-Al,Os. However, structural variations of the
Pd particles on 6-Al,O3 with weaker MSI were notably different from those supported on y-Al2Os. The
7.3 nm Pd/6-AlO3 were spherical in shape, and as the Pd particles increased in size to 19 nm, they
transformed from spherical to well-faceted shapes. For particles ranging from 4—19 nm, the fraction of

thermodynamically stable facets (e.g., Pd (111)) increased with increasing Pd particle size.

Figure 2. Typical STEM images of (a) 1.5 nm Pd/y-Al,O3, (b) 2.2 nm Pd/Al,O3, and (c) 9.3 nm
Pd/Al>Os. The red arrows indicate the positions of the single Pd atoms.

Figure 3. Typical Cs-STEM images of (a) 1.6 nm Pd/y-Al,O3, (b) 2.6 nm Pd/y-Al>Os, (¢) 4.1 nm Pd/y-
Al O3, and (d) 5.2 nm Pd/y-ALOs.
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Figure 4. Size distributions for the number of Pd particles of various Pd/y-Al,Os catalysts.
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IR spectroscopy using CO as a molecular probe was employed to identify surface sites on the
Pd nanoparticles. Figure 5 (solid lines) shows IR spectra of adsorbed CO on Pd/Al>O3 for various Pd
particle size. The intensities of the IR bands were normalized because of differences in the Pd loadings
and dispersions. IR spectra between 1750-2300 cm ™! were well-fitted with four stretching vibration
bands corresponding to CO molecules adsorbed to Pd. The broad band centered at 2150 cm ™' is
attributed to a linear CO molecule adsorbed on a cationic Pd species (Pd*—COiincar).>”*° The band at
approximately 2075 cm ! is attributed to linear CO adsorbed on the corner of Pd particles or Pd(111)
(Pd°—COiinear);***” however, it is difficult to distinguish the corner sites from Pd(111) based on the—
bands. The band at 1980 cm ™! is attributed to a bridged CO molecule adsorbed on Pd steps (Pd’ep—
CObridge).>>***4347 The broad bands at 1750-1960 cm™! are derived mainly from bridged or three-fold
CO molecules adsorbed on planes, which includes Pd(111) (Pd’anc—CObridee).>>*"*7 Bands
corresponding to linear and three-fold CO were observed when adsorbed CO reached saturation on
Pd(111).4

Figures 5 (dotted lines) also show the IR bands of each adsorbed CO species fitted by a
Gaussian function to quantify the Pd surface structures. Figure 5a depicts the IR spectra of adsorbed
CO on Pd/y-Al>Os. For 1.5 nm Pd/y-Al,O3, Pd*~COsinear and Pd°~COinear bands were mainly observed.
The cationic Pd species in this sample can be identified as an isolated Pd atom on Al,O; based on the
XAFS results and TEM images of 1.5 nm Pd/y-ALOs. As the Pd particle size of Pd/y-AlbO3 increased
from 1.5 to 2.2 nm, the relative intensity of the Pd*—COjincar band decreased, and the Pd’~COinear and
Pd’janc—CObrigge bands increased in intensity. This variation corresponds to a decrease in the amount
of isolated Pd atoms and the formation of small Pd nanoparticles with amorphous structures. Thus, the
amorphous-like Pd particles likely play a role in the formation of Pd corner sites. The Pd’ep—CObridge
band appeared when the Pd particle reached 4 nm or greater in size. Figure 5b shows the CO adsorption
IR spectrum of Pd/0-Al>Os. Spectra corresponding to catalysts composed of Pd particles smaller than
2 nm were similar to the spectra for 1-3 nm Pd/y-Al,Os. However, increasing the particle size from
1.5 to 7.3 nm led to a sharp decrease in the relative intensity of the Pd°~COjincar band and subsequent
increase of the Pd%p—CObrigee band. This trend suggests that amorphous-like Pd particles become
spherical in shape when there is a high fraction of step sites. Furthermore, as the particle size increased
from 7.3 to 19 nm, the relative intensity of the Pd’~COincar band increased due to transformation of

the particles from spherical to well-faceted shapes (e.g., Pd(111)).
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Figure 5. IR spectra of adsorbed CO at room temperature on (b) Pd/y-AlO3 and (c) Pd/6-Al,O3 of
various Pd particle sizes. IR spectra of 2.6—-19 nm Pd/y-AlbO3 and 1.5-19 nm Pd/6-AlLO3 were
previously reported.'> Gaussian fittings of IR spectra were carried out to determine the band areas of
2100-2200, 2000-2100, 1960-2000, and 1750-1960 cm .

Figure 6 shows CO conversions against reaction temperature using 10 mg of Pd/AlLO3
catalysts with different particle sizes and alumina crystal phases. Since the Pd loading weights and
dispersions are quite different between the Pd/Al>O3 catalysts, TOFs were calculated at <20% CO
conversion where thermal and gas diffusion problems are negligible. Figure 7 shows the dependence
of TOFs on Pd particle size. As the particle size increased from 1.5 to 2.2 nm, the TOF of Pd/y-Al,Os
in CO oxidations increased from 0.08 s' to a maximum value of 0.18 s™'. When the particle size
increased to 4 nm, the TOF sharply decreased to 0.08 s™' and then gradually increased again with
increasing particle size up to 19 nm.

The TOFs of Pd/6-Al,O3 showed a similar trend to Pd/y-Al,Os. However, the TOFs of Pd/6-
AlO3 was less than half of Pd/y-Al>Os for particles sized 4 nm or larger. The increase in TOFs for the
Pd/ALLO; catalyst with particles sized between 4 and 14 nm was minimal, which is consistent with a
previous study by Haneda and co-workers.?> When the TOFs were calculated using Pd dispersion based
on H> chemisorption measurements and plotted against Pd particle size (Figure 8), the trends were

similar to those shown in Figure 7.
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Figure 6. CO conversion over 10 mg of various (a) Pd/y-AlbO3 and (b) Pd/0-AL, O3 catalysts.
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Figure 7. Dependence of TOFs at 130 °C on average Pd particle size. Experimental error is attributed

to repeating the Pd/Al,Os preparations, CO pulse measurements, and activity tests at least three times.
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Figure 8. Dependence of TOF at 130 °C on average Pd particle size estimated from H> pulse
chemisorption. The 0.1 wt% Pd/Al,O3 with high fraction of the isolated were excluded.
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To elucidate the active sites for CO oxidation, the surface structure of the Pd nanoparticles
was quantified by the IR spectra depicted in Figure 5. The Pd surface structure fraction was determined
from the band area of adsorbed CO species obtained by Gaussian fitting (Figure 5 and Table 2). Also,
we used six Gaussian functions to determine the band areas in the four regions, because the asymmetric
bands at 2000-2100 and 1750-1960 cm ! need two Gaussian functions for each band to be well fitted.
The asymmetrical shape suggests two or more adsorption sites/manners as the band at 2000-2100 cm ™!
is assignable to linearly adsorbed CO on corner or plane of Pd nanoparticles and as the band at 1750—
1960 cm™! is assignable to bridged or three-fold adsorbed CO on planes. Since the extinction
coefficient of various adsorbed CO species is not known, it should be noted that the fraction of the Pd
surface structure is a relative value and not an absolute value. The fraction of Pd°~COjincar was plotted
against Pd particle size (Figure 9a) and suggests a similar dependence of the Pd’~COljinear fraction on
the particle size as the TOF. The highest faction of Pd°~COlinear Was obtained for 2.2 nm Pd/y-AL O3,
which also showed the highest catalytic activity. For particle sizes 8 nm or less, the high fraction of
Pd’~COlinear could be attributed to the presence of amorphous Pd particles with a large amount of
corner sites. In contrast, for particle sizes between 8 and 19 nm, an increase in the Pd°~COjinear fraction
was observed, which is derived from formation of Pd(111) facets on the Pd particles. We estimated the
particle size dependence of Pd site fractions on the surface of a model Pd cubo—octahedron (Figure
10).1% The particle size dependence of the fraction of Pd corner sites and Pd(111) facets on the Pd
particle model was similar to that determined from IR spectroscopy (Figure 9a). Therefore, the fraction
of Pd’~COlinear for particle sizes <8 and >8 nm indicates the fraction of corner sites and Pd(111) facets,
respectively (Figure 9a). Catalysts with different crystalline alumina phases, i.e., y-Al>O3, maintained
their distorted Pd nanoparticles structure with a high fraction of corner sites due to stronger MSI. In
contrast, Pd nanoparticles on 0-Al,Os supports are characterized by weaker MSI and thus formed a
higher fraction of step sites. TOF was plotted against the fraction of Pd’~COlinear (Figure 9b) and
showed that the fractions of Pd°~COiinecar and TOF were proportional to one another. These studies
suggest that corner sites on Pd particles and Pd (111) are highly active for CO oxidations. In contrast,
a positive relationship was not observed between TOF and fractions of Pd"—COlincar, Pdstep—CObridge,

0
or Pd plane—CObridge-
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Table 2. The ratios of the IR band area of various CO species on Pd/Al>O3 catalysts.

catalyst

linear adsorbed
CO on Pd*
(2200-2100 cm™)

linear adsorbed
CO on Pd°
(21002000 cm™")

bridge adsorbed
CO on Pd step
(2000-1960 cm™)

bridge adsorbed
CO on plane
(1960-1700 cm™)

1.5 nm Pd/y-ALO;  0.30 0.40 0.00 0.30
1.6 nm Pdy-ALOs  0.09 0.44 0.00 0.47
2.2 nm Pdy-ALO;  0.01 0.45 0.00 0.55
2.6nm Pdy-ALOs  0.05 0.33 0.00 0.63
4.1 nm Pdy-ALOs  0.00 0.22 0.01 0.77
5.2nm Pd/y-ALOs  0.00 0.23 0.02 0.76
9.0 nm Pd/y-ALOs  0.00 0.19 0.07 0.73
19 nm Pd/y-ALO3 0.00 0.28 0.09 0.63
1.2 nm Pd/0-ALO;  0.03 0.37 0.00 0.60
1.4 nm Pd/0-ALO;  0.01 0.45 0.00 0.53
1.5 nm Pd/0-Al,0;  0.00 0.24 0.00 0.76
3.8 nm Pd/6-ALOs  0.00 0.09 0.18 0.73
5.4nm Pd/6-ALO;  0.00 0.06 0.21 0.72
7.3 nm Pd/6-ALOs  0.00 0.05 0.20 0.76
14 nm Pd/6-ALO3 0.00 0.15 0.15 0.70
19 nm Pd/6-ALO3 0.00 0.22 0.15 0.63
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Figure 9. (a) Dependence of the fraction of linear CO adsorbed on Pd® on the Pd particle size. (b) Plot

Average Pd particle size (nm)

Fraction of linear adsorbed CO on Pd’

of TOFs (at 130 °C) against the fraction of linear CO adsorbed on Pd°.
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The Pd/ZSM-5 catalyst (Pd loading: 0.26 wt%) was prepared via an ion exchange method to
investigate the reactivity of isolated Pd atoms for CO oxidations. An IR spectrum of adsorbed CO on
Pd/ZSM-5 showed that Pd was present as an isolated Pd species on ZSM-5 (Figure 11a). CO
conversions for Pd/ZSM-5 were lower than all of the Pd/Al>O3 catalysts at 130 °C, and the TOF value
for Pd/ZSM-5 was 0.009 s~! (Figure 11b). Therefore, at this temperature, the isolated Pd atoms barely
contribute to the CO oxidation activity, and the Pd metal clusters/nanoparticles are more active than
the isolated Pd atoms.
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Figure 11. (a) IR spectra of adsorbed CO on Pd/ZSM-5. (b) The CO conversion of Pd/ZSM-5 as a
function of temperature.

The stability of the isolated Pd atoms and Pd nanoparticles on Al>O3 during CO oxidation was
confirmed by STEM. The Pd particle size distributions for 2.2 nm Pd/y-Al>O; before and after CO
oxidation at 130 °C are shown in Figure 12. Since the size distribution was barely affected by the
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reaction, we can conclude that the isolated Pd atoms and Pd nanoparticles were stable on Al,O3 under
the studied reaction conditions.
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Figure 12. Size distributions for the number of Pd particles of 2.2 nm Pd/y-ALbOs catalyst after
prereduction by Ha (red) and CO oxidation reaction at 130 °C (black).

We hypothesized that CO-induced reconstruction of the Pd surface may have been occurring
during CO oxidation at 130 °C. Avanesian reported surface reconstruction of Pt nanoparticles induced
by CO adsorption at saturation for temperatures greater than 400 K.'® Pt(100) facets on Pt nanoparticles
have also been reconstructed into step surfaces with high concentrations of under-coordinated Pt atoms
as a result of CO adsorption. To determine whether the surfaces of the Pd nanoparticles were being
reconstructed by CO exposure, we monitored the adsorbed CO species on Pd/Al>O3 before and after
CO oxidation (Figure 13). The IR spectra of Pd/Al>O3 showed that the band intensity of linear CO
adsorbed on the corner sites decreased after CO oxidation, whereas the band intensity of the bridged
CO adsorbed on the facets (e.g., Pd(111) or Pd(100)) increased. These results indicated that CO-
induced reconstruction of the Pd surface was occurring during CO oxidations at 130 °C because the
bridged CO adsorbed on the Pd facet was more thermodynamically stable than the linearly bound CO
adsorbed on the Pd corner. Variations in the measured fractions of linear CO on Pd® was ~10%.
Changes in the Pd surface structure were more largely influenced by the Pd particle size and alumina
crystalline phase than by the CO-induced reconstruction. Figure 14 shows the plot of TOFs against the
fraction of linear CO on Pd° in Pd/Al,Os after CO oxidation at 130 °C. The order of the Pd’~COjincar
fraction among Pd/Al,0Os catalysts treated under CO oxidation conditions did not change. The fraction
of Pd’~COiincar in Pd/AL,O5 after CO oxidation and the resulting TOFs were also directly correlated.
Thus, we proposed that the Pd corner sites and Pd(111) facets worked as dominant active sites during
CO oxidation.
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Figure 14. Plot of TOFs (at 130 °C) against the fraction of linear adsorbed CO on Pd° for Pd/ALLO;
after prereduction by Ha (red) and CO oxidation (black).

Kinetic analyses were conducted for Pd/Al,O; catalysts of various Pd particle sizes. The
apparent activation energies for CO oxidation by Pd/y-Al>O3 with Pd particle sizes ranging from 1.5—
9.0 nm were determined to be between 66—71 kJ mol™! (Figure 15 and Table S4). Because there was
little difference between their activation energy values, CO oxidation over Pd/Al>O3 catalysts of all
studied sizes appeared to proceed via similar reaction mechanisms. We investigated the dependence of
CO and O; partial pressures on CO oxidation for Pd/y-AlbO; catalysts (Figure 16 and Table 5).
Reaction orders with respect to CO and O were negative (between —0.58 and —0.89) and positive
(between +0.66 and +1.08). Therefore, it was suggested that CO oxidation on the Pd metal surface
proceeded via (i) a conventional Langmuir-Hinshelwood mechanism, which is reaction of adsorbed
CO and adsorbed O atom*>* or (ii) a mechanism involved O, molecular adsorption and then an
adsorbed CO-assisted O dissociation step’'. Although it is difficult to determine which mechanism is
favored for CO oxidations over Pd particles at low temperatures, in both mechanisms, self-poisoning
of the Pd metal surface by CO molecules would inhibit dissociative adsorption or molecular adsorption

44



of Oz. Thus, CO desorption from a Pd surface is likely the rate-limiting step for low temperature CO

oxidations.?®

1F -1F 0
(a) (b)
2.2 nm Pd/y-Al,0, Ak

-2+ -2+ e
e 9.0 nm Pdfy-AlL,O 4.1 nm Pd/y-Al,0, 2.2 nm Pd/y-Al,0,
L ™ o -2k

2.2 nm Pd/y-Al,0 m _ i

g-s— - g 3t l/:'/:/: g 4.1 nm Pdiy-ALO®
c c . , S -3k - o
5 — 9.0 nm Pd/iy-Al,O -4 - 9.0 nm Pd/y-Al,O

-4 4.1 nm Pd/y-Al,0, -4r al

-5 ul i 1 i 1 '5 ul 1 1 1 '5 ul 1 1 1 1

2.4 2.6 2.8 -3.5 -3.0 2.5 2.0 -6.5 6.0 -5.5 5.0 45
1000/T (1/K) Ln(Po,/Protar) Ln(pco/Piotar)

Figure 15. The dependence of Figure 16. The dependence of TOFs on partial pressure of (a)
TOFs on temperature for CO O and (b) CO for CO oxidation over Pd/y-Al>0Os.
oxidation over Pd/y-ALOs.

Table 3. The apparent activation energy (Ea.) and the reaction order for CO oxidation over Pd/y-AlOs.

Catalyst Ea (kJ mol ™) Reaction order of O Reaction order of CO
1.5 nm Pd/y-AlLO3 66+8 0.84+0.15 -0.66+0.04
2.2 nm Pd/y-AlLO3 66+7 0.89+0.02 -0.9840.12
4.1 nm Pd/y-AlLO3 71+11 0.69+0.03 -0.7940.15
9.0 nm Pd/y-ALOs3 72+11 0.58+0.06 -1.08+0.18

From the above kinetic analysis, it was inferred that desorption of CO from a Pd surface is an
important step for CO oxidations. Given that CO dissociation from the Pd surface is necessary for
subsequent activation of O, the desorption behavior of adsorbed CO from Pd/AlbO3; was next
monitored by IR spectroscopy. CO was adsorbed onto pre-reduced 4.1 nm Pd/y-Al,O; at 40 °C and
then the temperature of the IR cell was increased to 120 °C (in 10 °C intervals) under Ar flow. In Figure
17a, the IR spectrum of 4.1 nm Pd/y-ALOs at 40 °C exhibits three bands corresponding to Pd’~COjincar
(20002100 cm™"), Pd’ep—CObridge (19602000 cm™!), and Pd%iane—CObrigge (1750-1960 cm ™), which
is similar to the results shown in Figure 5a. When the temperature was increased to 5090 °C, the three
CO stretching vibration bands decreased in intensity. The decrease in the band intensity of Pd’~COlinear
was the most extreme and disappeared completely when the temperature was raised to 100 °C. To
compare the adsorption strengths of CO on different Pd surface sites, the intensities of the CO
absorbance bands for different surface sites were plotted against temperature (Figure 17b). Assuming
that CO coverage of each surface site at 40 °C and 120 °C is 100 and 0%, respectively, the CO coverage
at various temperatures (between 50 °C and 110 °C) was evaluated based on normalized A absorbance
values. A red shift of the Pd’ane-CObrigee band was observed and attributed to a decrease in CO
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coverage. When the temperature increased from 40 °C to 80 °C, the normalized A absorbance of Pd’—
COlinear decreased more intensely than Pd%ep—CObridge and Pd’pjane—CObrigge. At 100 °C, bridged CO
molecules adsorbed on the Pd plane were the only species observed. Thus, we concluded from these
studies that the adsorption strength of CO on different Pd surface sites experienced the following trend:
Pd’~COinear < Pd’%tep—CObridge < Pd’piane—CObriage. This order indicated that linear CO on Pd corner sites
and Pd(111) facets more readily desorbs than the bridged CO on Pd steps and planes. Using DFT
calculations, Zeinalipour-Yazdi et al. reported that the order of CO adsorption energy follows the trend:
linear < bridge < hollow-bound sites.’> To confirm that linear CO can easily desorb from Pd
nanoparticles during CO oxidation, in-situ IR spectroscopy measurements of adsorbed CO on
Pd/Al,O; during CO oxidations were conducted (Figure 18). The intensity of the Pd’~COjinear band
(2000-2100 cm™ ") decreased to half its original value, as temperature increased from 50 °C to 110 °C.
According to structure stability of Pd nanoparticles during CO oxidation (Figure 14), the fraction of
Pd corner sites reconstructed to facets by adsorbed CO was approximately ~10%. Therefore, the
decrease of this Pd°~COjinear band was derived not only from CO-induced reconstruction but also from
formation of Pd vacancy sites by CO desorption. In contrast, the intensities of the Pd’ep—COpridge
(19602000 cm™") and Pd%ane—CObridge (1750-1960 cm™!) bands slightly increased with increasing
temperature due to CO-induced reconstruction. At 130 °C, adsorbed CO on Pd particles completely
disappeared as CO conversion nearly reached completion. The above in-situ IR study suggests that at
least a portion of the Pd corner sites and Pd(111) facets were present as vacancy sites to activate O»
molecules during CO oxidation.
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Figure 17. (a) FT-IR spectra of CO adsorbed on 4.1 nm Pd/y-Al,O;3 at various temperatures under Ar.
(b) Plot of normalized A absorbance against temperature. Normalized A absorbance calculated from
the IR band intensity (®: Pd’-COincar (2000-2100 cm '), m: Pd’%ep-CObrigee (19602000 cm™'), A:
Pd%1ane-CObrigge (1750-1960 cm™1)).
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Figure 18. IR spectra of adsorbed CO on 4.1 nm Pd/y-Al2O3 measured under a flow of gaseous

mixtures (0.4% CO, 10% O, Ar balance, 100 mL min ') at various temperatures.

2-2-4. Conclusions

The effect of Pd particle size (1-19 nm) on CO oxidation for a range of Pd/Al>O; catalysts
was systematically studied, revealing complex behaviors and trends. Concretely, as the Pd particle size
increased from approximately 1 to 2 nm, the catalytic activity increased; however, the activity sharply
decreased with increasing particle size from 2 to 4 nm. Further growth of the Pd nanoparticles to 19
nm led to a slight increase in catalytic activity. The support structure also played a role in CO oxidation
activity, as Pd/y-AlbOs showed higher activity than Pd/0-Al>Os for sizes ranging from 4 to 19 nm.
These size effects could be rationalized based on the fraction of CO molecules adsorbed to Pd surface
sites detected by IR spectroscopy. The positive correlation between the fraction of Pd’—COjinear and CO
oxidation activity indicates that Pd corners and Pd(111) facets are highly active sites. The fraction of
Pd’~COlinear also depended on the shape and surface structure of the Pd particles supported on Al,Os.
For example, 2 nm Pd nanoparticles displayed an amorphous structure with a high fraction of corner
sites. Increasing the size of the Pd particles to 19 nm promoted exposure of thermodynamically stable
Pd(111) facets. When comparing Pd/y-Al>O3 and Pd/6-Al,0O3, distorted Pd particles on y-Al,O3 had a
relatively higher fraction of highly active corner sites for CO oxidation than spherical or well-faceted
Pd particles on 0-Al,Os. The structure sensitivity of CO oxidations over Pd nanoparticles was also
apparent through CO adsorption strength studies, in which the adsorption strength was found to be
dependent on the Pd surface site. Mechanistic studies clarified that corner sites and Pd(111) facets
promote CO oxidation due to the ease at which CO can desorb from these surfaces.

Our previous studies demonstrated that step sites on Pd nanoparticles are highly active for
CH4 oxidation,'> whereas we identified corner sites and Pd(111) facets on Pd nanoparticles as being
the most effective for high CO oxidation activity in the present work. Thus, the active surface of these
heterogeneous catalysts strongly depends on the reaction substrate. To improve the catalytic activity
of supported metal nanoparticles moving forward, it will be necessary to elucidate the shape and
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surface structure of metal nanoparticles that are most effective for the reaction substrate at the atomic

level.
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Selective Hydrogenation of C=C bond in Cinnamaldehyde on Pd Step
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Abstract

We found a positive correlation between C=C selective hydrogenation activity of cinnamaldehyde
(CAL) and the fraction of the Pd step site on Pd nanoparticles. Owing to high fraction of step sites,
Pd/0-Al,O3 catalysts with Pd particle size of 5-10 nm were highly active for the C=C selective
hydrogenation of CAL.
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2-3-1. Introduction

The relationship between the structure of metal nanoparticles (MNPs) and their catalytic
properties has been an attractive topic in the field of heterogeneous catalysts from both fundamental
and practical perspectives. For example, the catalytic activities of Au nanoparticles in CO oxidation,'
water—gas shift,>® and aldehyde hydrogenation* increased as the particle size decreased. The MNPs
are composed of surface sites with different coordination numbers that is corner sites, step (or edge)
sites, and plain sites. In general, as the size of MNPs decreases, a fraction of coordinatively unsaturated
sites such as corners increases.’ This change directly affects the catalytic activities of MNPs.

MNPs are often supported on metal oxides and carbon with high specific surface areas. Metal—
support interaction (MSI) also affect the shape of the MNPs, i.e., the exposed surface sites.®” For
example, strong MSI derive from coordinatively unsaturated penta-coordinate Al** sites on y-
Al>,03(100) resulted in the formation of two-dimensional Pt particles.®® On the other hand, large three-
dimensional Pt particles were formed on a-Al,O3 having weak MSI. We reported that spherical Pd
particles with a high fraction of step sites on 0-, a-Al,Os are highly active for methane combustion. '
On the other hand, we found that the amorphous-like Pd particles on y-Al,O3 exhibited high CO
oxidation activity due to abundance of corner sites.!! Electronic defects on reducible oxides also have
an important role to play in anchoring the active metal species.'? Flat Ru particles, which showed high
activities in selective CO methanation, were stabilized on defect-rich TiO2(100) and TiO2(101)
surfaces, while they changed into hemispherical particles on TiO2(001).!* Reducible metal oxide such
as CeO; and Fe>Os3 acted as an anchor site for Pt and Rh, causing the dispersion of MNPs in atomic
level.'*17

Pd is one of the effective catalysts for hydrogenating only the C=C bond of cinnamaldehyde
(CAL) and forming hydrocinnamaldehyde (HCAL).!® HCAL is an important intermediate for the
synthesis of HIV drugs. The activity and selectivity for CAL hydrogenation have been improved by
controlling the size and shape of the Pd particles. Jiang and co-worker found that the CAL conversion
and HCAL selectivity of Pd/Al,O3 catalysts increased with decreasing Pd particle size from 5.7 nm to
1.3 nm."” Zhang and co-worker argued that Pd cluster nanowires showed higher activity for CAL
hydrogenation than Pd icosahedra and Pd nanocubes due to the abundance of high index facets.?® Vatti
and co-worker reported that comparing spherical, octahedral, and tetrahedral Pd particles, tetrahedral
Pd particles exposing Pd(111) had the highest turnover frequency (TOF) for CAL hydrogenation.?!
However, the size of Pd particles with different shape varied significantly from 3 to 26 nm. Recently,
we reported that spherical and concave-tetrahedral Pd particles with a high step fraction supported on
carbon and SiO, were more active than flattened Pd particles.?? In above previous studies, based on
the relationship between the size and shape of Pd particles and their activities, the coordinatively
unsaturated sites such as step or corner have been proposed as highly active sites for the C=C selective
hydrogenation of CAL. However, there has been little quantitative discussion about the relationship
between Pd surface sites and activities.

In this study, the active sites for the C=C selective hydrogenation of CAL were unveiled using
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Pd particles supported on Al,O3 with well-defined structure by previous our reports.'®!! The structural
changes (such as morphologies and surface sites) of Pd particle were induce by Pd particle size and
MSI. Specific Pd surface sites estimated by infrared spectroscopy (IR) using adsorbed CO as molecule
probes strongly affected on C=C selective hydrogenation activities of CAL. Moreover, the validity of
the active sites was discussed based on kinetic analysis and configuration of adsorbed CAL on the Pd

catalysts.

2-3-2. Experimental methods
IR measurement

IR measurements were performed using a quartz in situ IR cell and a JASCO FT/IR-6100
instrument with a liquid-nitrogen-cooled HgCdTe (MCT) detector. All IR spectra were obtained by
averaging 128 scans at the resolution of 4 cm™!. The samples were pressed into approximately 50 mg
of the self-supporting disk and mounted in the IR cell with a CaF, window. The IR spectra of Pd/Al.O3
were used as a background. CAL (2 pL pulse of CAL under Ar at the flow rate of 100 mL min ') were
introduced into the quartz in situ IR cell preheated at 60 °C for 10 min, respectively. After weakly
physisorbed CAL on Pd/Al>Os catalysts was removed by flowing 100% Ar for 10 min, the IR spectra
of adsorbed CAL on Pd/ALl,O; were obtained at 60 °C.

CAL hydrogenation activity test

A glass test tube (18 mm inside diameter) containing the pretreated catalyst without exposing
to air, a toluene solution of CAL (0.8 M, 1 mL), and distilled water (0.5 mL) were placed in an
autoclave, together with a magnetic stirrer. The distilled water was added into the reaction mixture to
prevent aldol condensation of products. A typical activity test was performed under 0.5 MPa of H; at
35 °C for 5—120 min at 600 rpm using 5 or 10 mg of the Pd catalyst. As soon as the reaction time was
over, the reaction mixture was filtered to remove the catalyst. Then, an organic phase of the reaction
mixture was analyzed using a gas chromatograph (SHIMADZU GC-14A) equipped with a frame
ionization detector using an Ultra ALLOY capillary column (30 m x 0.25 mm, film thickness 0.25 pm,
Frontier Laboratories Ltd.). Injection and detector temperatures were determined at 280 °C. The oven
temperature was kept at 100 °C for 4 min and heated to 220 °C at a heating rate of 20 °C min .
Conversion and product selectivity were calculated based on the carbon balance with calibration curves.
TOF was defined as the reaction rate of CAL on the Pd atom surface: (TOF) = (reacted CAL at ca.
40% conversion)/(reaction time)/(moles of surface Pd atoms). The moles of surface Pd atoms were

determined from CO pulse chemisorption.

2-3-3. Results and Discussion
The Pd/AL,Os catalysts were prepared via impregnation method using y-ALO3 (204 m? g™'),
0-AL0; (73 m? g!), and a-ALO3 (10 m* g™!) (details of the catalyst preparation are shown in our
previous study).'®!">3 The Pd particle size of Pd/A1,O3 was controlled in the range of 1-20 nm by
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adjusting the Pd loading and calcination temperature. The average Pd particle size was estimated by
CO pulse chemisorption; Pd/Al>,O3 catalyst with Pd particle size of X nm was denoted as X nm
Pd/ALLOs. We previously characterized the chemical state and local structure of Pd particles on y-Al,O3
and 0-A1,O3 by X-ray absorption fine structure (XAFS) measurement.!! The Pd particles was mainly
present in the metallic state. Furthermore, the morphology and surface structure of the Pd particles
were observed by aberration-corrected scanning transmission electron microscopy (Cs-S/TEM) and
infrared spectroscopy (IR) using CO molecules as probes, respectively.'® Cs-S/TEM observations
showed that 1-2 nm Pd particles supported on Al,O3 have amorphous structure. As Pd particle size
increased, Pd particles on 0-Al,O3 formed spherical or well-faceted structure. On the other hand, due
to the strong MSI, Pd particles on y-Al,O3 were in distorted shape having amorphous-like surface. The
fraction of surface sites of Pd particles depended on the shape of the Pd particles. According to IR, the
CO molecules adsorbed on the Pd particles were distinguished as linearly adsorbed CO on corner or
Pd(111) (Pd—COiinear, 20002100 cm™")**! bridge adsorbed CO on the step (Pdstep—CObridge, 1960—
2000 cm™1)26:28:2931.32 "and bridge adsorbed CO on the plane (Pdpiane—CObridge, 1750-1960 cm1)*433,
The CAL hydrogenation activities of Pd/Al>,O3 catalysts with different Pd particle size and
alumina crystalline phases are evaluated from TOFitr. TOFiwm 1s the reaction rate of CAL
hydrogenation normalized to the amount of surface Pd. HCAL and hydrocinnamyl alcohol (HCOL)
were detected as products of CAL hydrogenation on all Pd/Al,O3 catalysts, and the production rates
of HCAL and HCOL normalized by surface Pd amount are expressed as TOFucar and TOFucor,
respectively. The TOFota, TOFncar and TOFucoL of 5.4 nm Pd/0-ALOs were 2.16, 1.99 and 0.17 57!,
respectively. Figure 1a shows the dependence of TOF 11 on Pd particle size. In the case of Pd/y-AL O3,
the TOF ol increased slightly from about 0.3 to 0.4 s™!, as Pd particle size increased from 2.2 to 19 nm.
On the other hand, the TOFw1 of Pd/6-Al,0O3 showed a volcano-shaped dependence. Specifically, the
TOFota1 increased from 0.4 s~! to 3.0 s7! as the Pd particle size increased from 1.5 to 7.3 nm. However,
with Pd particle size increasing to 19 nm, the TOF ot gradually decreased to 0.9 s™'. The TOFotal Of
9.3 nm Pd/a-ALO; (2.05 s7!) followed the size effect of Pd/0-Al,Os. Comparing between the Al,O3
supports, the TOFww of Pd/0-Al,O3 was higher than that of Pd/y-Al,O3 in the all size region. In
particular, the TOF ot of 7.3 nm Pd/Al,O3; was seven times higher than that of 5.4 nm Pd/Al,Os. Figure
1b shows the reaction rate of CAL hydrogenation per amount of Pd. The highest activity of Pd/6-Al,O3
was obtained at the particle size of 3.8 nm because of increase in the fraction of surface Pd atoms. In
contrast, the activities of Pd/y-Al,O3 decreased with increasing Pd particle size. The trend in Pd/y-
Al>O3 was consistent with the size effect on CAL hydrogenation in the previous report by Jiang and
co-worker."” Figures 1c and d shows the dependence of HCAL and HCOL selectivity on Pd particle
size for CAL hydrogenation over Pd/AL>O; catalysts. The HCAL selectivity of Pd/0-Al,O3; showed a
moderate volcano-shape dependence, with the maximum HCAL selectivity of about 90% for 5.4 and
7.3 nm Pd/6-Al203. On the other hand, the HCAL selectivity of Pd/y-AlO3; showed a complicated
trend, with the highest HCAL selectivity of 97% on 2.2 nm Pd/y-Al>Os. This may be due to the isolated
cationic Pd species on y-ALO;3 (Figure 2).3® However, the TOF o1 of 2.2 nm Pd/AlL,Os was very low,
54



so it will not be discussed further in this study. Figure le and 1f shows the plots of TOFucarL and
TOFnucor against Pd particle size, respectively. The size dependence of TOFucar was similar to that of
TOFotal. The TOFucaL of Pd/6-Al2O; tended to be volcanic with a maximum at 7.3 nm. The TOFucaL
of Pd/y-Al,O3; was almost constant regardless of particle size. In contrast, the TOFucor is almost
independent of Pd particle size and alumina crystalline phase. That is, the hydrogenation to HCAL is
structure-sensitive to Pd particles, whereas the hydrogenation to HCOL is relatively insensitive.
Therefore, in the following discussion, we focused on the relationship between the TOFucar and the
surface sites of Pd particles. From the leaching and recycling test, it was confirmed that Pd/Al>O3
catalysts acted as stable heterogeneous catalyst during the CAL hydrogenation (Figure 3 and 4). To
elucidate the active site in the C=C selective hydrogenation of CAL, the TOFucaL was plotted against
a fraction of Pdswep—COurigge (Figure 5). The fractions of adsorbed CO on different surface sites of
Pd/AlbO3 were shown in chapter 2-2. The TOFucaL increased monotonically as the fraction of Pdsep—
COurigge increased. In contrast, no clear correlation was obtained when the TOFucaL was plotted against
fraction of Pd—COiinear and Pdpiain—COwriage. Thus, the step sites on Pd particles are more active in the
C=C bond hydrogenation of CAL than the corner and plane sites. This result was consistent with the
previous reports that Pd particles with abundant step sites showed high activities for CAL
hydrogenation.?*?? The quadratic increase in the TOFncar against the fraction of bridge adsorbed CO

on Pd step suggested that more than two step sites may be needed for CAL hydrogenation.
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Figure 1. Dependence of (a) TOFwor1, (b) CAL hydrogenation activity per total Pd molar, (c¢) HCAL

selectivity, (d) HCOL selectivity, (€) TOFucar, and (f) TOFucor on average Pd particle size. Reaction

conditions: toluene solution of CAL (0.8 M, 1 mL), distilled water (0.5 mL), catalyst (5 mg), 35 °C,

H; pressure (0.5 MPa). Reaction time was determined so that CAL conversion is approximately 40%.
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(a)2.2 nm Pd/y-Al,0;,

(b) 1.5 nm Pd/0-Al,04

Figure 2. STEM images and size distributions of 2.2
nm Pd/y-AlO3 and 1.5 nm Pd/6-AL0s.
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Kinetic analysis in CAL hydrogenation was performed using 5.2 nm Pd/y-Al,O3
(TOF0tai=0.42 57!, TOFnca1=0.25 s~!, and TOFucor=0.17 s™!) and 7.3 nm Pd/0-ALO; (TOF =2 .97
5!, TOFncar=2.61 s, and TOFncor=0.36 s™!). Figure 6 shows the dependence of CAL hydrogenation
activities on H» pressure and CAL concentration. The reaction orders of 5.2 nm Pd/y-Al,O3 and 7.3
nm Pd/0-Al,O; with respect to H> were 0.10 and 0.08, which were close to zero, respectively. Thus,
H> molecule was easily dissociated adsorbed on the Pd/Al,Oj3 catalyst during CAL hydrogenation. The
reaction order of CAL was clearly higher than that of H,, suggesting that the adsorption of CAL on the
Pd surface is the key step in CAL hydrogenation. The reaction order of 7.3 nm Pd/6-Al>O; with respect
to CAL (0.59) is smaller than that of 5.2 nm Pd/y-Al,O3 (0.75). Therefore, 7.3 nm Pd/6-Al,O3 with
high fraction of step site promoted the adsorption of CAL more than 5.2 nm Pd/y-Al>Os. The adsorption
orientation of CAL on the surface of Pd/Al,O3; was observed by IR spectroscopy (Figure 7). The IR
bands at 1660-1665 and 1626 cm™! were attributed to C=0 stretching vibrations [v(C=0)] and C=C
stretching vibrations [v(C=C)], respectively.?>*’*° The multiple IR bands around 1500—-1600 cm™' are
derived from the phenyl group of CAL.>”*® The IR spectrum of 7.3 nm Pd/Al,Os displayed the
blueshift of 5 cm™' for the v(C=0) band and the decay of the relative intensity for the v(C=C) band.
The decay of the v(C=C) band was interpreted as the strong adsorption of the C=C bond on 7.3 nm
Pd/0-Al>03 and formation of the di-c metal C—C bond. This result supported the results of the kinetic
analysis. The blue shift of the v(C=0) band indicates weaker adsorption of the C=0O bond on 7.3 nm
Pd/0-Al,O3 than 5.2 nm Pd/y-Al,Os. However, the blue shift of the v(C=0) band is slight when
compared with the previous report.*® Consequently, the TOFncorL was not almost changed between the
Pd catalysts. Based on above kinetic and CAL adsorption IR results, Pd/0-Al,O3 showed high C=C
selective hydrogenation activities of CAL because Pd step sites promoted the C=C bond adsorption of
CAL.
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2-3-4. Conclusions

The CAL hydrogenation activities of Pd/Al,Os catalysts with different Pd particle size and

alumina crystalline phases were systematically investigated. The TOFucaL of Pd/6-Al>O3 showed the

volcano-plot against the Pd particle size, with the maximum at 7.3 nm, while those of Pd/y-Al,O3; were

almost constant and low. The TOFncaL monotonically increased with increasing the fraction of Pd step

sites estimated from IR spectroscopy using CO as molecules probes, independent of the alumina

crystalline phase. Therefore, it is concluded that the Pd step sites are highly active for the C=C selective
hydrogenation of CAL.
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Chapter 3-1.

Selective Hydrogenation of Cinnamaldehyde over Stepped and Plane
Surface of Pd Nanoparticles with Controlled Morphologies by CO
Chemisorption

Cinnamaldehyde hydrogenation

= S
O/\/\o = o @/\/\O

Highly active
C=C selective

Pd particles reduced by CO  Pd particles reduced by H,

Abstract

Carbon monoxide (CO) molecules are attracting attention as capping agents that control the structure
of metal nanoparticles. In this study, we aimed to control the shape and surface structure of Pd particles
by reducing the supported Pd precursor with CO. The reduction of Pd nanoparticles with CO promoted
the exposure of step sites and generated spherical and concave-tetrahedral Pd particles on carbon and
Si0; supports. On the other hand, conventional H>-reduced Pd particles show a flattened shape. The
preferential exposure of the step sites by the adsorbed CO molecules was supported by the DFT-
calculated surface energy and the Wulff construction. Morphology- and surface-controlled Pd
nanoparticles were used to study the surface structure and morphology effects of Pd nanoparticles on
cinnamaldehyde (CAL) hydrogenation. With an increase in the fraction of step sites on Pd
nanoparticles, the hydrogenation activity and selectivity of hydrocinnamaldehyde (HCAL) increased.
On step sites, the adsorption of the C=C bond of CAL proceeded preferentially, and HCAL was

efficiently and selectively generated.

Contents
3-1-1. Introduction
3-1-2. Experimental methods
3-1-3. Results and Discussion
3-1-4. Conclusions
3-1-5. References
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3-1-1. Introduction

The morphology of metal nanoparticles (MNPs) considerably affects catalytic properties,

depending on their surface structure. For instance, Carbon monoxide (CO) oxidation,! water gas
shift,> and aldehyde hydrogenation* proceed efficiently on abundant corner sites on small Au clusters.
The active sites of Pt particles for CO oxidation have been the subject of debate.>”’ Pd and Ru
nanoparticles with a surface amorphous structure show high activity in CO oxidation® and hydrogen
oxidation reactions,’ respectively. Spherical Pd particles with a high fraction of step sites are active
species for methane combustion. '° The flattened shape of Ru particles improves CO hydrogenation. '!:!2
Therefore, the relationship between catalytic properties and the morphology or surface structure of
MNPs suggests a material design to improve catalytic activity and selectivity.
Conventionally, the morphology of MNPs has been controlled in the liquid phase using organic ligands
with long alkyl chains or polymers, such as a polyvinylpyrrolidone (PVP), as capping agents.'*> When
MNPs are used as supported metal catalysts, the morphology- and surface-controlled MNPs are
deposited on supports such as carbon or metal oxide. Then, the capping agent on the metal surface is
removed by washing or thermal treatment.'*!” However, the removal process of capping agents may
disrupt the morphology of MNPs. In addition, the interaction between residue capping agents and the
surface of MNPs may affect the catalytic performance, which makes it difficult to compare
nanoparticle structure and catalytic activity.'!

CO molecules have attracted attention as capping agents owing to their strong adsorption on
metal surfaces.?’* Recently, the efficient morphological control of MNPs using gas molecules has
been demonstrated for supported MNPs. In these methods, metal precursors, which were impregnated
on supports, were reduced using reducing agents containing CO molecules. Au nanoparticles on TiO>
formed a twin structure by CO reduction, which is highly active for CO oxidation.?®> Zhang et al.
synthesized cubic Pt particles, tetrahedral Pd particles, and morphology-controlled alloy MNPs.?
Cuboctahedral Pt particles supported on carbon and SiO> were formed by CO reduction at higher
temperature (500 °C), which selectively hydrogenated the C=0 bond of cinnamaldehyde (CAL).?” The
adsorption of CO molecules on Pt nanoparticles resulted in the reconstitution of the Pt surface and
promoted the exposure of high-index surfaces.?® Octahedral Pt particles with exposed Pt(111) were
formed by the adsorption of C,Hs molecules.”

Pd catalyst has high activity and selectivity toward the hydrogenation of the C=C bond of an
0, B-unsaturated aldehyde such as CAL." To increase selectivity in the hydrogenation of the C=C bond,
control the Pd particle size** and tuning of the Pd electronic state by alloying with the second metal?!-?
metal-support interactions has been conducted.** In contrast, the morphology of Pd particles is also
considered to be an important factor for CAL hydrogenation. Zhang et al. have argued that Pd cluster
nanowires, which were synthesized in the liquid phase using organic protective materials, were more
active than icosahedra and nanocubes owing to the abundance of high-index facets.** Vatti et al. have
reported that tetrahedral Pd nanoparticles with exposed Pd(111) showed higher activity for CAL
hydrogenation than octahedral and spherical nanoparticles with exposed Pd(100) and Pd(111).%
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However, these studies only qualitatively compared the morphology of Pd nanoparticles and their
catalytic activity. In addition, the selectivity for the hydrogenation of the C=C bond of CAL was not
discussed. Thus, the relationship between the morphology and surface structure of Pd nanoparticles
and their catalytic properties for CAL hydrogenation are not fully understood.

In this study, the structure of Pd nanoparticles supported on carbon and SiO> was controlled
by the adsorption of CO molecules, and the morphology- and surface-controlled Pd nanoparticles were
applied to CAL hydrogenation. The morphology and surface of Pd nanoparticles were varied by
different reduction treatments using CO, CO/Hz, or H>. DFT calculations were performed to examine
the Wulff construction of Pd nanoparticles, which suggested preferential exposure of step sites by the
CO treatment. The hydrogenation activity of CAL for the C=C bond depended on the shape and surface
structure of Pd nanoparticles. Structural analysis using electron microscopy and infrared (IR)
spectroscopy using the CO molecule as a probe revealed the relationship between the structure of Pd
nanoparticles and hydrogenation activity. In addition, the dependence of reaction kinetics on CAL
concentration and H» pressure and the orientation of CAL adsorption on Pd catalyst revealed the factors

that promote C=C bond activity and selectivity.

3-1-2. Experimental methods
Materials

Carbon (Vulcan XC72R) was supplied by Cabot Corporation. SiO> (JRC-SIO-5) was
provided by the Catalysis Society of Japan and was calcined at 300 °C for 3 h before use. There is no
difference between BET surface area of carbon (206 m?/g) and SiOa (160 m?/g) supports. Palladium(II)
acetylacetonate [Pd(acac),] was obtained from Tokyo Chemical Industry Co., Ltd. Tetrahydrofuran
was supplied by Kishida Chemical Co., Ltd. Cinnamaldehyde (>98.0%) was supplied by Tokyo
Chemical Industry Co., Ltd. Toluene (>99.5%) as a solvent and o-xylene (>99.0%) as an internal
standard were obtained from Kishida Chemical Co., Ltd.

Catalyst preparation

Pd (Pd loading: 1.5 wt%) was deposited on carbon and SiO; supports by the conventional
impregnation method. Tetrahydrofuran was employed as a solvent. SiO; and carbon supports were
impregnated with a Pd(acac), solution and sonicated for 15 min. Then, the suspension was stirred for
1 h. The solvent was removed with a rotary evaporator at 45 °C, and the catalysts were dried at 80 °C
for 12 h. After drying, three different types of reduction treatment were performed for 1 h at 200 °C.
Pd/C-4.0%CO and Pd/S10,-4.0%CO are defined as catalysts that were subjected to the treatment with
flowing 4% CO/Ar at 100 mL/min. Pd/C-1.3%CO/H> (Pd/Si0;-1.3%CO/Hz) and Pd/C-2.7%CO/H>
(Pd/S10,-2.7%CO/Hz) were treated by flowing 1.3% and 2.7% CO/Ha, respectively. The 1.3% (or
2.7%) CO/H2 gas mixture was composed of 50 (or 100) mL/min of 4% CO and 100 (or 50) mL/min
of 100% Ho. Catalysts treated by flowing 100% Hz at 100 mL/min were defined as Pd/Si0.-H> (Pd/C-
H>). The catalyst subjected to the CO gas treatment was treated with a flow of Hz at 100 mL/min for
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10 min at 200°C to remove CO adsorbed on the Pd surface and completely reduce the residual Pd
precursor. The catalyst subjected to the CO/H> gas treatment was treated with a flow of N> at 100
mL/min for 10 min at 200°C.

Characterization

The CO pulse measurement was conducted using a BEL-CAT-B instrument (MicrotracBEL
Corp., Japan). Approximately 20 mg of the sample was placed in a glass tube and pretreated in 100%
H; at 300 °C for 15 min. After cooling the sample to 50 °C in He, pulse chemisorption was performed
with 5% CO/He while monitoring the effluent with a thermal conductivity detector. Pd dispersion was
calculated from the total CO adsorption by assuming that CO was adsorbed on the surface of palladium
atoms with a 1:2 stoichiometry. The 1:2 stoichiometry is more appropriate as CO molecules tends to
adopt a bridged or three-fold orientation when adsorbing on larger Pd particles. In fact, according to
IR spectra of adsorbed CO (Figure 11), adsorbed CO molecules on Pd catalysts were almost in bridged
or three-fold orientation.

IR measurements were performed using a quartz in situ IR cell and a JASCO FT/IR-6100
instrument with a liquid-nitrogen-cooled HgCdTe (MCT) detector. All IR spectra were obtained by
averaging 128 scans at the resolution of 4 cm™!. The samples were pressed into approximately 50 mg
of self-supporting disk and mounted in the IR cell with a CaF, window. The IR spectra of Pd/SiO»
before CO or CAL injection were used as a background. CO (0.4% CO/Ar at the flow rate of 50
mL/min) and CAL (2 pL pulse of CAL under Ar at the flow rate of 100 mL/min) were introduced into
the quartz in situ IR cell preheated at 50 °C and 60 °C for 10 min, respectively. After physisorbed CO
or CAL on Pd/SiO; catalysts were removed by flowing 100% Ar for 10 min, the IR spectra of adsorbed
CO or CAL on Pd/Si10; were obtained.

The Pd particle structure was observed on a JEM-ARM200F Cs-corrected STEM (JEOL Ltd.,
Japan) instrument at the accelerating voltage of 200 kV. The particle size distribution and the
frequencies of Pd particle diameter ratios (R1/R2) were obtained from TEM images using a JEM-
2100F microscope (JEOL Ltd., Japan) at the accelerating voltage of 200 kV. The Pd particle size was
estimated as (R1 + R2) /2 for flattened and spherical shapes and as the length of the side in tetrahedra.
More than 110 Pd particles were counted in each sample to obtain the size distribution and R1/R2 ratio.
The STEM samples were pretreated by dropping methanol suspensions of pretreated Pd/SiO; and Pd/C
catalysts onto carbon grids.

XPS was performed with an ESCALAB250 X-ray photoelectron spectrometer (Thermo
Fisher Scientific) using Al Ka radiation. The Pd 3ds» binding energy of Pd supported on SiO> with
insulation property was calibrated by referencing the Cls peak to 284.6 eV.

H>-TPD were conducted using BELCAT-II (MicrotracBEL) with thermal conductivity
detector (TCD). The 40 mg of Pd/SiO; catalyst after H, or CO reduction was adsorbed under a flow
of Hz at 20°C. And then, temperature was ramped at 10 °C/min to 500 °C under Ar.
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Cinnamaldehyde hydrogenation

A glass test tube (18 mm inside diameter) containing the pretreated catalyst without exposing
to air, a toluene solution of CAL (0.8 M, 1 mL), and distilled water (0.5 mL) were placed in an
autoclave, together with a magnetic stirrer. The distilled water was added into the reaction mixture to
prevent aldol condensation of products. A typical activity test was performed under 0.25 MPa of H; at
35 °C for 5-120 min at 600 rpm using 5 mg of the Pd catalyst. As soon as the reaction time was over,
the reaction mixture was filtrated to remove the catalyst. And then, an organic phase of the reaction
mixture was analyzed by a gas chromatograph (SHIMADZU GC-14A) equipped with a frame
ionization detector (FID) detector using an Ultra ALLOY capillary column (30 m x 0.25 mm, film
thickness 0.25 um, Frontier Laboratories Ltd.). Injection and detector temperature were determined at
280 °C. Oven temperature was kept at 100 °C for 4 min and heated to 220 °C at a heating rate of
20 °C/min. Conversion and product selectivity were calculated based on the carbon balance with
calibration curves. TOF was defined as the reaction rate of cinnamaldehyde on the Pd atom surface:
(TOF) = (reacted CAL at ca. 30% conversion) / (reaction time) / (moles of surface Pd atoms). The
moles of surface Pd atoms were determined from CO pulse chemisorption. The kinetic regime was
determined from time courses in cinnamaldehyde hydrogenation in the some previous reports to
calculate the TOF.3%333¢ CAL conversion proportionaly increased with the passage of reaction time in
less than 40% of CAL conversion. The data indicates that the kinetics at CAL conversion <40% is not
affected by thermal or substrate diffusion limitations. In this study, the reaction rate for CAL
hydrogenation was largely suppressed in the region of >40% conversion. Since we have calculated the
TOFs from 30% of CAL conversion, our kinetic analysis does not contain the problems due to the

thermal and transport effects.

DFT calculations of adsorption energies and surface energies, and Wulff construction method

DFT calculations were carried out using the Vienna ab initio simulation package (VASP) code
with periodic boundary conditions.>’ Planewaves were constructed using the projector-augmented
wave (PAW)*® method. The energy cutoff was set to 450 eV and the electronic energy convergence
was achieved up to 107> eV. The RPBE® functional with the D3(0) dispersion correction of Grimme*
was adopted. The lattice constant of bulk Pd was calculated by fitting the Birch—Murnaghan equation
of state to DFT cohesive energy curves.*'*> We employed a 15 x 15 x 15 Monkhorst—Pack grid for the

Brillouin zone integration of the primitive cell.*

For the larger cells of slab models, the grid was
reduced accordingly to keep the same sampling of the reciprocal space, and I'-point sampling was used
for the calculation of the isolated atom and molecules. The resultant lattice constant of Pd is 3.92 A,
in good agreement with the experimental value of 3.89 A.** The calculated cohesive energy is
3.91 eV/atom, which compares well with the experimental result of 3.89 eV/atom. Spin-polarized
calculations were carried out only for hydrogen adsorption models and non-spin-polarized calculations
were performed for the other models. A convergence criterion of 0.02 eV A™! for the maximum final
force was used for structural relaxations of the adsorbed models. All slab models were composed of
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four layers and separated by a vacuum layer of 12 A, which ensures that the interaction along the
direction normal to the surface between the periodic images of the adsorbed system is negligible. Clean
and adsorbed systems were optimized with the bottom two layers held fixed at the bulk position. A
convergence criterion of 0.02 eV A™! for the maximum final force was used for structural relaxations.
In order to make appropriate coverage models for CO and H adsorbed systems, we used several sizes
of a surface unit cell. The adopted sizes are shown in Table 4. Adsorbed models in Figures 12 and 13
are illustrated using the open visualization tool (OVITO) package.®

We consider three low-index surfaces, (100), (110) and (111) to construct the morphology of
Pd nanoparticles. The predicted morphology of Pd NPs were obtained by the Wulff construction of the
Atomic Simulation Environment (ASE) using the surface energy of clean and adsorbed surfaces.*® The

surface energy y,. of clean surfaces was calculated by the following equation

Efix —nE u
Ye = %Sblk + AErelax (1)

where Ej, i 1s the total energy of bulk and Efy is that of a slab model in which all atoms are fixed to
the bulk position. S and n denote a surface area of the slab model and the number of atoms, respectively.
Since one side of the slab models were optimized in our models, the energy AE,q.x of the optimized
slab model relative to that of the unrelaxed geometry is necessary as a correction by the surface
relaxation. The calculated surface energy of Pd(111) using the (3 x 3) surface unit is 0.128 eV A2, in
good agreement with the experimental value of 0.125 eV A 2478 We neglected the contribution of the

zero-point energy to the surface energy and variations in temperature by vibrational modes because

they are small.*’ The change in surface energy by adsorbate 4 was calculated using the Helmholtz free
energy F:>°
Fa(T)_Fc ean(T)_N () g%
By, = B TE— )

Here o denotes a specific adsorbate configuration and S,; 1is the area of the surface unit cell used in
the DFT calculation. Ny+(o) is the number of adsorbates and 4+ is the chemical potential of the
adsorbate. The Helmholtz energy is separable into three contributions, the DFT energy EPFT, zero-

point energy E%P and temperature dependence term AF (T):>
F(T) = EPFT + EZP + AF(T) 3)

At the equilibrium condition, the chemical potential of p4- equals that of a gaseous species or Uy g),

which is given by
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Hacg) (T, P) = EE(‘S + Efé) + Aptacg) (T, P) 4)

Pressure and temperature dependent term Ap, (T, P) is expressed by:
Aoy (T, P) = G(T,P®) = GO K, P°) + kgTIn = (5)

Here PO is areference pressure (usually 1 bar) and G(T,P) is the molar Gibbs free energy which is
taken from the NIST-JANAF table.!
If we neglect the contribution of zero-point energy and the temperature dependence AF(T)

of clean and adsorbed surfaces as in the surface energy of the clean surface, we can rewrite Ay, as,

1
Ay ~ o |EZ™" + NaE}Y — Edcan—Nar Exlg) — Nav Eigy = NaBttace) (T, P)] (©6)
N g% N ,*
= L [Eags — Btaey (T, P)] + 2 [EFF — Ef ] (7)

where EZF is the zero-point energy of the adsorbate and E,q4s is defined as the electronic adsorption
energy per an adsorbate:

DFT DFT DFT
Eg _Eclean_NA*EA(g)

Eaas = N - (8)

Thus, a negative value of the adsorption energy means the stable adsorption. As E 1?(13 in the above

DFT

Hag) for CO and H adsorption systems, respectively. Finally, we

equation, we used Egggg) and %E

can simply express Ay, using the coverage of € and the area requiring for one adsorbate of o, as

the following,

0 0
85 = ~[Eaas = Btace) (T, P)] + - [EL” — EXGy ©)

04

For CO adsorption, the contribution of the zero-point energy terms is cancelled and the value is as
small as 0.02 eV in the case of CO/Pd(111).5 Thus, we used only the first term for the surface energy
of CO adsorbed systems. On the other hand, the zero-point energy term for the H adsorption is quite
significant because of the high harmonic frequency of 4401 cm™'.>* Therefore the half value of the
frequency, or 0.27 eV is used as a correction for the H adsorbed systems.
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3-1-3. Results and Discussion

Pd(acac), (Pd loading: 1.5w%), as a Pd precursor, was impregnated on carbon and SiO»
supports. Thereafter, carbon- and SiO»-supported Pd catalysts were prepared by a flowing a reduction
mixture at 200 °C for 1 h. Table 1 shows the composition of the reduction mixture used in this work.
Pd catalysts were reduced under 4.0% CO/Ar, 2.7% CO/33% Ha/Ar, 1.3% CO/66% H»/Ar, and 100%
H> and denoted as Pd/support-4.0%CO, Pd/support-2.7%CO/H>, Pd/support-1.3%CO/H,, and
Pd/support-H> (support = C or SiO»), respectively. Table 1 shows the Pd dispersion and particle size
of Pd catalysts estimated from the CO pulse chemisorption. Figure 1 shows the IR spectrum of Pd/SiO»
during the flowing of 4.0% CO/Ar at 200 °C. Compared to the IR spectrum measured at 50 °C, CO
molecules adsorbed on Pd were observed even at 200 °C under 4.0% CO flow. This suggests that CO
molecules act as capping agents during CO reduction. In addition, according to our previous report, an
organic ligand (that is an acetylacetone) was removed by reduction treatment under H, or CO at
200°C.?” By switching from 4.0% CO/Ar to inert gas, CO molecules completely desorbed from Pd
nanoparticles. Thus, CO molecules do not participate in the CAL hydrogenation after the CO

pretreatment.

Table 1. Pd/C and Si0; catalysts pretreated under the flow of CO, CO/H>, and H» gases

Catalysts Reduction conditions CO pulse chemisorption TEM
Pd dispersion  Pd particle size ~ Pd particle size

(%) (nm) (nm)
Pd/C-4.0%CO 4.0% CO/Ar 12.2 9.1 5.7+£0.4%
Pd/C-2.7%CO/H; 2.7% CO/33% Ha/Ar 18.4 6.1 7.4 +0.8%
Pd/C-1.3%CO/H; 1.3% CO/66% Ha/Ar 18.4 6.1 5.7+0.3*%
Pd/C-H, 100% H, 7.9 14.3 6.4+0.7%
Pd/Si0,-4.0%CO 4.0% CO/Ar 9.9 11.2 9.4+0.3%
Pd/Si0,-2.7%CO/H,  2.7% CO/33% Ha/Ar 18.8 6.1 9.8 +0.4%
Pd/Si0,-1.3%CO/H; 1.3% CO/66% Ha/Ar 13.7 8.1 11.6 £0.5%
Pd/SiO,-H» 100% H, 7.8 12.9 12.6 £ 0.9*

* From the central limit theorem in statistics, the unbiased standard deviation multiplied by 1.96 gave

a 95% confidence interval for the error of the measurement.

1.96 x \/n—ilzi(xi — %)
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Figure 1. In situ IR spectra of CO adsorbed on Pd/Si02-4%CO at 200 °C under Ar flow. The
background spectrum was taken prior to the 4% CO flow. After treatment under the 4% CO flow at
200 °C, the in situ IR spectra were collected from 0 to 10 min under Ar flow at 200 °C. Reference is
IR spectra of adsorbed CO on Pd/Si02-4%CO measured at 50 °C under Ar flow, shown in Figure 11.

The Pd chemical states of Pd/C and Pd/SiO, catalysts were analyzed by XPS
measurements (Figure 2). The XPS peak of Pd 3ds» in Pd/C and Pd/SiO> was centered at 335.1 eV
and 334.7 eV, respectively. These peak energies suggest the formation of Pd metal species (335.0
eV).3* Therefore, Pd precursors on supports are reduced to Pd metal under flowing H> or CO gas at
200 °C. The fraction of Pd species in Pd catalysts were estimated from the Gaussian fitting of XPS
spectra (Table 2). The comparison of carbon- and SiO,-supported Pd catalysts suggested that Pd
electronic states were slightly different owing to metal-support interactions. The XPS spectra of Pd/C
catalysts were exhibited not only the presence of Pd° species (ca. 70 %, at 335.0 eV), but also that of
the Pd®" species (ca. 20%, at 336.0 eV) due to charge transfer from Pd to carbon.?»3-¢ In case of
Pd/SiO catalysts, the XPS peaks of the Pd®™ species (ca. 60%, at 334.4 eV), which were more electron-
rich than the Pd’ species, were mainly observed. The presence of Pd® species has been reported for
metal nanoparticles supported on oxides owing to the charge transfer from the support to Pd.>¢’
However, there is almost no difference in the chemical state between Pd catalysts supported on the
same support. Thus, different reduction treatments did not affect the chemical state of Pd. Next, we

focused on the morphology and surface structure of Pd particles.
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Figure 2. XPS spectra of (a) Pd/C and (b) Pd/SiO» catalysts pretreated under different reduction

conditions, together with the deconvolved peaks. The deconvolved peaks were assigned to Pd®- at

334.4 eV (yellow), Pd°® at 335.0 eV (red), Pd®" at 335.95 eV (blue), and Pd>" at 336.7 eV (green).

Table 2. Gaussian fitting results of the XPS spectra for Pd catalysts.

Catalysts Fraction of Pd species
Pd* (at334.4eV)  Pd°(at335.0eV)  Pd® (at 336.0 eV) Pd** (at 336.7 eV)

Pd/C-4.0%CO 0.00 0.69 0.23 0.08
Pd/C-2.7%CO/H> 0.00 0.70 0.21 0.09
Pd/C-1.3%CO/H> 0.00 0.72 0.21 0.07
Pd/C-H, 0.00 0.65 0.23 0.12
Pd/Si02-4.0%CO 0.59 0.19 0.14 0.08
Pd/Si0,-2.7%CO/H, 0.61 0.22 0.13 0.04
Pd/Si0,-1.3%CO/H, 0.53 0.21 0.17 0.08
Pd/Si02-H» 0.61 0.14 0.16 0.09

The Pd particles supported on carbon or SiO> reduced by CO, CO/H», and H, were
observed by S/TEM (Figures 3 and 4). The STEM images of Pd/C-H> exhibit flattened Pd particles.
The contrast of the STEM, which becomes brighter the closer to the center of the particle, indicates
that the flattened Pd particle is not a monolayer, but a rounded Pd particle with a flatten top surface
(Figure 5). In Pd/C-2.7%CO/Hz, not only flattened Pd particles but also spherical Pd particles were
present. In Pd/C-4.0%CO, Pd particles mainly had spherical shapes. To quantitatively evaluate the
morphology of Pd particles, the ratio of short diameter (R1) to long diameter (R2) was estimated from
a two-dimensional image of each Pd particle (Figures 3a—c and 7a).!! When the R1/R2 ratio approaches
1, the shape becomes more spherical. When the R1/R2 ratio decreases, the particle shape becomes

flatter (Figure 6). Compared to Pd/C-Ha, the distribution of Pd/C-4.0%CO, Pd/C-2.7%CO/H>, and
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Pd/C-1.3%CO/H; in the R1/R2 ratio shifts closer to 1. Furthermore, the percentage of morphology
was calculated by assuming that Pd particles with the R1/R2 ratios of >0.8 and <0.8 were spherical
and flattened, respectively (Figure 6). The percentage of spherical Pd particles in Pd/C-4.0%CO, Pd/C-
2.7%CO/H,, Pd/C-1.3%CO/H,, and Pd/C-H, was 85, 76, 69, and 33%, respectively (Figure 8).
Therefore, the percentage of spherical Pd particles increased with an increase in the CO gas
concentration during the reduction treatment. The average particle diameters of Pd/C-4.0%CO, Pd/C-
2.7%CO/Hz, Pd/C-1.3%CO/H>, and Pd/C-H; were 5.7, 7.4, 5.7, and 6.4 nm, respectively. (Figures 3a—
c and 7 and Table 1). Therefore, it was determined that different reduction treatments did not affect the
Pd particle size. In Pd/SiO2-Hy, flattened Pd particles were mainly observed as in Pd/C-H,. However,
spherical Pd particles and tetrahedral Pd particles with concave structure were observed on Pd/SiO»
reduced by CO/Hz or CO (Figure 9). Tetrahedral Pd particles accounted for approximately 10-20%
(Figure 10). Because it is difficult to determine the shape of tetrahedral Pd particles using the R1/R2
ratio, tetrahedral Pd particles were excluded from the count of the R1/R2 ratio. The distribution of the
R1/R2 ratio of Pd/SiO, shows that spherical Pd particles are preferentially generated on SiO2 by the
CO reduction treatment. The ratios of spherical Pd particles in Pd/Si02-4.0%CO, Pd/S10,-2.7%CO/H,,
Pd/S10,-1.3%CO/H;, and Pd/Si0,-H> were 76, 60, 59, and 32%, respectively (Figure 10). Therefore,
adsorbed CO changed the shape of Pd particles on both carbon and Si0; supports. The Pd particle size
of Pd/SiO; catalysts did not depend on reduction conditions, which is similar to the Pd/C catalyst.
However, compared to Pd/C, the Pd particle size on SiO> was slightly larger (Table 1).
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Figure 3. STEM images, particle size distribution, and frequencies of Pd particle diameter ratios
R1/R2. (a) Pd/C-4.0%CO, (b) Pd/C-2.7%CO/H, (c) Pd/C-Hz (d) Pd/Si0:-4.0%CO, (e) Pd/SiO:-
2.7%CO/Hz, and (f) Pd/Si02-H>
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Figure 4. Typical TEM images used to estimate the particle size distributions and the frequencies of
particle diameter ratios R1/R2 in Figure 3 and Figure 7.
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Figure 5. STEM images and line scanning profiles of (a, b) spherical and (c, d, e) flattened Pd particles
supported on carbon.
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Figure 6. Schematic presentation of the Pd particle shape analysis based on the TEM images. Pd

particles with ratio (R1/R2) >0.8 and <0.8 were defined as spherical shape and flattened shape,
respectively.

72



(a) Pd/C-1.3%CO/H, (b) Pd/SiO,-1.3%CO/H,

30

@
=}

30 60
50 50
S ES ® =
20 . 40 - 20 | = 40
Y g z oy
@ g 30 S g 30
1] 9]
S s 3 2
g 10 2 20 g 10| g 0|
w w T w
10 10
0 0 0 0
0 5 10 15 20 0.0 0.5 1.0 0 5 10 15 20 0.0 0.5 1.0
Particle size / nm Ration (R1/R2) Particle size / nm Ratio (R1/R2)

Figure 7. Particle size distribution and the frequencies of Pd particle diameter ratios R1/R2. (a) Pd/C-
1.3%CO/H; and (b) Pd/Si0,-1.3%CO/Ho.
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Figure 8. The percentage of differently shaped Pd particles supported on carbon. (a) Pd/C-4.0%CO,
(b) Pd/C-2.7%CO/Ha, (c)Pd/C-1.3%CO/Hz, and (d) Pd/C-Ho.

Figure 9. STEM images of tetrahedral Pd particles on Pd/Si0:-2.7%CO/H>. The yellow allows
indicated concave structure of the tetrahedral Pd particles.

(a) Pd/Si0,-4.0%CO (b) Pd/SiO,-2.7%CO/H, (c) Pd/SiO,-1.3%CO/H, (d) Pd/SiO,-H,
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Figure 10. The percentage of differently shaped Pd particles supported on SiOz. (a) Pd/Si0,-4.0%CO,
(b) Pd/S10,-2.7%CO/Hz, (c)Pd/Si10,-1.3%CO/H;, and (d) Pd/SiO2-H..
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IR spectroscopy using CO molecule as a probe was performed to identify the surface
structure of Pd nanoparticles. Because carbon support absorbs in the entire infrared region, the IR
spectra of adsorbed CO on the Pd/C catalyst could not be obtained. Figure 11 shows the IR spectra of
adsorbed CO on Pd particles on SiO;. In each IR spectrum, three CO stretching vibration bands were
observed. The band at 2000-2100 cm ™! is attributed to linear adsorbed CO on the Pd corner site and
Pd(111).53% The band at 1940-2000 cm! is attributed to bridged CO adsorbed on step sites such as
Pd(110) and Pd(211).60:6263.65.66 The bands at 1800—1940 cm ™! are contributed to bridged and 3-fold
CO adsorbed on plane sites such as Pd(100) and Pd(111), respectively.’®® In the IR spectrum of
Pd/SiO,-H,, the band at 1800-1950 cm™' was mainly observed. The band intensities of Pd/SiO»-
1.3%CO/H; and -2.7%CO/Hz at 1940-2000 cm™! were higher than that of Pd/SiO,-H,. The band
intensity of Pd/Si0,-CO at 19402000 cm™' was the highest among Pd/SiO; catalysts. In all samples,
the band at 2000-2100 cm ™' derived from the corner site was not observed owing to the relatively large
Pd particle size (approximately 10 nm).

The fraction of Pd surface structure was determined on the basis of the IR band area of
the adsorbed CO species on Pd fitted using the Gaussian function (Figure 11 and Table 3). We used 4—
6 Gaussian functions to determine the band areas in the three regions, because the asymmetric and
broad bands at 1940-2000 and 1800—1940 cm™' need 2-3 Gaussian functions for each band to be well
fitted. For example, the asymmetrical shape suggests two or more adsorption sites/manners as the band
at 1800—1940 cm ™! is assignable to bridged or three-fold adsorbed CO on planes such as Pd(111) or
Pd(100). The fraction of step sites was estimated by the following equation: (Fraction of step sites) =
(band area at 1940-2000 cm™ ') / (total band area at 1750—2100 cm™'). The extinction coefficient of the
CO stretching vibration adsorbed on different Pd surface site is not an absolute value but a relative
value. The fraction of step site in Pd/SiO»-H», Pd/Si02-1.3%CO-H», Pd/Si0,-2.7%CO/Ha, Pd/Si0,-
4.0%CO was 0.15, 0.23, 0.19, and 0.36, respectively. The abovementioned results indicated that
spherical and tetrahedral Pd particles generated by the CO reduction treatment have high fraction of
step sites. The high fraction of step site on spherical Pd particles is consistent with our previous
results.'® Moreover, it was reported that concave-tetrahedral Pd particles were exposed to Pd(111) and
Pd(110).247
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Figure 11. FT-IR spectra of adsorbed CO on various Pd/Si0; catalysts at 50 °C. The Gaussian fitting
of IR spectra was carried out to determine the band areas of 2000-2100 (yellow), 1940-2000 (red),

and 1750-1940 (blue) cm ™.

Table 3. The fraction of the IR band area of various adsorbed CO species on Pd/SiO; catalysts.

Catalyst Fraction of Pd surface site

Pd corner site High index facet Low index facet

(at 2000-2100 cm™)  (at 1950-2000 cm™)  (at 1800-1950 cm™)
Pd/Si02-4%CO 0.02 0.36 0.62
Pd/Si0,-2.7%CO/H, ~ 0.02 0.19 0.79
Pd/Si0,-1.3%CO/H,  0.02 0.23 0.75
Pd/SiO,-H» 0.00 0.15 0.85

To analyze the change of Pd surface structure by adsorbed CO molecules, Pd surface
energy was estimated using DFT calculations (The method is shown in supporting information for
detail). Models of various Pd surfaces adsorbed with CO molecules and H atoms at various coverage
were shown in Figures 12 and 13, and Table 4. Pd(111) and Pd (100) were chosen as models of plane
surface. In contrast, Pd (110) was used as a model of stepped surface. Figure 14 shows the dependence
of CO and H adsorption energies on coverage (8). The CO adsorption energy increases as the coverage
increases, especially in Pd(111) because the repulsion between CO molecules in closed packed Pd(111)

is greater than that in other facets. The surface energy of adsorbed surfaces y, was calculated by the

following equation

Yo =Yet AVs (10)
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8y = 2= [Fags = Bitacey (T, P)) + = [EXF — B | ®

Here, the surface energy of clean surfaces is y.. ¢ denotes a specific adsorbate configuration. E~¥
and E fé’g) are the zero-point energy of the adsorbate and the gaseous species, respectively. E,4s and
o, are defined as the electronic adsorption energy relative to the isolated system and surface area per
an adsorbate, respectively. The gaseous CO and H» chemical potential (Ap., and AuHZ) relative to
the sum of DFT and zero-point energy are defined as a function of temperature and pressure. The
Ap, and AuHZ dependence of the surface energy on each Pd surface are shown in Figure 15 and 16,
respectively. The Ap., and AuHZ at the pretreatment conditions of our experiment are indicated by
dotted lines. Under 600 K and 4% CO, the surface energies of Pd(111), Pd(100), and Pd(110) were
lowest at the 0 = 3/4, 2/3, and 1 ML, respectively (Figure 15). On the other hand, under the pretreatment
of 100% H; at 600 K, the surface energy was lowest at 6 = 1 ML on all Pd surfaces (Figure 16). This
result indicated that the Pd surface were completely covered by H atoms. Using the Wulft construction
method, morphology of the nanoparticles was predicted from the surface energy. The surface energy
used in the Wulff construction is shown in Table 5. It can be seen that the surface energy of Pd(110)
under 4% CO is relatively low due to the adsorption of CO molecules. Figure 17 shows the Wulff
construction of Pd particles about 10 nm in size. The Pd particle exposed with high fraction of Pd(110)
was generated under the 4% CO. The above results were in agreement with the IR spectroscopic studies
of adsorbed CO on Pd catalysts.

Table 4. Surface unit size for CO and H adsorbed systems.

Adsorption system Coverage (0) (ML) Surface unit size

19, 1 (3 x3)
CO/Pd(111) 1/2 (V3 x 2)rect®

3/4 (2 % 2)
COPA(100) 1/2, 1 (2V2 x v/2)R45°

2/3 (3V2 x V2)R45°
CO/Pd(110) 112, 2/3, 1 (2 % 2)
H/Pd(111) 1/2,1 (V3 x 2)rect
H/Pd(100) 1/2,1 (2v2 x V2)R45°
H/Pd(110) 1/2,1 (2 x2)

 In order to make the c(4 X 2) structures of 6 = 1/2, the surface unit of (\/§ X Z)rect is needed.”!
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(a) Pd(111), fec, 1/9 ML

(b) Pd(111), fec+hep, 1/2 ML

(c) Pd(111), fcc+hcp+ontop, 3/4 ML (d) Pd(111), fec, 1 ML

(e) Pd(100), bridge, 1/2 ML

(f) Pd(100), bridge, 2/3 ML

(g) Pd(100), bridge, 1 ML

(h) Pd(110), bridge, 1/2 ML

(g) Pd(110), bridge, 2/3 ML (h) Pd(110), bridge, 1 ML

,,,,,,,,,,

Figure 12. The model of CO-adsorbed Pd surface
with various coverage. (a) Pd(111), fcc, 1/9 ML, (b)
Pd(111), fecthep, 1/2 ML, (c) Pd(111),
fccthep+ontop, 3/4 ML, (d) Pd(111), fee, 1 ML, (e)
Pd(100), bridge, 1/2 ML, (f) Pd(100), bridge, 2/3 ML,
(g) Pd(100), bridge, 1 ML, (h) Pd(110), bridge, 1/2
ML, (h) Pd(110), bridge, 2/3 ML, and (h) Pd(110),
bridge, 1 ML. (Gray sphere: Pd atom, turquoise

sphere: C atom, red sphere: O atom)
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(a) Pd(111), fec, 1/2 ML

(b) Pd(111), fcc, 1 ML

(c) Pd(100), 4-fold, 1/2 ML (d) Pd(100), 4-fold, 1 ML

(e) Pd(110), bridge, 1/2 ML

(f) Pd(110), bridge, 1 ML

Figure 13. The model of H-adsorbed Pd surface with
various coverage. (a) Pd(111), fcc, 1/2 ML, (b)
Pd(111), fcc, 1 ML, (c¢) Pd(100), 4-fold, 1/2 ML, (d)
Pd(100), 4-fold, 1 ML, (e) Pd(110), bridge, 1/2 ML,
and (f) Pd(110), bridge, 1 ML. (Gray sphere: Pd

atom, blue sphere: H atom)
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Table 5. Pd surface energies used in the Wulff Construction method.

Preparation condition®  Surface energy of (eV A )
Pd(111) Pd(100) Pd(110)

clean 0.128 0.137 0.144
4% CO 0.105 0.102 0.108
100% Ha 0.094 0.111 0.137

# Pressure is atmospheric pressure and temperature is 600 K.

(a) clean

Perspective view rrnaT S — Top view

Pd(110)
Pd(111) | Pd(111)

Pd(110): Pd(100) Pd(110)

Pd(111) L Pd(111)
Pd(110)

(b) 4% CO

Perspective view Top view

Pd(110)
Pd(111) Pd(111)

Pd(110) Pd(100) Pd(110)

Pd(111) Pd(111)
Pd(110)

(c) 100% Hz

Top view
Perspective view P

P
o,
SR eusenaye,
)
PO

e e

Pd(111)

Pd(100)

Pd(111) Pd(111)

Figure 17. Wulff constructions of Pd particles approximately 10 nm in size based on DFT calculated
surface energies under (a) clean, (b) 4% CO (P¢o/P = 0.04), and (b) 100% H> (Py,/P = 1) at 600 K.

In supported MNP catalysts, the nanoparticle structure is affected not only by the
adsorption of gas molecules but also by the metal-support interactions Thermodynamically stable
morphology of metal nanoparticles on the support is determined by the relative value of surface tension
of MNPs and the contact surface tension between MNPs and the support.”>’®> The contact surface
tension is defined as the difference between the surface tension at the MNPs—support interface and the

surface tension of the support. Two-dimensional MNPs were generated on the support with a lower
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contact surface tension at the interface between MNPs and the support, i.e., on the support with a
stronger MSL."*"> On the support with weaker interactions with metal species, MNPs formed three-
dimensional structures with less contact with the support. However, the adsorption of gas molecules
on MNPs decreases the surface energy of MNPs and increases the contact surface tension between
MNPs and the support.”® Thus, adsorbed gas molecules can change the morphology of MNPs from
two-dimensional to three-dimensional structure.’®”” According to DFT calculation, CO more strongly
adsorbs on the Pd surface compared to H» (Figure 14). Therefore, during CO reduction, the stronger
adsorption of CO molecules on Pd particles promoted the formation of spherical Pd particles. Because
this effect depends on the coverage of adsorbed molecules, the higher the CO concentration, the higher
the percentage of spherical Pd particles.”® In addition, when Pd precursors were reduced using CO or
CO/Ha, tetrahedral Pd particles were partially generated on SiO». In the literature, tetrahedral Pd
particles were synthesized under the CO atmosphere in the liquid phase without interaction with the
support.?!"’% Thus, the weak interaction between Pd and SiO; is considered the reason for the formation
of tetrahedral Pd particles on Pd/SiO,-CO. The larger particle size of Pd/S10; than that of Pd/C can be
also explained by the weaker interaction of Pd with SiO; than with carbon (Table 1).

The catalytic performance in CAL hydrogenation over Pd/C and Pd/SiO: reduced under
CO, CO/Ha, or H, was evaluated (Figures 18 and 19). The turnover frequency (TOF) is defined as the
reaction rate of CAL on the surface Pd atom: (TOF) = (reacted CAL at ca. 30% conversion) / (reaction
time) / (moles of surface Pd atoms). Hydrocinnamaldehyde (HCAL) and hydrocinnamyl alcohol
(HCOL) were detected as reaction products in CAL hydrogenation over Pd catalysts. To investigate
the reaction pathway of HCOL, which was produced by the hydrogenation of both C=0 and C=C
bonds of CAL, the reaction rate in the hydrogenation of HCAL and COL was examined using Pd/C
catalysts (Figure 20). The reaction rate in the C=C bond hydrogenation of COL was 350 times higher
than the C=0O bond hydrogenation of HCAL. In other words, it was determined that HCOL was
produced via COL as an intermediate product (Figure 18). However, COL was not detected as a product
because the hydrogenation of the C=C bond of COL was too fast. Compared with Pd/C-H>, the TOF
and the HCAL selectivity of the Pd/C catalyst reduced by flowing CO/H, mixture were increased.
Furthermore, the TOF and the HCAL selectivity of Pd/C-4.0%CO was improved to 7.71 s ' and 96.1%,
respectively. The TOF of Pd/C-4.0%CO was more than 6 times higher than that of Pd/C-H>. The CAL
conversion and the selectivity for HCAL of Pd/C-4.0%CO were 100% and >90% for the reaction time
of 60 min, respectively (Figure 21). For Pd/SiO, similar to Pd/C, the selectivity of TOF and HCAL
increased in the order of Pd/SiO»-Ha, Pd/S10,-2.7%CO/H2, Pd/Si0,-1.3%CO/H,, and Pd/Si0,-4%CO.
However, the TOF of Pd/Si0,-CO was approximately 1/20 lower than that of Pd/C-CO, and the CAL
selectivity of Pd/Si0,-CO was approximately 10% lower than that of Pd/C-CO. This difference reflects
the adsorption property of CAL on supports. (A detained explanation is presented in the mechanistic
studies). The particle size effect in the size region of 5—15 nm is not a major controlling factor in CAL
hydrogenation (Figure 22). The leaching test showed that Pd catalyst functioned as a heterogeneous
catalyst (Figure 23). The recycling test was performed to determine the durability of the catalyst
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(Figure 24). Even when the reaction was repeated three times, the high activity and HCAL selectivity
of Pd/C-4.0%CO were maintained. In addition, no change in the structure of the Pd nanoparticles was
observed after the CAL hydrogenation (Figure 25). Compared to various Pd catalysts, the Pd/C
catalysts reduced by CO molecules in this study showed the highest activity and comparable high
selectivity (Table 6).30-3273
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Figure 18. Reaction scheme for the hydrogenation of cinnamaldehyde.
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Figure 19. Hydrogenation of CAL over (a) Pd/C and (b) Pd/SiO».
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Figure 20. The TOF for hydrogenation of CAL,  Figure 21. Time courses in hydrogenation of
HCAL and COL over Pd/C-4%CO. CAL over Pd/C-4%CO.
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Figure 22. The size dependence of TOF and selectivity for CAL hydrogenation. Pd particles size were
estimated from CO pulse chemisorption. Pd/C catalysts with different Pd particle size were prepared
by variation of Pd loading weight. Pd loading of Pd/C-4%CO (13 nm) and Pd/C-H> (14 nm) were 30
wt%. Pd loading of Pd/C-4%CO (26 nm) and Pd/C-H> (30 nm) were 50 wt%.
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Figure 23. Leaching test in hydrogenation of CAL over Pd/C-4% CO. (a) Pd/C-4%CO and (b)
Pd/S102-4%CO. Pd/C-4%CO and Pd/Si02-4%CO catalysts were removed at 5 and 80 min after the

start of the reaction, respectively.
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Figure 24. Recycling test in hydrogenation of CAL over Pd/C-4%CO catalyst. After hydrogenation
reaction, the Pd catalyst was filtered using a membrane filter and washed with a methanol, and then

dried in a vacuum overnight to use a second and third hydrogenation reaction tests.
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Figure 25. TEM images of Pd/C-4.0% CO catalyst after three hydrogenation tests of CAL, with
particle size distribution and the frequencies of ratios R1/R2.
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Table 6. Comparison of hydrogenation activity and selectivity of CAL in various Pd catalysts.

Catalyst Pdloading Conversion TOF  Selectivity / % Reaction conditions
/Wit /% /s HCAL HCOL COL Time Temperature H> pressure CAL weight Catalyst weight
/min /°C / MPa / mg / mg
Pd/C-4.0%CQ™is work 1.5 35.0 771 96.1 3.9 0 5 35 0.25 106 5
Pd/Si02-4.0%CO™is work 1.5 35.1 034  86.5 13.5 0 80 35 0.25 106 5
1.3 nm Pd/y-ALOs* 0.1 100 - 95.7 4.3 0 120 80 2.0 10000 500
2.5 nm Pd/y-ALOs* 0.5 62.9 - 92.1 7.9 0 120 80 2.0 10000 100
5.7 nm Pd/y-A1,03*° 0.5 41.9 - 77.5 22.5 0 120 80 2.0 10000 100
0.2%Pd-1.2%Ni/SBA-152 0.2 96.3 - 87.8 11.7 0.2 120 80 1.2 250 12.5
Pd icosahedra/CNT3* 0.74 - 033 546 7.9 374 20 50 5.0 50 10
Pd cluster nanowires/CNT**  0.51 - 3.3 4.8 93.7 0.5 20 50 5.0 50 10
Pd nanocubes/CNT** 0.96 - 0.04 438 64.0 36.0 20 50 5.0 50 10
PAd/HT tetrahedral®® 1 25.7 0.073 94.2 0 5.7 60 100 1.0 2400 40
Pd/HT Octahedral® 1 13.9 0.037 98.0 1.9 0 60 100 1.0 2400 40
PAd/HT Spherical® 1 62.3 0.023 84.9 3.6 11.4 60 100 1.0 2400 40
Pd/PS* 3.3 10 - 75.6 24.4 0 ca.30 80 atmospheric pressure 5000 100
Pd/HHT3? 4.7 10 - 83.2 16.8 0 ca.30 80 atmospheric pressure 5000 100
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To elucidate the relationship between the Pd surface structure and CAL hydrogenation,
TOF and selectivity were plotted against the fraction of step site (Figure 26). With an increase in the
fraction of step sites, the TOF of Pd/SiO> catalysts proportionally increased. Therefore, it is suggested
that step site is a highly active Pd surface for CAL hydrogenation. By focusing on selectivity, the Pd
catalyst with a higher fraction of step sites had higher HCAL selectivity. However, the selectivity of
HCOL increased with an increase in the fraction of plane sites. Thus, it is clear that the C=C and C=0

bonds of CAL were preferentially hydrogenated on step and plane sites on the Pd particle, respectively.

(@) o4 (b) 100
o HCAL .4
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Figure 26. Plots of TOF (a) and the selectivity of HCAL and HCOL (b) against the fraction of step
sites on Pd/SiO> catalysts.

The dependence of H» pressure and CAL concentration on CAL hydrogenation on Pd/C
and Pd/Si0; catalysts reduced by CO and H> was investigated (Figures 27 and 28). In all Pd catalysts,
the higher is the H» pressure, the higher is the TOF and the lower is the selectivity of HCAL. In addition,
the higher is the CAL concentration, the higher is the TOF and the lower is the selectivity of HCAL.
The reaction order with respect to H, and CAL in CAL hydrogenation was determined from the
logarithmic plot (Table 7). By focusing on the reaction order with respect to CAL, the Pd catalysts
subjected to the CO reduction showed a smaller reaction order than the Pd catalysts subjected to the
H; reduction. This result means that CAL is more likely to be adsorbed on step sites than on plane sites.
However, the reaction order with respect to Hz of the Pd catalyst subjected to the CO reduction was
almost the same as that of the Pd catalyst subjected to the H» reduction. In other words, the activities
of H dissociation on plane and step sites were similar. This suggestion does not contradict the Pd
particle size effect reported in the literature, where H> dissociation in the hydrogenation of unsaturated
hydrocarbons and H»/D> exchange is not structure-sensitive when particle size is larger than 3 nm.”*%
Moreover, the strength of bond between Pd surface and H atom was evaluated from H>-TPD profiles
(Figure 29).81:82 The H, desorption behavior of Pd/Si0,-4%CO with high fraction of the step site was
similar to that of Pd/SiO;-Hz with high fraction of the plane site. Therefore, it was indicated that there
is no difference in the reactivity of H atom on the step site and on the plane site. By comparing carbon
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and SiO» supports, the reaction order with respect to H> of the Pd/SiO; catalyst is lower than that of
the Pd/C catalyst. For the Pd/SiO; catalyst, H» molecules were sufficiently dissociated and adsorbed
on the Pd surface, and the reaction rate was more strongly controlled by the adsorption of CAL.®* In a
liquid phase reaction using a heterogeneous catalyst, the surface properties of support materials (e.g.,
hydrophobicity) affect the catalytic activity.3*®7 It is difficult to compare the hydrophobicity of the
supports because it changes depending on the defects and pores on the support surface. However,
previous reports have shown that carbon is a more hydrophobic material than SiO, with surface
hydroxyl groups.®®®’ Therefore, the Pd/C catalyst showed high TOF because CAL could easily access
Pd particles on carbon owing to the substrate concentration effect. In addition, the high selectivity of
Pd/C may be due to the electronic state of Pd nanoparticles. Rao et al. have reported that HCAL
selectivity increased with electron-deficient Pd®" species in the metal active phase.*® In fact, the
binding energy of Pd 3ds» XPS peak in Pd/C used in this study was shifted and slightly higher than
that of Pd/Si0Os.
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Figure 27. The dependence of TOF and selectivity of HCAL and HCOL on H; pressure for CAL
hydrogeneration over Pd catalysts. (a) Pd/C-4.0%CO, (b) Pd/C-Hz, (¢) Pd/Si0,-4.0%CO, and (d)
Pd/Si0;-Ha.
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Figure 28. The dependence of TOF and selectivity of HCAL and HCOL on CAL concentration for
CAL hydrogeneration over Pd catalysts. (a) Pd/C-4.0%CO, (b) Pd/C-Ha, (c) Pd/S102-4.0%CO, and (d)
Pd/S10,-H,.

Table 7. Reaction order with respect to H> and CAL concentration for the hydrogenation of CAL on

Pd catalysts.
Catalysts Reaction order with respect to
H> CAL
Pd/C-4.0%CO 0.59 0.32
Pd/C-H» 0.67 0.95
Pd/S102-4.0%CO  0.27 0.42
Pd/Si10.-H; 0.20 0.90
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Figure 29. H>-TPD profiles of Pd/S10,:-4%CO and Pd/Si02-H». The negative peak at about 370 °C
indicated H> desorption from the Pd surface and Pd—SiO; interface or the support such as spillover

species.?>%

To determine the adsorption orientation of CAL on Pd, the IR measurements of CAL
adsorbed on Pd/SiO» were performed (Figure 30). The IR bands at 1652, 1625, and 1451 cm™! are
assigned to the C=0 stretching vibration [v(C=0)], C=C stretching vibration [v(C=C)], and C=C
stretching vibration of the phenyl group for CAL adsorbed on the catalyst surface.’’”?> The v(C=C)
band intensity of Pd/S10,-2.7% CO/H: was slightly lower than that of Pd/Si0.-H». The attenuation of
the v(C=C) band intensity of Pd/SiO,-CO was greater than that of other catalysts. However, the
attenuation and shift in the v(C=0) band did not differ between various Pd/SiO» catalysts. The
attenuation of the v(C=C) band intensity indicated the adsorption of the C=C bond on the Pd catalyst
and the formation of the di-c metal C—C bond. Therefore, the CAL adsorption IR bands indicate the
stronger adsorption of the C=C bond on step sites than on plane sites. The activated C=C bond of CAL
selectively generates HCAL by subsequent hydrogenation. According to previous reports, the
adsorption of the C=0 bond on Pd(111) is more favorable for the adsorption of the C=C bond owing
to steric repulsion between the phenyl group of CAL and Pd(111).3%3¢ However, Pd cluster was
preferentially adsorbed by the C=C bond owing to the weaker repulsion with the phenyl group.
Therefore, it is proposed that the step sites, which is a more open facet with a weaker repulsion of the
phenyl group, was also adsorbed by the C=C bond.

The mechanistic studies showed that the C=C bond of CAL was easily adsorbed on
spherical and concave-tetrahedral Pd particles with the high fraction of step sites. In addition, the
hydrophobic carbon support promoted the adsorption of CALs more than the hydrophilic SiO; support;
thus, the hydrophobic carbon support was indirectly involved in the catalytic performance. In other
words, we concluded that Pd/C-CO showed high hydrogenation activity and HCAL selectivity because
of the Pd particle structure and hydrophobicity of the support.
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Figure 30. FT-IR spectra of adsorbed CAL on Pd/Si0,-4.0%CO, Pd/S10,-2.7%CO/Hz, and Pd/Si0,-
H; after the 2 pL pulse of CAL under Ar at 60 °C and the subsequent flushing with Ar for 10 min.

3-1-4. Conclusions

In this study, the effects of CO and H: reduction on the structure and the selective CAL
hydrogenation performance of supported Pd particles were investigated. The CO reduction treatment
of the Pd precursor generated spherical Pd particles on the carbon support. However, the H> reduction
treatment generated flattened Pd particles. On the SiO» support, spherical and concave-tetrahedral Pd
particles were observed after CO reduction. IR spectroscopy using CO as a probe showed that spherical
and concave-tetrahedral Pd particles had more exposed step sites than flattened Pd particles. Spherical
and concave-tetrahedral Pd particles with step sites showed higher hydrogenation activity and HCAL
selectivity than flattened Pd particles with plane sites. The morphology change by CO adsorption was
well consistent with the DFT-based Wulff constructions. According to kinetic analysis and experiments
on CAL adsorption orientation, the step site is highly active and selective in CAL hydrogenation to
HCAL owing to the favorable adsorption of the C=C bond of CAL.
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Chapter 4-1.
Exploiting Metal-Support Interactions to Tune the Redox Properties of

Supported Pd Catalysts for Methane Combustion
Pd%core PdO-shell Pd°

Al,O,, CeQ,, Zr0,

Abstract

The redox properties of supported Pd catalysts can directly affect their methane combustion activity.
Here, the effect of the support on methane combustion was elucidated using Pd nanoparticles supported
on various metal oxides (0-Al2O3, y-Al203, ZrO,, CeO,, MgO, La,03, TiO2, SnO,, and Nb,Os). To
eliminate the effect of Pd particle size and morphology, uniform Pd particles were synthesized in the
liquid phase. Interestingly, the methane combustion activity formed a volcano plot when plotted
against the oxide formation enthalpy (44 9.0) of the support. Combining X-ray photoelectron
spectroscopy and scanning transmission electron microscopy—electron energy loss spectroscopy, the
structure of the Pd nanoparticles on the support in an oxidizing atmosphere was identified. Pd particles
on 0-ALOs;, y-ALOs3, ZrO;, and CeO; with moderate A4 9.0 adopted a metal-core—oxide-shell
structure and showed the highest activities for methane combustion. In contrast, completely oxidized
Pd particles were present on MgO and La>O3, which have lower A4 90, and were not very active. Pd
metal particles on TiO2, SnO2, and Nb>Os with higher A#{ 9.0 were not effective catalysts for methane

combustion.
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4-1-1. Introduction

Natural gas, mainly comprising methane, is used as a clean fuel for automobiles and thermal
power generation. Unburned methane must be converted from CH4 to CO; via a catalytic reaction
because the greenhouse effect of CHs4 is approximately 25 times that of CO». Supported Pd catalysts
are one of the most active types of catalysts for the methane combustion reaction (CH4 + 202 — CO»
+ 2H,0). Pd catalysts have been studied using various supports such as Al,O3,' modified ALOs,*®
zeolite,” ! Ce0y,'? 1% Zr0,,'%!7 Sn0,,%!%1 and Ti0,.?° Recently, the design of the interface between
Pd and the supports has been focused on to promote methane combustion. For example, the number
of interfacial sites between Pd and CeO: has been increased to promote methane combustion.'?™!
Specific interactions between Pd and Al,O; have also been investigated to change the morphology of
the Pd nanoparticles for enhancement of their catalytic activity and durability during methane
combustion.! However, the methane combustion activity of Pd catalysts at temperatures below
300 °C is still not high enough, and the development of a highly active Pd catalyst is required.

The effect of the Pd catalyst support on methane combustion has been widely investigated.
According to a report by Yoshida et al., Pd on moderately acidic oxides such as ZrO> and Al,Os is
more active than Pd on strongly acidic and basic oxides.?! Eguchi et al. found that Pd/SnQ> is the most
active out of 10 supports studied.!” Miller et al. reported that Pd/AL,Os is more active than Pd/CeO»
and Pd/ZrO,—Ce0,.?2 However, there is no unified view of support effects in these studies because the

23.24 and morphology' of Pd particles. Supported

methane combustion reaction is sensitive to the size
Pd catalysts are often prepared via an impregnation method, but the size and shape of the Pd
nanoparticles depend on the strength of interaction with the support. Thus, it is difficult to distinguish
between the effect of the Pd particle structure and the role of the support (e.g., the stability of the
Pd/PdO phase?! and the involvement of oxygen species in the support?>~®) using catalysts prepared by
conventional methods such as impregnation.

Using size-controlled nanoparticles, it may be possible to distinguish between nanoparticle
structure and support effects in catalytic reactions. Cargnello et al. clarified the role of the metal-CeO»
interface in CO oxidation using monodispersed colloidal metal nanoparticles of Ni, Pd, and Pt.*’
Shekhar and co-workers used size-controlled Au nanoparticles to demonstrate the direct involvement
of the TiO> support in H,O activation for the water—gas shift reaction.”®? For methane combustion,
Willis et al. reported support effects using size-controlled Pd nanoparticles.® According to this report,
Pd catalysts supported on basic (MgO) oxides have much lower activity compared with catalysts
supported on acidic (Al203), inert (SiO2), and reducible (CeO,—ZeO>) metal oxides. The support effect
of Pd catalysts on methane combustion may be related to the dependence of molecular adsorption on
the acid—base properties of the support (e.g., CO2 poisoning), or it may be related to the electronic state
of the PdO species, which is partly determined by the metal-support interaction. However, there is no
experimental evidence for the above two factors to demonstrate why Pd/MgO exhibits low activity. In
addition, the parameters of the support that determine the activity of Pd catalysts have not been clearly
shown.
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In this study, we systematically investigated the methane combustion activity of size-
controlled Pd nanoparticle catalysts supported on various supports (0-Al,03, y-AlbO3, ZrO,, CeO,,
MgO, Lay0s, TiO2, SnO,, and Nb,Os). Pd catalysts were prepared by a colloidal method to eliminate
the influence of the size and shape of Pd nanoparticles on the activity. Therefore, differences in the
catalytic activity between the various catalysts studied here should not be controlled by intrinsic factors
of Pd itself (e.g., size and morphology) but by an extrinsic factor originating from the support.
Considering that methane combustion over Pd catalysts proceeds via the Mars-van-Kreveren
mechanism, in which oxidation of Pd by O, and reduction of PdO by CH4 cyclically occur, the strength
of the metal-oxygen bond of the support may be a good predictor of the support effect. Thus, the
relationship between the catalytic activity and the strength of the metal-oxygen bond of the support
was investigated to demonstrate the involvement of the metal-support interaction in methane
combustion. Furthermore, the structure of the highly active Pd species generated by the metal—support
interaction was clarified using X-ray photoelectron spectroscopy (XPS) and scanning transmission
electron microscopy—electron energy loss spectroscopy (STEM-EELS), which provided average and
local information about the oxidation state of the highly active Pd species, respectively. The transition
redox properties of Pd were evaluated by means of a temperature-programmed reaction under a flow
of the reaction gas.

4-1-2. Experimental methods
Materials

v-Al>O3 was obtained by thermal decomposition of boehmite (Sasol, PURAL alumina) at 500
°C for 1h. 8-Al,03 (AKP-G07) was supplied from Sumitomo Chemical Co. Ltd. ZrO, (JRC-ZRO-6),
CeO> (JRC-CEO-3), TiO2 (JRC-TIO-4), MgO (JRC-MGO-4) and Nb>Os (NBO-1) are the reference
catalysts of the Catalysis Society of Japan. SnO; was purchased from Kishida Chemical. 0-Al>03, ZrO,,
CeO», TiO2, MgO and SnO» were calcined at 500 °C for 1 h. Nb>Os also was calcined at 600 °C for 1
h. La,O3 was prepared via a reverse precipitation method. La(NO3)-6H>O was dissolved in 50 mL
distilled water. the precursor solution into NH3z aqueous solution (pH=10.5) and keeping pH of the
solution 10.5 by dropping another NH3 aqueous solution. The slurry was stirred for 1 h and let stand
for 30 min. And then the precipitate was filtered and washed with distilled water several times. The
sample was dried overnight at 80 °C and calcined at 600 °C for 3 h. BET surface area of oxide supports
were showed in Table 2.

Palladium acetylacetonate (Pd(acac)) was purchased from Tanaka Kikinzoku Kogyo.
Trioctylphosphine (TOP, 97%), oleylamine (OLAM, 70%) and 1-octadecene (1-OCD, 95%) were
purchased from Sigma-Ardrich. Trioctylamine (TOA, 98%) were obtained from Tokyo Chemical

Industry Co. Ltd. Oleic acid, Hexane, acetone and 2-propanol were purchased from Kishida Chemical.

Catalyst Preparation
Pd nanoparticles were synthesized by modified colloidal methods previously reported by
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Cargnello et al.'? 76 mg of Pd(acac)>, 10 mL of solvent and OLAM or OLAC were mixed in a 100
mL three-neck flask. The mixture in a three-neck flask evacuated at room temperature for 15 min and
then TOP was added under evacuation. The selected solvent and amounts of OLAM, OLAC and TOP
were showed in Table S1. The mixture was heated to 50 °C using an oil bath and kept at 50 °C for 30
min with magnetic stirring. After confirming that the mixture is clear yellow solution, the three-neck
flask was removed from the oil bath and then flushed with nitrogen over 2 min. The three-neck flask
was put on a mantle heater heated to the predetermined temperature showed in Table S1, was kept for
15 min at the predetermined temperature with refluxing and then was cooled to room temperature.
After heating, the color of solution changed from clear yellow solution to deep black. The solution was
added with a 30 mL of wash solution showed in Table S1, separated by centrifugation at 6000 rpm for
30 min and then the supernatant was discarded. Subsequent steps were different in No. 1-5 of synthesis
condition. In No. 1-4, Pd nanoparticles (26.6 mg) were re-dispersed in a 10 mL of hexane solution
after centrifugation. In No. 5, after centrifugation, Pd nanoparticles were dispersed in OLAM (0.5 mL)
and hexane (10 mL) through ultrasonic vibration. The solution was added with a 30 mL of 2-propanol
and separated by centrifugation at 6000 rpm for 10 min again. Finally, Pd nanoparticles (26.6 mg) were
re-dispersed in a 10 mL of hexane solution after second centrifugation.

0.529 g of support was added into 30 mL of hexanes and stirred using magnetic stirrer.
Subsequently, 1.0 mL of a 2.66 mg mL™! Pd nanoparticles dispersed in hexanes was added to the
suspension. The amount of the solution containing Pd particles was determined so that Pd loading is
0.5 wt%. Inductively coupled plasma (ICP) analysis was used to confirm actual weight loadings (Table
3). The mixture was stirred for 30 min at room temperature, was recovered by centrifugation at 6000
rpm for 10 min and then the supernatant was discarded. The obtained powders were dried at 80 °C
overnight. Ligands coordinated to Pd particles were removed by putting for 2 min in a preheated
tubular furnace at 700 °C.

Characterization

N> adsorption on the metal oxide support was conducted on a volumetric adsorption
instrument (MicrotracBEL, BELSORP-minill) at liquid nitrogen temperature. The metal oxide
supports were pretreated at 150 °C under vacuum for 30 min. Surface area was calculated by the
Brunauer-Emmett-Teller (BET) multipoint method.

The loading weight of Pd on supports was estimated by an ICP spectrometer (SPS7800, Seiko
Instruments Inc.). The powders of supported Pd catalysts were dissolved using aqua regia and
hydrofluoric acid and then hydrofluoric acid was evaporated by heating on hot water bath at 80 ° C.
The resulting solution was diluted to a total volume of 50 mL using distilled water.

In Figures S1-5, TEM images and palladium particle size distributions were obtained by
observation using JEM-2100F TEM (JEOL Ltd). The TEM images were taken at an accelerating
voltage of 200 kV. The supported Pd catalysts were pretreated under a flowing mixture of 10% O2/N2
for 15 min and 3% H/N; for 15 min at 300 °C. And then, the TEM samples were prepared by spreading
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a drop of methanol suspension of pretreated Pd catalysts. Pd dispersion and molar amount of surface
Pd was calculated from average diameter of Pd particle in Figure S1 assuming Pd particle is spherical
shape.

The EELS spectra of supported Pd catalysts were obtained using JEM-ARM200F Cs-
corrected STEM (JEOL Ltd). The Cs-corrected STEM operated at 80 kV to prevent reduction of PdO
to metal under observation. The samples of Figure 6 were prepared by oxidation in 10% O2/N> at 300
°C for 15 min.

The XPS measurement was conducted using an ESCALAB250 X-ray photoelectron
spectrometer (Thermo Fisher Scientific). The samples were prepared by oxidation in 10% O2/N; at
300 °C for 15 min. The binding energy of the surface Pd species were modified by contaminated C as
internal standard. The binding energy of carbon was defined to 284.8 eV.

To evaluate the acid—base properties of the oxide surface, NH3-TPD and CO,-TPD were
conducted using BELCAT-II (MicrotracBEL) with thermal conductivity detector (TCD). The metal
oxide supports of 100 mg were pretreated under 20% O>/Ar for 30 min at 500 °C. In case of NH3-TPD
measurement, when the temperature decreased to 100 °C, NH3 was adsorbed on metal oxides. In case
of CO.-TPD, CO; was injected to the samples until saturation at 50 °C. And then, temperature was
ramped at 10 °C/min to 500 °C under He.

CH4-TPR was carried out using a conventional fixed-bed flow reactor connected with a
nondispersive infrared CO/CO> analyzer (Horiba VIA510). The samples of 80 mg were loaded into
sample tubes. Prior to measuring the CH4-TPR, each sample was exposed to a flowing mixture of 10%
02/N; for 15 min at 300 °C. After cooling the sample to room temperature in a flow of N, the CHy-
TPR measurement was carried out under a flow of 0.4% CHa4/N; at a rate of 50 mL min ' and a sample
temperature was ramped at 5 °C/min from 50 to 600 °C.

H>-TPR and O-TPO measurement were conducted on BELCAT-B (MicrotracBEL) with
TCD. The samples of 100 mg were loaded into sample tubes. Before H,-TPR and O,-TPO
measurements, each sample was pretreated under 100% O> and 100% H> for 15 min at 300 °C,
respectively. After cooling the sample to room temperature in a flow of Ar or He, the H>-TPR and O»-
TPO were carried out under a flow of 5% Hz/Ar and 5% O2/He, respectively. A flow rate was 50 mL

min ! and a sample temperature was ramped at 5 °C min™".

Activity test for CHy combustion

A light-off test for methane combustion was carried out using a conventional fixed-bed flow
reactor at atmospheric pressure. Prior to performing the light-off test, each sample (20 mg) inside a U-
shaped quartz tube (inside diameter of 4 mm) was exposed to a flowing mixture of 10% O2/N: for 10
min at 300 °C. The methane combustion test was performed under 0.4% CHa4, 10% O, and N> balance
at the total flow rate of 100 mL/min, corresponding to the gas hourly space velocity of 300,000 mL/g-h.
Temperature was ramped at 5 °C/min from 200 to 600 °C. The effluent gas was analyzed by a
nondispersive infrared CO/CO; analyzer (Horiba VIA510). Only CO; was detected in the effluent gas
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passed through the Pd catalysts. In contrast, not only CO; but also CO was detected when metal oxide
support was used as a catalyst. To compare the turnover frequencies (TOFs) between the catalysts at
300 °C, the samples showing >20% CH4 conversion at 300 °C were diluted to 1/2, 1/4, or 1/10 with
inert quartz to reduce CH4 conversion to <20% to exclude thermal and gas diffusion problems (Figure
S8). The TOF was defined as the reaction rate per molar amount of surface Pd determined by TEM.
Since the Pd loading of 0.29-0.44 wt% determined from ICP is little difference among the catalysts,
the TOF was calculated assuming that the Pd loading was 0.5 wt%.

4-1-3. Results and Discussion

Pd nanoparticles with different sizes were synthesized by the modified colloidal method
reported by Cargnello and co-workers (Table 1).272%3* Figure 1 shows the transmission electron
microscopy (TEM) images and particle size distributions of Pd nanoparticles synthesized under
different conditions. The average sizes of the Pd particles were estimated as 2.5, 4.2, 7.0, 10.9, and
15.2, respectively. For all the particle sizes, the size distributions of the Pd particles indicated a narrow
range and the Pd particles were spherical in shape. Figures 2—5 show the TEM images and size
distributions of Pd particles supported on various metal oxides. The size distributions of Pd particles
supported on 6-Al>03, TiO,, and MgO are almost consistent with those of unsupported Pd particles.
Therefore, Pd particles were successfully deposited on the various supports without aggregation or
destruction of the Pd particles.

Table 1. Synthesis condition of Pd nanoparticles used in this work.

No. Solvent OLAM  OLAC TOP Temperature ~ Wash solution  Pd particle size* Pd dispersion*

(mL)  (mL) (mL) (°C) (nm) (%)
1 TOA 1.175 - 0.230 230 Acetone 2.5 43.9
2 TOA 0.588 - 0.575 280 2-propanol 42 26.8
3 TOA 1.175 - 1.150 280 2-propanol 7.0 16.1
4 TOA 0.588 - 1.150 280 2-propanol 10.9 10.2
5 1-OCD - 5.726 0.575 280 2-propanol 15.2 7.3

*Pd particle size and dispersion were calculated from TEM analysis.
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Figure 2. TEM images of Pd/6-Al;03 and their size distribution histograms. The TEM samples were
pretreated under a flowing mixture of 10% O2/N2 for 15 min and 3% H2/N; for 15 min at 300 °C.
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Figure 4. TEM images of Pd/MgO and their size distribution histograms. The TEM samples were
pretreated under a flowing mixture of 10% O2/N2 for 15 min and 3% H>/N; for 15 min at 300 °C.
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Figure 5. TEM images of Pd particles supported on metal oxide. The TEM samples were pretreated
under a flowing mixture of 10% O2/N; for 15 min and 3% H2/N> for 15 min at 300 °C.

Table 2. BET surface area of various  Table 3. Pd loading weight of Pd catalysts estimated

metal oxide supports. using an ICP spectrometer.
Supports  BET surface area (m? g'!) Catalysts Pd weight loading (wt%)
y-ALOs 228 7.0 nm Pd/6-A1,03 0.34
0-AlL,Os 74 7.0 nm Pd/y-Al,O3  0.39
VA{0)) 72 7.0 nm Pd/ZrO> 0.37
MgO 16 7.0 nm Pd/MgO 0.29
CeO2 103 7.0 nm Pd/CeO» 0.33
TiO> 52 7.0 nm Pd/TiO> 0.37
Nb2Os 23 7.0 nm Pd/Nb,Os  0.43
SnO; 4 7.0 nm Pd/SnO» 0.44
Lay0O3 39 7.0 nm Pd/La,O3  0.35
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Figure 6 shows the temperature dependence of the methane conversion of typical 7 nm
Pd particles supported on various oxides (6-Al203, TiOz, and MgO). The light-off temperature of 6-
AlO3; was about 100 °C lower than those of Pd/TiO, and Pd/MgO. Figure 7 shows the methane
combustion activity of all the supported Pd catalysts. The methane combustion over the supports at
450 ° C or lower can be neglected. Before examination of the support effect, the size effect of Pd
nanoparticles on different oxide supports was investigated (Figure 8). The turnover frequencies (TOFs)
of Pd/y-Al>O3, Pd/B-Al203, Pd/CeO., and Pd/ZrO; showed a volcanic tendency against Pd particle size.
The maximum TOF values were obtained at a particle size of 7 nm. This trend is similar to the size
effect previously reported by us.! The activity of Pd/TiO2 and Pd/MgO slightly increased for particle
sizes larger than 10 nm. However, Pd/TiO, and Pd/MgO were less active than the other supported Pd
catalysts for any particle size. Therefore, methane combustion activity is strongly influenced not only
by Pd particle size but also by the properties of the support. The extrinsic factors originating from the
support (e.g., tuning of the redox properties of Pd or direct participation in methane combustion) will

now be discussed by comparing 7 nm Pd catalysts exhibiting maximum activity.
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Figure 6. Methane conversion as a function of temperature over supported 7 nm Pd catalysts.
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Figure 7. Methane conversion as a function of temperature over Pd catalysts supported on various
metal oxides.
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Figure 8. Dependence of TOF (at 300 °C) on Pd particle size using Pd catalyst supported on various
metal oxide.
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The TOFs of the 7 nm Pd particles supported on various oxides were plotted against the
oxide formation enthalpy of the oxide support (Figure 9).> To remove the influences of heat and gas
diffusion, the TOF was calculated from <20% methane conversion.! The TOFs showed a volcanic
tendency with a peak at approximately —560 kJ/mol with respect to the enthalpy of oxide formation
per O atom (4H 9r0). Pd/y-Al,03, Pd/6-ALOs, Pd/CeO., and Pd/ZrO, with moderate A#H %o
exhibited three times higher activity than the other catalysts. Even if supported Pd catalysts with other
particle size were used, the TOFs shows a volcanic tendency against the oxide formation enthalpy of
the oxide support. Furthermore, to experimentally evaluate the strength of the metal-oxygen bond of
the oxide support, the O 1s XPS spectrum of the oxide support was measured (Figure 10). The higher
the Ad1 9o of the oxide, the more the O Is peak of the oxide shifted toward lower binding energy
(Figure 11). Thus, it was concluded that the O atoms of oxide supports with higher A# 9.0 are more
electron rich. This result also suggested that the electronic state of the oxide surface strongly depends
on the simple thermodynamic parameter such as a A4 9.0. However, it was difficult to obtain a good
correlation between the activity and the acid—base properties of the oxide surface evaluated from NHs-
TPD and CO>-TPD (Figure 12). From the above results, we conclude that the Pd oxidation state was
determined not by the local acid—base properties of the oxide surface, but by the average strength of
the metal-oxygen bond of the oxide support. CO> adsorption on MgO was also investigated using
CO»-TPD because a previous report suggested that the strong adsorption of CO2 on Pd/MgO causes
the low catalytic activity.>° However, CO2 was almost fully desorbed from MgO at 300 °C in our CO»-
TPD experiments (Figure 12b). Thus, the adsorption of CO» species on the Pd/MgO catalyst is almost
absent during methane combustion at 300 °C and should hardly affect the activity.
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Figure 9. Plot of TOFs for methane combustion at 300 °C using 7 nm Pd catalysts against the standard
formation enthalpy (447 %r0) of the metal oxide support.
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XPS measurements were performed to investigate the support effect on the oxidation
state of the Pd particles. Figure 13 shows the Pd 3d XPS spectra of three typical Pd catalysts pretreated
under oxidizing conditions (10% O2/Nz at 300 °C) that were similar to the methane combustion
conditions used in this study. The Pd 3d XPS spectra of all 7 nm Pd catalysts are shown in Figure 14.
In each XPS spectrum, peaks derived from Pd’ and Pd** were observed at 335.0 and 336.7 eV,
respectively.’? The ratio of Pd® to Pd?>" was estimated from the area ratio of the Pd 3d>? peaks. The
XPS spectrum of Pd/TiO with a relatively high A# 1.0 indicates that more than 85% of the Pd species
are present as Pd’. The dispersion of 7 nm Pd particles is 16% (Table S1), suggesting that one or no
layers of Pd nanoparticles on TiO, were oxidized. The Pd particles on 0-Al,O3 with moderate A4 9.
o were a mixture of Pd® (68%) and Pd*" (32%). In Pd/MgO with low A# 910, only the XPS peak of
Pd’>* was observed, indicating the formation of completely oxidized Pd particles. Figure 15 shows the
relationship between the standard enthalpy of oxide formation (Add%:.0) and the fraction of Pd’
estimated from XPS spectra. As A4 910 of the oxide support increased, the fraction of Pd® increased.
Thus, the weaker the metal-oxygen bond of the support, the more the Pd particles are maintained in
the metallic state under oxidizing conditions. There was almost no effect of the crystalline phase of
AL O; on the oxidation state of the Pd particles. To examine the relationship between the methane
combustion activity and the oxidation state of the Pd particles, the TOFs were plotted against the
fraction of Pd° (Figure 16). Pd catalysts with a fraction of Pd® between 0.35 and 0.8 exhibited high
activities, which indicated that a mixture of Pd® and PdO was highly active. On the contrary, Pd

particles with one or no oxide layers, and those almost completely oxidized, were less active.

(a) Pd/6-Al,O;  3ds, (b) P/TIO, 3ds), (c) Pd/MgO
3, SBPE

3dSl2
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Figure 13. XPS spectra of 7 nm Pd particles supported on (a) 0-Al,O3, (b) TiO2, and (c) MgO

pretreated under 10% O2/N> at 300 °C.
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A TEM image of the Pd catalyst pretreated under 10% O2/Nz at 300 °C is shown in Figure
17. Lattice fringes corresponding to Pd(100) were detected in Pd/6-Al>,O3 and Pd/TiO. In addition, an
oxide-like layer on the Pd particles was observed only for Pd/0-Al,O3. On the contrary, in Pd/MgO,

lattice fringes derived from PdO(101) were clearly observed. To analyze the positions of oxygen atoms

in the Pd particles on an atomic scale, STEM—-EELS measurements were performed (Figure 18).



Figures 18a—c show overlaid views of the STEM image and the EELS mapping using the Pd M4 s-edge
and O K-edge signals. To eliminate the signal derived from the oxygen atoms of the support, the Pd
M, s-edge and O K-edge signals of the Pd particles protruding from the support were obtained. Figures
6d and e show the EELS line profile of Pd nanoparticles on Pd/0-Al,Os. Reflecting the spherical shape
of the nanoparticles, the signal of the Pd My s-edge increased as it approached the center of the Pd
particle. In contrast, the O K-edge signal was attenuated at the center of the Pd particle. The above
results suggest that the mixture of Pd’ and Pd*" on 0-Al,O; is present as a Pd-core-PdO-shell
nanoparticle. A slight O K-edge signal was detected from Pd particles on TiO, indicating that the Pd
nanoparticles retain their metallic state and only the surface exists as PdO or oxygen-adsorbed Pd
surface (Figure 6f). In Pd/MgO, the Pd M4s-edge and O K-edge signals uniformly increased as the
center of the Pd particle was approached (Figure 6g), which indicates that uniform PdO particles are

formed on MgO. Therefore, Pd-core-PdO-shell particles are more active for methane combustion than

Pd metal particles or completely oxidized PdO particles.
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Figure 18. STEM-EELS mapping and line scanning profiles of 7 nm Pd particles supported on (a—c)
0-ALl 03, (d, ) TiO, and (f, g) MgO pretreated under 10% O2/N> at 300 °C.
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Chin et al. reported that the rate-limiting step during methane combustion is the first C—
H activation of methane on the PdO surface. C—H activation of methane by PdO involves removal of
a PdO lattice oxygen. Therefore, the reducibility of PdO by methane is strongly related to the methane
combustion activity. Thus, the reducibility of PdO species on the various catalysts was evaluated from
the CO; production peak in the CH4-TPR profiles (Figure 19). For all 7 nm Pd catalysts, the CO-
production peaks were detected in the temperature range 200-350 °C. TOF was plotted against the
temperature of PdO reduction by CH4 for various supported Pd catalysts (Figure 20). TOF increased
as the temperature of PdO reduction by CH4 decreased. The Pd-core—PdO-shell structure generated on
supports with moderate A4 9o promoted the C—H dissociation of CH4. The good relationship
between the activity and the reducibility of PdO indicates that the role of the support is not to directly
participate in the methane combustion, but to tune the redox properties of the Pd. Only in Pd/CeO>
was a slight deviation from the relationship between activity and CH4-TPR found, which may be
related to the oxidation of CH4 over the Pd—CeO; interface observed at about 160 °C. Figure 21a shows
the O,-TPO profiles of 7 nm Pd particles on various supports. The oxidation peak of Pd was observed
at <300 °C in Pd/0-Al,03 and Pd/MgO. The peak temperature of O>-TPO increased in the following
order: Pd/MgO = Pd/6-Al,03 < Pd/TiO,. Thus, Pd particles on 6-Al,O3 were easily oxidized to PdO
species by O> molecules, and PdO species were easily reduced by methane. In other words, the Pd-
core—PdO-shell structure of Pd/0-Al,Os allows a quick redox cycle between PdO and Pd° to occur for
efficient methane combustion. The reducibility of Pd particles on the support was also examined by
H>-TPR (Figure 21b). A peak corresponding to the reduction of PdO by H», was observed at around
0 °C. The H>-TPR peak temperature of 7 nm Pd particles on metal oxide supports increased in the
following order: Pd/TiO, < Pd/6-Al,03; < Pd/MgO. From the results of H>-TPR and O»-TPO, the larger
the A4 .o of the support, the easier PdO is reduced by H» and the less likely Pd is oxidized by O».
Interestingly, the order of PdO reducibility by CHs was different from that by H». This result suggests
that the structure of Pd’-core-PdO-shell particles on metal oxide supports with moderate A4 %o is

specifically effective for methane activation.
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Figure 19. CH4-TPR profiles of 7 nm Pd particles supported on various metal oxides. Red lines and
blue lines show CO; concentration and CO concentration, respectively. CO> was derived from CHy
oxidized by lattice oxygen of PdO; 4PdO+CH4—4Pd+CO,+2H>0. At higher temperature and without

sufficient PdO species, incomplete combustion, steam reforming or dry reforming of CHs maybe
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Figure 20. Plot of TOFs against the peak temperature of CH4-TPR for 7 nm Pd particles supported on

various metal oxides.

TOF (s )

0.5

0.4

0.3

0.2

0.1

0.0

T 300F E  300F
g (b) Pd/6-Al,04 g (c) Pd/ZrO,
= §
T 200F ® 200
€ <
3 8
c c
3 8
o 100F o 100F
O O
EN CO, 5
S ~
3 0 ; \ 8 0 ; ]
100 200 300 400 100 20 300 400
Temperature (°C) Temperature (°C)
T 300F E  300F -
s (e) PdiCeQ, g (f) PAITIO,
5 ]
g 200¢ T 2000
= €
3 8 co
c c
5] 8 v
S qo0f 100f
o) o
© Q CO;
o o
8
o' 0 ) 8 0 , J
© 100 200 300 400 100 200 300 400
Temperature (°C) Temperature (°C)
T 300F T 3007
g (h) Pd/SnO, g (i) Pd/La,0,
c c
2 o
©® 200t T 200f co
= k=
8 8
[ = o
8 v 8
8 100} . 8 100 v
z 2 g
5 co 5 CO,
o N
o 0 e =) 0 ‘
O O
100 200 300 400 100 200 300 400

Temperature (°C)

CeO,

- 17-AlO,®
Zro,e : @

N 9-A|203."-,_:

Nb,Os.
L ® -
_Sn0; La,0, MO
250 300

Peak temperature of CH,-TPR (°C)

112

Temperature (°C)



(a) O,-TPO (b) H-TPR

19
3 3
© . AL -10
= | PdTiO, Y 293 =
] ®
2 | oomo, N |
3 % | PATIO
2 |Pdio-ALO, Y367 a 2
O O
- [t
Pd/6-Al,0,
275
I 1 I 1 | 1 I 1 | 1 I 1 1 I 1 | 1 ‘ 1 I 1 | 1 1
100 200 400 500 600 700 80 60 -40 -20 0O 20 40 60
Temperature (°C) Temperature (°C)

Figure 21. O>-TPO and H>-TPR profiles of 7 nm Pd particles supported on 6-Al>O3, TiO2, and MgO.

Our recent study found that partially reduced PdO species are more active in the C—H
dissociation of methane than PdO by observing the reduction of PdO by CH4 using in-situ X-ray
absorption spectroscopy.*® Kinnunen et al. suggested that the order of activity for various Pd structures
is Pd°~PdO interface > PdO > Pd’.3"* In the field of surface chemistry, it has been reported that two-
layer PAO(101) on Pd(100) exhibits high methane combustion activity, whereas the activity of one-
layer PdO(101) on Pd(100) is very low.**** According to isotopic experiments and density functional
theory (DFT) calculations, Pd surfaces covered with adsorbed O atoms are less effective for CHy
combustion than PdO surfaces.*! The above reports support the finding of the present work that Pd’-
core—PdO-shell particles exhibit higher activity than completely oxidized PdO particles or metallic Pd
particles with one or no oxide layers.

The redox properties of Pd can be controlled by the interaction between Pd and the
support. In this study, the metal—-support interaction was interpreted as charge transfer between Pd and
the support.  As the standard formation enthalpy increases, the O1s binding energy shifts to the lower
energy, which means there are more electron-rich oxygen atoms near the surface of the metal oxide. It
is reasonable that the charge transfer between Pd—O in support changes depending on the oxygen
electronic state of the support. In order to investigate the electronic state of O atoms in supported Pd
catalysts, the Ols XPS spectra of the supported Pd catalysts were measured (Figure 22). The Ols
binding energy of the supported Pd catalysts were plotted against the standard formation enthalpy of
metal oxides (Figure 23). Comparing the O1s binding energy before and after loading Pd nanoparticles,
the Ols peak was shifted to the lower energy by about 5 eV in the oxide with low and moderate A#7 9.
o. On the other hand, only a slight low-energy shift of <0.2 eV was observed in the supports with high
AH 9.0 (TiO2, Nb2Os, SnO2). There are two possible reasons for the energy shift of the Ols binding
energy in supported Pd catalysts. The first reason is the formation of PdO. According to previous
studies, the Ols peak derived from PdO is observed in 529-530 eV.***} The Pd particles on metal
oxides with low and moderate A#7 9.0 showed a relatively high fraction of PdO (Figure 15), thus the
Ols peak shifted to a lower energy. The second reason is charge transfer from Pd to O atoms near the
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surface of support. When metal nanoparticles are bonded to the oxide surface via O atoms, it is
presumed that charge transfer occurs from the metal to O atoms on the oxide surface.** Therefore, the
charge transfer from Pd to O atoms in metal oxides having more electron deficient oxygen causes low-
energy shifts of the O 1s XPS peak. On the other hand, the slight charge transfer from Pd to O atom
occur when an oxide with high A4 9.0 has a relatively electron-rich oxygen atom. The charge transfer
of the second reason can coincide with the PdO formation of the first reason. Accordingly, formation
of PdO nanoparticles is promoted on the support with a strong metal-oxygen bond due to charge
transfer from the Pd particle to the support. On the other hand, on the support with a weak metal-
oxygen bond, Pd particles exist as Pd’ because of the slight charge transfer from the Pd particle to the
support. Pd particles on Al,O3, CeOa, and ZrO, with moderate A4 9.0 generated highly active Pd’-
core—PdO-shell particles due to moderate Pd—support interactions.
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Figure 22. O 1s XPS spectra for Pd  Figure 23. Relationship between the standard
catalysts supported on various metal oxide  formation enthalpy and binding energy of O 1s peak
supports. of Pd catalysts supported on various metal oxide

supports.

4-1-4. Conclusions

The support effect on methane combustion was elucidated using size-controlled Pd
nanoparticles. The role of the support is to tune the Pd oxidation state in oxidizing atmospheres via
interaction between Pd and the support. The supports were roughly classified into three groups

according to the A4 %90 of the metal oxide support. Pd particles on metal oxide supports with
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moderate A 9o (Al2O3, CeO., and ZrO;) formed Pd-core—PdO-shell structures and showed high

activity during methane combustion. Pd on metal oxide supports with low 44 %0 (TiO2, Nb2Os, and

SnO») was barely oxidized, resulting in a lack of PdO active species. Pd nanoparticles on metal oxide

supports with higher A# 9.0 (MgO and La,Os3) were fully oxidized and difficult to reduce by methane

because PdO particles were strongly anchored by the support. The improved understanding of metal—

support interactions controlling the oxidation state of Pd particles gained in this study is important not

only for the development of methane combustion catalysts but also for a variety of catalytic systems

that proceed via a redox cycle.
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Chapter 4-2.
Relationship between Penta-Coordinated A" Site in the A:O3 Support

and CH4 Combustion Activity of Pd/Al,O3z Catalyst
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Abstract

Pd/Al>Os catalysts were prepared using various AlbO3 supports with different structural features such
as crystalline phase and crystallinity related to AI** coordination, revealing a significant insight on
methane (CH4) combustion activity of Pd nanoparticles with the fraction of penta-coordinated AI**

sites in the Al,O3 supports.
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4-2-1. Introduction

CH4 combustion is an important catalytic technology to remove CH4 from exhaust gases,
which can lead to serious greenhouse effects.! Supported Pd catalysts is known to be the most active
for CH4 combustion and have been extensively investigated.? ! However, in order to reduce Pd usage,
the CH4 combustion activity of supported Pd catalyst needs to be further improved.

Al Os is one of the most effective supports for Pd catalyst for CHs combustion.!!"!3 A
moderate charge transfer between Pd and A1,Os tunes the redox properties of Pd particles.!!'* Although
Al>Os3 has various crystalline phases, y-Al>O3 has often been used as catalyst support because of its
ability to highly disperse Pd species. The high dispersion is caused by not only the high specific
surface area of y-Al>O3, but also the immobilization of Pd species through the coordinately unsaturated
penta-coordinated AI** (Alpenta) sites on y-Al,03(100).!>!6 On the other hand, the more thermally stable
0-Al,0; and a-ALO3 do not have Alyena sites.!” In other words, 0-Al,O3 and a.-Al,Os interact weakly
with Pd species.

Recently, the tuning of the metal—support interaction (MSI) has received much attention in
Pd/Al,O; catalysts for CHs combustion.!*!¥22 The MSI varied with the Al,Os crystalline phase causes
structural changes in Pd particles prepared by the impregnation method.'®! Spherical or well-faceted
Pd particles, which were highly active in methane combustion, were formed on 0-Al,0O3 and a-Al,O3
with weak MSI. In contrast, due to the strong MSI, Pd particles on y-Al,O; form distorted shape having
amorphous-like surface. Small Pd nanoparticles are also formed on three-dimensional structure of
nanosheet-assembled Al,O3, where the Pd dispersion is maintained even at temperatures as high as
1000°C.?" In addition, the surface modification by Al,O3 on supported Pd nanoparticles can enhance
durability by inhibiting the thermal decomposition of PdO through the formation of Pd—O-Al
bonds.'*?° Therefore, the strength of the interaction between Pd and Al,O; is expected to affect their
redox properties of Pd/Al,Os3 catalyst at lower temperatures. However, the effect of Al,O3 structure on
the CH4 combustion activity of Pd/Al>O3 at low temperatures is not well understood.

Herein, CH4 combustion activity of colloidal Pd nanoparticles (NPs) were systematically
investigated through deposition over crystalline A1,O3 supports (y-Al203, 6-Al,03, and a-Al>O3). To
enhance the significance of its MSI behaviour, we further utilized mesoporous Al,O3; (m-AlO3)
prepared using amphiphilic organic molecules.”* The alumina frameworks can be designed from
amorphous to partially crystalline (y-phase) by elevating calcination temperature.?*?> Actually, the
coordination structure of AI** sites was changed distinctly, which was confirmed by using 2’ Al magic
angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. Based on the relationship
between CH4 combustion activity of Pd/Al,O; and structural parameter of the AlbO3 supports, we
found that the coordination structure of AI** sites was quite important for understanding CHs4

combustion activity related to Pd redox property.
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4-2-2. Experimental methods
Catalyst preparation

7-Al2O; was obtained by thermal decomposition of boehmite (Sasol, PURAL alumina) at 850
°C for 6 h. 0-Al,03 (AKP-G07) and a-Al>O3 (AKP-50) was supplied from Sumitomo Chemical Co.
Ltd.

Highly porous alumina powders (called as mesoporous alumina, m-Al,O3) were prepared
using Pluronic P123 (EO20PO70EO»o, Sigma-Aldrich) combined with an aerosol-assisted synthesis.
After 2.46 g of aluminum tri-n-butoxide (Alfa Aesar) was hydrolyzed under stirring for 3 h in 6.0 mL
of ethanol (Wako Chemical. Co.) containing HCI (35.5%, 1.45 mL), the solution was combined with
an ethanolic solution (12.0 mL) containing 1.0 g of Pluronic P123 and 0.75 g of 1,3,5-trimethylbenzene
(Wako Chemical. Co.). After the stirring was maintained for another 15 min, a resultant precursor
solution was spray dried (Yamato Scientific Co., Ltd., spray dryer ADL311) at 170 °C. The resultant
powders were heated up to 550 °C, 700 °C, and 850 °C (heating rate, 2 °C min') under a N, flow kept
for 1 h followed by calcination at the temperature for 2 h under an O, flow. The m-Al>O3 calcined at
550 °C, 700 °C, and 850 °C were denoted as m-Al>O3-1, m-Al,O3-2, and m-Al>Os-3, respectively.

Pd nanoparticles were synthesized by a modified colloidal method that was originally reported
by Cargnello et al.'? Initially, 76 mg of palladium acetylacetonate (Pd(acac),, Tanaka Kikinzoku
Kogyo), 10 mL of trioctylamine (TOA, 98%, Tokyo Chemical Indastry Co. Ltd.) and 1.18 mL of
oleylamine (OLAM, 70%, Sigma-Ardrich) were mixed in a 100 mL three-neck flask. After the mixture
in a three-neck flask was evacuated at room temperature for 15 min, 0.23 mL of trioctylphosphine
(TOP, 97%, Sigma-Ardrich) was added under evacuation. The mixture was then heated to 50 °C using
an oil bath and kept at the temperature for 30 min with stirring. After confirming that the mixture was
changed into a clear yellow solution, the three-neck flask was removed from the oil bath and then
flushed with N> over 2 min. The three-neck flask was put on a mantle heater heated to 230 °C and
refluxed for 15 min with variation of the color to deep black. After cooling down to room temperature,
the resultant solution was added to 30 mL of acetone, colloidal Pd nanoparticles (26.6 mg) was
separated by centrifugation at 6000 rpm for 30 min and dispersed again in a 10 mL of hexane solution.

Initially 0.265 g of support was added into 20 mL of hexanes and stirred using magnetic stirrer.
Subsequently, 1.0 mL of a 2.66 mg-mL™! Pd nanoparticles dispersed in hexanes was added to the
suspension. The amount of the solution containing Pd particles was determined so that Pd loading is 1
wt %. The mixture was stirred for 30 min at room temperature, was recovered by centrifugation at
6000 rpm for 10 min and then the supernatant was discarded. The obtained powders were dried at
80 °C overnight. Ligands coordinated to Pd particles were removed by putting for 2 min in a preheated
tubular furnace at 700 °C.

Characterization
The XRD measurements were carried out using a Rigaku MiniFlex II/AP diffractometer with
Cu Ko radiation.
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N adsorption on the metal oxide support was conducted on a volumetric adsorption
instrument (MicrotracBEL, BELSORP-minill) at liquid nitrogen temperature. The metal oxide
supports were pretreated at 150 °C under vacuum for 30 min. Specipic surface area and pore size
distribution was calculated by the Brunauer-Emmett-Teller (BET) multipoint method and DH method,
respectively.

27A1 MAS NMR analysis was performed on a JNM-ESCA 700 MHz NMR spectrometer
(JEOL) operating at a magnetic field of 16.4 T and an >’ Al Larmor frequency of 182.43 MHz. All tests
were performed at a sample spinning rate of ~15 kHz. A single pulse sequence with a pulse width of
0.6 us, which corresponds to a pulse angle of ~30°, was used. Each spectrum was acquired based on
512 scans with a recycle delay time of 2 s and an acquisition time of 11.2 ms. All spectra were
externally referenced to AIK(SO4)2-12H>0 (0 ppm). Asymmetric NMR peaks were fitted using two or
more Gaussian peaks because >’Al have quadrupole moment and Al atoms in ZSM-5 were slightly
different.

TEM images and palladium particle size distributions were obtained by observation using
JEM-2100F TEM (JEOL Ltd). The TEM images were taken at an accelerating voltage of 200 kV. The
supported Pd catalysts were pretreated under a flowing mixture of 10% O2/N> for 15 min and 3% H>/N»
for 15 min at 300 °C. And then, the TEM samples were prepared by spreading a drop of methanol
suspension of pretreated Pd catalysts. Pd dispersion was calculated from average diameter of Pd
particle assuming Pd particle is spherical shape.

Temperature programmed reduction by CH4 (CH4-TPR) was carried out using a conventional
fixed-bed flow reactor connected with a nondispersive infrared CO/CO; analyzer (Horiba VIA510).
The samples of 50 mg were loaded into sample tubes. Prior to measuring the CH4-TPR, each sample
was exposed to a flowing mixture of 10% O2/N> for 15 min at 300 °C. After cooling the sample to
room temperature in a flow of N, the CHs-TPR measurement was carried out under a flow of 0.4%
CH4/N; at arate of 50 mL min! and a sample temperature was ramped at 5 °C min! from 50 to 600 °C.

Temperature programmed oxidation by O» (O»-TPO) measurement were conducted on
BELCAT-B (MicrotracBEL) with TCD. The samples of 50 mg were loaded into sample tubes. Before
0,-TPO measurements, each sample was pretreated under 100% O and 100% H; for 15 min at 300 °C,
respectively. After cooling the sample to room temperature in a flow of Ar or He, the O2-TPO were
carried out under a flow of 5% O»/He. A flow rate was 50 mL/min and a sample temperature was

ramped at 5 °C min'.

CH4 combustion activity test
A light-off test for methane combustion was carried out using a conventional fixed-bed flow
reactor at atmospheric pressure. Prior to performing the light-off test, each sample (20 mg) inside a U-
shaped quartz tube (inside diameter of 4 mm) was exposed to a flowing mixture of 10% O2/N> for 10
min at 300 °C. The methane combustion test was performed under 0.4% CHa4, 10% O, and N> balance
at the total flow rate of 100 mL min~', corresponding to the gas hourly space velocity of 300,000 mL
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(g-h)!. Temperature was ramped at 5 °C min"' from 200 to 600 °C. The effluent gas was analyzed by
a nondispersive infrared CO/CO; analyzer (Horiba VIA510). Only CO; was detected in the effluent
gas passed through the Pd catalysts. In contrast, not only CO> but also CO was detected when metal

oxide support was used as a catalyst.

4-2-3. Results and Discussion

Structural features of Al,O3 supports used in this study are summarized in Table 1, which
were analyzed through N, adsorption-desorption, X-ray diffraction (XRD) and ’Al MAS NMR
measurements. The experimental details were described in the supporting information. For example,
the specific surface area of a-Al,O3 was the smallest (10 m? g™!) and that of m-ALOs-1 was the largest
(490 m? g'!) among them (Figure 1). As shown in Figure 2, the XRD patterns of y-, 0-, and a-ALO3
were identified typical y, 0, and a phases, respectively. No specific XRD peaks were detected in the
XRD pattern of m-Al>O3-1, indicating that m-Al>Os-1 is in an amorphous structure. The XRD patterns
of m-AbO3-2 and -3 showed very weak diffraction peaks derived by the formation of its y-phase,

indicating m-Al,03-2 and 3 were nearly amorphous but contained crystallites of y-AlO3 in part.

Table 1 Structural parameters of Al,O3 supports.

sample crystalline phase ~ Sppr (m*> g7')  Fraction of

Alocta Slte Alpcnta Slte Altctra Slte

v-AlLO3 Y 140 0.628 0.041 0.331
0-A10O3 0 73 0.609 0 0.391
a-AbLO; o 10 1 0 0

m-AlO;-1, calcined at 550 °C amorphous 490 0.372 0.295 0.333
m-AlOs-2, calcined at 700 °C ~ partially y 340 0.619 0.126 0.255
m-AlO3-3, calcined at 850 °C ~ partially y 320 0.655 0.093 0.252
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Figure 1. Nitrogen adsorption measurements of Al,O;  Figure 2. XRD patterns of ALO3
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Figure 3 shows ?Al MAS NMR spectra of the Al,Os supports. The NMR peaks of y-
Al O3 observed at 0, 35, and 70 ppm were derived from octahedral A" (Alocta), Alpenta, and tetrahedral
A" (Alewa) sites, respectively.!>!720-2226 The fractions of AI’" sites with different coordination
structure can be quantitatively analyzed by Gaussian fitting (Figure 4). The fraction of Alocta and Alietra
site in y-ALO3 were 0.628 and 0.332, respectively, being in agreement with the previous report.?’ This
result indicates that the bulk structure of y-A1,O; is mainly a spinel structure with Al** vacancies in the
octahedral positions. The presence of Alyenta sites has been reported to be existed on the (100) surface
of y-A103.'>!7 The NMR spectrum of 8-Al,O; exhibited the presence of Alocta and Aleewa sites, with
the absence of Alpenta sites. The NMR spectrum of a-Al2O3 with the most stable corundum-type
structure, represented the presence of Aloct Sites only.?® In cases of m-AlLQOs, compared to y-AlLOs, the
NMR peak intensity assigned to Alpenta Sites was much increased than that observed for y-Al,O3 (the
fraction of Alpenta; 0.041). The fractions of the Alpenta sites in m-Al203-1, m-AlOs3-2, and m-ALO;3-3
were 0.295, 0.126, and 0.093, respectively, revealing that coordinatively unsaturated Alpenta sites were

abundant in such Al,O3 supports with low crystallinity.
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Figure 3. 2?A1 MAS NMR spectra of AlbO; supports. (a) y-Al,Os, (b) 0-ALOs, (¢) a-ALOs, (d) m-
ALOs-1, (e) m-Al,0s3-2, and (f) m-AlO3-3. NMR peaks around 10, 35, and 70 ppm were assigned to
Alocta, Alpenta, and Alierra sites, respectively.
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Figure 4.2’A1 MAS NMR spectra of Al,O3 supports, together with Gaussian fitting results. (top) fitting
error and (bottom) each fitted Gaussian peak. Asymmetric NMR peaks were fitted using two Gaussian

peaks because 2’Al have quadrupole moment and Al atoms in Al,O3 were slightly different.

Pd NPs were synthesized by a modified colloidal method, originally reported by

1%, in order to eliminate the size effect of Pd catalyst on in CH4 combustion.!>!® The

Cargnello et a
detailed procedure is described in the supporting information. The Pd NPs were then deposited on the
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aforementioned Al,O3 supports where the amount of Pd loaded was 1 wt %. Figure 5 shows TEM
images of Pd/Al,Os with size distributions of Pd NPs. All the size distributions of Pd NPs were narrow
with average size of 3-4 nm. Comparison of the 2’Al MAS NMR spectra of m-AlOs-3 with and
without Pd NPs revealed a decrease in the amount of Alyenta sites after the loading of Pd NPs, meaning

that some Alpenta sites were utilized for interacting with Pd NPs (Figure 6).'3

) Pd/m-Al,05-1
by

m-Al,05-3

Opd pa@d: siz.e (pmf_ R
(€) PA/m-ALO;2  [(H)F Pd/m-Al,04-3

40

1 L 1 I 1

120 80 40 0 -40

Chemical shift (ppm)
Figure 5. TEM images of Pd/Al>Os catalyst and  Figure 6.2’ Al MAS NMR spectra of m-
their size distribution histograms. (a) Pd/y-AlO3,  Al,03-3 and Pd/m-Al,O3-3.

(b) Pd/6-Al>03, (c) Pd/a-AlOs, (d) Pd/m-ALOs-1,

(e) Pd/m-Al;03-2, and (f) Pd/m-Al,O3-3.

Figure 7a shows CHs4 combustion activity of Pd/a-Al,Os, Pd/6-Al,O3 and Pd/y-Al,O3
catalysts. It should be noted that the influence of surface Pd amount can be ignored in CH4 conversion
since the Pd dispersions (31.9-34.9%) estimated from the TEM were almost the same. Pd/a-AlO3,
Pd/B-AlxO; and Pd/y-AlO; catalysts were highly active for CHs combustion comparable to previous
reports, 246182021 Their light-off temperature was around 250 °C and CH4 conversion was reached
almost up to 100% at 400 °C. Figure 7b also shows CH4 combustion activities of three Pd/m-Al>O;
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with that observed for Pd/y-Al>Os. As the calcination temperature of m-Al,O3 decreased (in the order
of m-AlLO3-3, m-AlO;-2, and m-AlOs-1), according to crystallinity (y-phase) of the AlOs
frameworks, the light-off temperature of CH4 combustion was shifted from 440 °C (m-ALOs-1) to 400
°C (m-Alx03-2) and 300 °C (m-Al,0s3-3). Considering the same size of the Pd particles, the difference
in the light-off temperature suggested a change in the nature of the active Pd/PdO phase. It should be
noted that CH4 combustion activity of Al,Os itself at 200600 °C is negligible. !

(a) 1001 (b) 100
e sof < 80
& .| S
7 60 'g 60
g 2
40 40
8 8
| T
5 20f S5 20
0 , L . 1 . 1 . I 0 <L ; .
200 300 400 500 600 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 7. CH4 conversion as a function of temperature over various Pd/Al,Os catalysts prepared by
using (a) crystalline Al2O3; and (b) mesoporous Al,Os.

The relationship between structure of AloO3 supports and CHs4 combustion activity of
Pd/AlLO3 was investigated. Despite the difference in crystalline phase between y-Al>O3, 0-Al>O3, and
o-Al>O3, there was little difference in CH4 combustion activity of Pd/Al>Os. Figure 8 is a summary of
Tso of the Pd/Al>O3 catalysts as a function of the fraction of Alpenta site in the AlO3 supports. Tso was
the temperature when the CH4 conversion reached 50% and was used as a measure of the CHy
combustion activity of Pd/Al,Os. The Tso value was decreased monotonically with the fraction of the
Alpenta site. In contrast, no clear relationship was obtained between the Tso value and the fraction of
Aletra and Alocta sites (Figure 9). Therefore, the fraction of the Alpenta site in the ALO3 supports was

proposed as a controlling factor for CH4 combustion over Pd/Al,Os catalyst.
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Figure 8. Relationship between CH4 combustion activity and fraction of penta-coordinated AI** site
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Figure 9. Relationship between CHs combustion activity, and fraction of tetrahedral Al** site and
octahedral AI** site in ALOs.

During CHs combustion, Pd particles were easily oxidized to form active PdO

phaselo,30,3l

and CHs was oxidized by the lattice oxygen of PdO via the Mars-van-Kreveren
mechanism. >3 Therefore, the Pd/PdO particles anchoring on abundant Alpent sites can be inactive for
CH4 combustion due to the suppression of Pd redox property. In order to investigate the ease of
reduction of PdO phase in Pd/Al,O3, the temperature programmed reduction by CH4 (CHs-TPR) was
performed (Figure 10). The formation of CO; derived from the complete oxidation of CH4 over PdO
was observed at 240-350 °C.!" The lower reduction temperature of PdO in Pd/Al,Os, the higher the
CH4 combustion activity. There was no difference in the ease of oxidation of Pd in Pd/Al,Os (Figure
11). In the previous study,? the strong interaction between Alpenwa sites and PdO phase inhibited the
thermal decomposition of PdO at high temperatures (> 800 °C), resulting in high thermal durability.
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The results in this study conclude that the presence of abundant Alyenia sites reduce the reducibility of
PdO phase by CH4 at low temperatures (< 600 °C).
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600 6001 600
3 E E
o [=} Q
= = =
§ 400r & 400f & 400F
B E ki
€ € c
g g 3
5 200 5 200+ & 200F
[&] o o
w w [0}
© ) [}
U] o O
0 7 : 0 " ; 0 .
100 200 300 400 100 200 300 400 100 200 300 400
Temperature (°C) Temperature (°C) Temperature (°C)
(d) Pd/m-Al,05-1 (e) Pd/m-Al,05-2 (f) Pd/m-Al,0;-3
6001 600 6001
g o g 3
= el = =
§ 400f ; § 400 § 4001
5 g > o
= = = =
c c [32] =
g g - g
5 200 S 2001 g 200+
o (5] o
w W 2]
© © ©
U] Q O]
0 r r . 0 : : ; 0 ,
100 200 300 400 100 200 300 400 100 200 300 400
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 10. CHs-TPR profiles of various Pd/Al,O; catalysts. Red lines and blue lines show CO»
concentration and CO concentration, respectively. CO» was derived from CH4 oxidized by lattice
oxygen of PdO; 4PdO+CH4—4Pd+CO,+2H>0. At higher temperature and without sufficient PdO
species, incomplete combustion, steam reforming or dry reforming of CH4 maybe happened as side

reactions.
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Figure 11. O>-TPO profiles of various Pd/Al,05 catalysts.
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4-2-4. Conclusions

In summary, we investigated the effect of local structure of Al20O3 supports on CH4 combustion
activity arising from Pd NPs deposited over the AloO3 supports. Among the structural parameters
including crystalline phase and coordination structure of AI** site, the coordination structure, more
specifically its Alpenta Site is strongly correlated to the catalytic activity because the strong interaction
of the Alpenta site with Pd NPs changes the reducibility of PdO. PdO species on Al,O3 with the low
fraction of Alyenta sites were reduced at low temperature and thus highly active for CH4 combustion. In
this context, this study shows for the first time that the structure of Al>O3, in particular, the fraction of

Alpenta site affects the redox property of Pd NPs as well as CH4 combustion activity of Pd/Al>Os.
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Chapter 4-3.
Tuning the Oxygen Release Properties of CeO:z-based Catalysts by

Metal-Support Interactions for Improved Gasoline Soot Combustion
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Abstract

To develop highly active soot combustion catalysts for gasoline direct injection exhausts under low
oxygen concentration, CeO» supported-metal catalysts (M/CeO,, M = Mn, Fe, Co, Ni, Cu, Rh, Pd, and
Ag) were examined. Among the catalysts tested, Cu/CeO;, and Rh/CeO> displayed the highest soot
combustion activity. By comparing the activities of Cu-based catalysts with and without a Cu—CeO-
interface, the importance of such interface for soot combustion was inferred. The oxygen release rate
of CeO»-based catalysts, enhanced by metal-CeO, interactions, was indicated as the controlling factor
of catalytic activity. Soot oxidation activity and oxygen release rate were also demonstrated to correlate
with metal-oxygen bond energy. Based on the redox properties and structural characteristics of CeO»-
based catalysts, loading CeO> with Cu or Rh, which have moderate M—O bond energy, was concluded
to be optimal both in terms of the dispersion of supported-metal species and reducibility of the CeO,-

based catalyst.
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4-3-1. Introduction

Gasoline direct injection (GDI) is an effective technology for improving both engine power
and fuel economy.! However, GDI use is associated with an increase in the emissions of particulate
matter (PM),? which is mainly composed of solid carbon (soot)? and causes serious damage to our
respiratory system. Therefore, PM emissions are strictly regulated,” and the technology for the
emission control is developing. A catalytic gasoline particulate filter (GPF) placed in the after-
treatment system is an effective system for PM filtration and simultaneous burn-off of accumulated
soot by coated catalysts present on the filter’s wall. Such ceramic filters are generally applied as diesel
particulate filters (DPFs) in diesel engine cars; however, due to the difference in exhaust composition
and temperature between diesel and gasoline engines, DPFs cannot be applied as they are directly to
gasoline engines. Specifically, diesel engine exhausts contain high amounts of NOy and oxygen
(around 8%), whereas in gasoline engine exhausts the oxygen concentration is generally 0.5% at most.>
Therefore, different catalyst designs are needed for GPFs.

Supported Pt catalysts are well known to effectively catalyze soot combustion in diesel
exhausts, which contain high concentrations of O, and NOx. In fact, the mentioned Pt-based species
catalyze the oxidization of NO to NO», which is a highly efficient oxidant in the context of soot
combustion.* Since the catalytic working conditions of GDI exhausts are quite different from those of
diesel exhausts, the catalysts for DPF systems are not effective in the after-treatment of gasoline engine
exhausts, which are characterized by low oxygen concentrations.’ Given the increasing demand for
GPFs, over the past few years some studies have been published that focus on soot combustion
catalysts for GPFs.

As a result of its excellent oxygen storage capacity (OSC), CeO: is an effective catalyst for
various oxidation reactions.® Li et al. investigated the effect of surface oxygen deficiency on soot
combustion catalyzed by CeO,-ZrO,.” As the Zr content increased, the soot combustion activity
decreased, while the amount of surface oxygen defects increased. The authors concluded that the
formation of oxygen vacancies is disadvantageous for the catalysis of soot combustion in an oxygen-
lean atmosphere, because in such conditions active superoxide (02 is reduced to the less active
capping oxygen (O%) during oxygen spill-over on a vacancy-rich surface. Liu et al. reported that Ag
supported on nanocubic CeOs is characterized by good availability of active adsorbed oxygen species
(02), so it displays high catalytic activity and stability.® On the other hand, Wu et al. pointed out that
an increase in the amount of bulk oxygen defects results in an increase in catalytic activity with respect
to soot combustion over Ag/Ce0,.” The loading of Nd onto Ag/CeO, (to form Ag/CexNdi~02)
increased the catalyst’s thermal durability by suppressing Ag particle sintering.'® Martinez-Munuera
et al. reported that Ce|xPrxO2 are catalytically active in the oxidation of soot, even under an inert
atmosphere.!! Notably, perovskite catalysts, such as Lao 6Sro.4BOs3 (B = Fe, Mn, Ti)!? and BaFe;xCuxO3
(x = 0-0.4),"3 also displayed high soot combustion activity, as a result of an increase in mobility of
lattice oxygen. Although several papers have been published in this field, the factors controlling the
activity of soot combustion catalysts for GPFs have not been analyzed in sufficient depth.
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The strategy of catalyst design can be found in soot combustion catalyst for DPF. As efficient
catalysts for catalytic DPFs, CeO;-based catalysts have been widely investigated, especially in terms
of the promotion of catalytic activity resulting from the loading of transition metals, such as Ag,'*!
Cr,'s Mn,!"!8 Fe, 1920 C0,%° Cu,?!?* and Ni.® In fact, the loading of these metals generally promotes
the formation of reactive oxygen species. Zhang et al. reported that the Fe—O—Ce bond in Fe-doped
CeO; contributes to soot combustion catalysis, a process whereby the redox cycle of Fe*'/Fe?" plays
an important role.?’ The oxygen shared bonds of Cr—-O—Ce in Cr-doped CeO,!'® and Cu—O-Ce in
CuxCe1-x0,%? are also proposed to act as the active sites in soot combustion catalysis.

Doping CeO: with rare-earth elements is also known to enhance soot combustion catalytic
activity and improve thermal durability.?%?” Although for CeQ,-ZrO, the effect of OSC on soot
combustion is usually discussed, the catalyst surface area’® and the formation of active oxygen
species’® have been indicated as more important factors. Ag/CeO: is a well-studied catalyst, and small
Ag particles contacting with CeO, promoted catalytic soot combustion.'*!> Yamazaki et al. developed
a rice ball-shaped CeO>—Ag catalyst.!> This catalyst is composed of Ag particles covered with CeO;
particles, whereby a large interface area between Ag and CeO; exists, which promotes oxygen mobility
and the formation of active oxygen species. The self-dispersion of Ag increases Ag—CeQO; interface
area and thus enhances soot oxidation catalytic activity.?’ Notably, although most of these studies
focused on the effect of specific transition metals on CeO»-based catalysts, determining the role of
metal—support interactions with a wide range of transition metals is important for an effective catalyst
design.

In this study, in order to improve the catalytic activity of CeO; for soot combustion under
conditions of low oxygen concentration, we systematically investigated the effects of transition metal
(Mn, Fe, Co, Ni, Cu, Rh, Pd, and Ag) loading onto CeO,. Moreover, on the basis of the redox properties
and structure of CeO»-based catalysts, the catalytic activity-controlling factors and the role of metal—

support interactions on the catalytic activities was elucidated.

4-3-2. Experimental methods
Materials

CeO2 (JRC-CEO-3) and Si0O; (JRC-SIO-12) were supplied by the Catalysis Society of Japan.
The other chemicals were purchased from Kishida Chemical Co., Ltd. The precursors used in this
study are as follows: Mn(NO3)2-6H20, Fe(NO3)3;-9H,0, Co(NOs3)-6H20, Ni(NO3)2-6H20,
Cu(NO3)2:3H20, Rh(NO3)3, PA(NO3)2, and AgNO:s.

Catalyst preparation
CeO;-supported metal catalysts are denoted as M/CeO> (M = Mn, Fe, Co, Ni, Cu, Rh, Pd, and
Ag). M/CeO; catalysts were prepared through a conventional impregnation method. The supported
metal loading was 5 wt%. Specifically, CeO> was added to an aqueous solution of the supported metal
precursor, and the resulting solution was stirred for 1 h. Excess water was removed by a rotary
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evaporator, and the residue thus obtained was dried at 80 °C overnight. The resulting powder was
calcined in air at 600 °C for 3 h. M/SiO; catalysts (metal loading was 5 wt%) were prepared in the
manner just described for M/CeQ.. The physical mixture of CuO+CeQO> was prepared by mixing CeO-
and CuO (purchased from Kishida Chemical Co. Ltd., Cu metal loading was 5 wt%) in a mortar for

10 min.

Characterization

The specific surface area (Sger) of CeO2 and M/CeO2 samples were determined from N>
adsorption isotherms, which were obtained at =196 °C using a BELSORP-mini II (MicrotracBEL Co.).
Prior to analysis, 100 mg of the samples were degassed at 400 °C for 1 h. The surface area was
calculated implementing the Brunauer—-Emmett—Teller (BET) multipoint method.

XRD measurements were performed on a Rigaku Miniflex II/AP with Cu Ka radiation (30
kV, 15 mA).

XPS measurements were conducted using an ESCALAB250 X-ray photoelectron
spectrometer (Thermo Fisher Scientific). The C 1s line at 284.8 eV was used to calibrate the binding
energies.

Raman spectra were recorded using a JASCO RMP-330 with a Peltier cooled charge coupled
device (CCD) detector using a visible laser (A = 532 nm). Before conducting the measurements,
samples were placed in a flow of 20% Ha/Ar (100 mL min ') for 20 min at 100 °C or 300 °C and then
allowed to cool to room temperature.

EDX mapping images were recorded on a JEM-ARM200F spherical aberration (Cs)-
corrected STEM (JEOL Ltd.) operated at 200 kV. Scanning transmission electron microscopy (STEM)
images were recorded using a high angle annular dark field (HAADF) detector. The samples were
prepared by spreading a drop of methanol suspension of M/CeQ»> catalysts.

Cu K-edge and Ce Lir-edge XAFS measurements were performed on BL5S1 beamline at the
Aichi Synchrotron Radiation Center. The data were analyzed using the Athena software including the
Demeter package. Samples were pretreated in a flow of 20% Ha/N, (100 mL min ') for 20 min at 100
or 200 °C and then sealed in polyethylene bags in an N»-filled glove box.

H>-TPR experiments were carried out on a BELCAT B (MicrotracBEL Co.). Before
conducting H>-TPR tests, 50 mg of catalyst samples were pretreated at 500 °C for 30 min in a stream
of 100% O3 (40 mL min!) and then allowed to cool to ambient temperature. The pretreated samples
were subsequently heated from 50 °C (=50 °C in the case of Rh/CeO», Pd/CeO., and Ag/CeO>) to
900 °C at a rate of 5 °C min ! in a stream of 5% H/Ar (50 mL min'). Hydrogen consumption was
determined with a thermal conductivity detector (TCD).

Oxygen release/storage measurements were performed with a thermogravimetric analyzer
(TGA). The catalysts were treated at 300 °C in a stream of 10% O2/N, (100 mL min") for 30 min. The
feed gas was then switched to 5% H2/N; (100 mL min™") and finally to 10% O2/N2 (100 mL min™"),
until the weight deviation saturated. The oxygen release/storage capacity®® and turnover frequency
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(TOF)? of the catalysts were calculated through the following equations (1)—(4):

Woxi-red

0SC (mmolg™1) = —
& Weat X 2%6)

(1)

Where wyi_req : Weight loss of the catalyst before and after the flow of reducing gas (mg); we,t:

weight of the catalyst (mg); and ng: atomic weight of oxygen (g mmol ™ !).

DTG 04—
Oxygen release rate (umol g~1 s1) = — ——max-red (2)
Weat X g

Where DTG ax—req: maximum slope of the tangent to the weight loss curve during reduction (mg s

); Weat: weight of the catalyst (mg); and ng: atomic weight of oxygen (g pmol ™).

DTG —oxi
Oxygen storage rate (umol g~1s71) = — =25 (3)
Weat X g

Where DTG ax—oxi: maximum slope of the tangent to the weight loss curve during oxidation (mg

s1); Weae: weight of the catalyst (mg); and ng: atomic weight of oxygen (g pmol ™).

Oxygen release rate (umol g=1 s™1)

TOF (x 1073s71) =
( ) 0SC (mmol g=1)

(4)

Soot combustion test

The catalytic activity for soot combustion was determined using commercially available
carbon black (PrintexV) from Degussa as a model for soot. The average particle size and BET surface
area of PrintexV is 25 nm and 92 m? g '. A 10 mg sample of soot and a 100 mg sample of catalyst were
mixed together in a mortar for 10 min to obtain a tight-contact mixture. Notably, tight-contact
conditions are often used to evaluate the soot combustion activity.'*3!734 The catalytic test was carried
out with TGA (Rigaku Thermo plus EVO2 thermogravimetric-differential thermal analyzer). In order
to remove water adsorbed on the sample, a 10 mg sample of tight-contact mixture was heated from
room temperature to 100 °C at a rate of 20 °C min ! in a stream of 0.5% O2/N, (100 mL min ') and
held at 100 °C for 1 h. The pre-treated sample was then heated from 100 °C to 900 °C at a rate of 5 °C
min~! in a stream of 0.5% O»/N2 (100 mL min™"). Notably, the above-described experiment was also
carried out in a stream of 10% O2/N; (100 mL min™"). The error in the soot combustion temperature

was within 5 °C.
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4-3-3. Results and Discussion

The Sger values for M/CeO; are reported in Table 1. M/CeO» showed lower surface area
than that of pure CeO,. The average surface area of M/CeO2 was 87 m* g ! and their variations were
within 3.2 m? g ! (3.7%). Figure 1 shows the XRD patterns of M/CeQ,. XRD lines assignable to
fluorite-structured CeO, were observed at 20 =28.8°, 33.3°, 47.8°, 56.3°, 59.2°, 69.7°, 76.8°, and 79.3°
for all catalysts.?® Each line corresponds to (111), (200), (220), (311), (222), (400), (331), and (420),
respectively. The fluorite structure was confirmed to be maintained even after the loading of transition
metals onto CeO». No line shift was observed for M/CeO,, which suggests that solid solution formation
in the CeO> bulk is negligible. Except for Ag/CeO», the diffraction lines derived from the supported
metal species were not observed, which suggests that the supported metal species are highly dispersed
on CeO». By contrast, XRD lines attributed to metallic Ag were observed at 20 = 38.2°, 44.4°, and
64.6° in Ag/CeO». These lines correspond to (111), (200), and (220), respectively. The average
crystallite size of the metallic Ag particles as calculated by Scherrer’s equation was 47.5 nm. We

assumed that the metallic Ag particles were poorly dispersed on the CeO; support.

Table 1. Specific surface areas (Sger), oxygen storage capacity (OSC), and oxygen release/storage

performances of CeO; and M/CeO:.

Catalyst SBETﬁ OSC ) Oxygen releﬁaseﬁrate Oxygen storiagei rate
/m*g! /mmol g / umol g !'s7! /umol g ! s7!
CeO2 108 0.0074 0.13 0.18
Mn/CeO; 83 0.38 1.5 8.8
Fe/CeO, 71 0.23 0.72 8.4
Co/CeO> 81 0.95 2.3 11.9
Ni/CeO> 88 0.53 1.5 9.9
Cu/CeO> 92 0.73 7.3 10.5
Rh/CeO» 99 0.84 7.5 14.7
Pd/CeO» 97 0.51 53 11.3
Ag/CeO> 85 0.073 1.0 12.5
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Figure 1. X-ray diffraction patterns of as-prepared M/CeO.

XPS results indicated that the oxidation states of the transition metals in the prepared
M/CeOs species were Mn** and Mn*", Fe?" and Fe’*, Co*" and Co*", Ni**, Cu ? and Cu*, Rh**, and
Pd**, for Mn/CeO», Fe/CeO,, Co/CeO,, Ni/CeO,, Cu/CeO,, Rh/CeO,, and Pd/CeO», respectively
(Figure 2). As for Ag/CeO», the oxidation state of Ag could not be determined by XPS because of the
overlap of the Ag 3d peaks assignable to Ag™ and Ag®. XPS results identified that supported metal
species were mainly present on CeO> as metal oxides, except in the case of Ag/CeO,. Notably, after
loading the transition metals, no significant change in the oxidation state of cerium and in the binding

energy of CeO» lattice oxygen was observed in any of the M/CeO catalysts (Figure 3).
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Figure 3. (a) Ce 3d and (b) O 1s XPS spectra of as-prepared M/CeQs.
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Figure 4 shows a TEM image of the Cu/CeO; catalyst. CeO> particles approximately 10
nm in size are shown to aggregate to form second-order particles, whereas Cu species are not clearly
observed. STEM-EDX images confirmed the dispersion of supported metal species (Figure 5). As can
be evinced from Figures 5d and e, respectively, large Pd and Ag particles were observed in Pd/CeO-
and Ag/CeOs. The particle diameters were around 5—10 nm. Smaller Rh particles (<5 nm) were
observed in Rh/CeO,. The existence of highly dispersed clusters was confirmed for Cu/CeO; and
Fe/CeOs.

Figure 4. TEM image of as-prepared Cu/CeQO; catalyst.

(a) Fe/CeO, (b) Cu/CeO, (c) Rh/CeO,

(d) Pd/CeO,

Figure 5. High-magnification scanning transmission electron microscope-energy dispersive X-ray
spectroscopy mapping images of as-prepared (a) Fe/CeOz, (b) Cu/CeOz, (c) Rh/CeOz, (d) Pd/CeO,,
and (e) Ag/CeO:. Red: Fe, Cu, Rh, Pd, and Ag, Blue: Ce.
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This dispersion of supported-metal species was in agreement with Raman spectroscopy
data (Figure 6). Although the Raman bands of PdO* and Rh,Os*® were observed in Pd/CeO, and
Rh/CeO;, Cu and Fe oxides could not be detected by Raman spectroscopy (Figure 6). The results
indicate that Cu and Fe oxides were present on CeO> as small clusters. Only the F2; band of CeO> was
observed in Ag/CeOz. Since Ag>O is characterized by a broad Raman band at 490 cm ™! and AgO by a
strong Raman band at 429 cm™!,*7 the experimental spectrum suggests that Ag in Ag/CeQ, is present
as Raman-inactive Ag metal. This conclusion is in good agreement with the XRD pattern, which

included the diffraction lines of metallic silver.
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Raman Shift / cm™

Normalized Intensity / a.u.

Figure 6. Raman spectra of as-prepared M/CeOa.

Figure 7a shows the soot conversion on M/CeQO; as a function of the temperature under
conditions simulating those in GDI exhaust in a flow of 0.5% O2/N>. When the soot was heated in the
presence of CeQO,, the temperature of soot combustion shifted to lower values by about 300 °C.
Moreover, in the presence of CeOz-supported metal catalysts, soot combustion temperature decreased
further by between 10 and 100 °C with respect to pure CeO». The effect of supported-metal catalysts
on the light-off temperature of soot combustion was evaluated using the parameter T1o, the temperature
at which 10% of soot has undergone conversion. The values of T1o for Cu/CeO; and Rh/CeO, were
about 70 °C lower than that for pure CeO.. As can be evinced from the data in Figure 7b, the soot
combustion activities of M/CeO; catalysts increase in the following order: None (pure CeO2) < Fe <
Mn < Ag < Ni < Pd < Co < Cu and Rh. Notably, this order was different from that observed under
simulated diesel exhaust conditions, whereby oxygen concentration was 10%, (Figure 8). In that case,
the T1o value order was as follows: None < Mn < Fe < Ni, Co, and Pd < Ag < Cu < Rh. Nevertheless,
regardless of the oxygen concentration, Cu/CeO> and Rh/CeO> displayed the highest soot combustion
activity. Table S1 summarized the soot combustion temperatures under simulated GPF and DPF
conditions measured in this work and reported in the literature. Although the reaction conditions are
slightly different from each other, use of Cu/CeO, and Rh/CeO, was associated with the lowest
combustion temperatures across reports.
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Figure 8. (a) Soot conversion versus temperature and (b) T1o values for M/CeO> under 10% O2/No.

Table 2. Catalytic activities of different catalysts for soot combustion.

catalytic activity catalyst:soot contact

catalyst /oC weight ratio  mode reaction gas
5wt% Cu/CeQ,his work Tio /263 10:1 tight 0.5% O2/N:
5wt% Rh/CeQ,is work Tio /265 10:1 tight 0.5% O2/N
5wt% Ag/CeO,! Tio /525 4:1 loose 1% O2/N2
Lao¢Sro4sMnOs perovskite?>  Ts /427 4:1 tight 1% O2/He
5wt% Ag/CeO5? Tso /333 20:1 tight 6% O2/N2
4.5wt% Ag/CeO; nanofibers* Tig / 292 19:1 tight 21% Oo/He

Tig: Temperature at which the soot combustion begins.

The observed remarkable decrease in soot combustion temperature associated with using
M/CeO2 was not linked solely to the presence of the supported transition metals. In fact, when the

chemically inert SiO2 was used as the support, the obtained catalysts did not display remarkable soot
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combustion activity. As can be evinced from Figure 9, the Tio of pure soot combustion was 603 °C,
whereas the Tio values for most M/SiO> catalysts were 500 °C or higher. Indeed, even though Ag/SiO»
was the most effective catalyst for soot combustion, its T1o value (394 °C) was higher than that of pure
Ce0:2 (335 °C). The results can be interpreted as indicating that the high soot combustion catalytic
activity of M/CeQO; catalysts descends from the presence of the metal-CeO> interface and/or the
influence that the CeO> support exerts on the transition metals.
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Figure 9. (a) Soot conversion versus temperature and (b) T1o values for M/S102 under 0.5% O2/N,.

In order to investigate the catalytic importance of Cu—Ce interactions, a CuO+CeO,
system lacking the Cu—CeO, interface was prepared by physical mixing. Figure 10 shows the soot
combustion catalytic activity of a series of Cu-based catalysts having different Cu—Ce interfaces (or
no such interface). The Tio values for Cu/SiO, and CuO+CeO, were higher than that for CeO». This
result clearly indicates that the high soot combustion catalytic activity of Cu/CeOx is not caused by the

presence of the supported CuOx species itself, but by the close contact between Cu and CeOo.
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Figure 10. (a) Soot conversion versus temperature. (b) Temperature at which 10% of soot has been
converted (T1o) in the presence of different Cu-based catalysts under a flow of 0.5% O2/N>.

H»-TPR profiles of CeO and various Cu-based catalysts are shown in Figure 11a. The
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profile of CeO, was characterized by two broad peaks at 300—500 °C and 600-850 °C, which were
attributed to the reduction of CeO> surface and bulk, respectively.?’ In the case of CuO+CeO,, three
reduction peaks were observed at 170 °C, 300-500 °C, and 600—850 °C. The peak at 170 °C, which
was similar to its counterpart observed for Cu/SiO», was attributed to the reduction of CuOx.*® In the
case of Cu/CeQO», two sharp reduction peaks were observed at 84 °C and 148 °C, whereas the peak
associated with the reduction of the CeO> surface at 300-500 °C was absent. The result suggests that
the surface of CeO, was activated by the Cu species, so that the relevant reduction peak may have
shifted below 200 °C. The H> consumption of each catalyst was estimated from the area of the
reduction peak at 50-250 °C (Table 3). The theoretical H> consumption associated with the reduction
of Cu*?0 to Cu’ metal is 0.79 mmol g '. In fact, H> consumption by Cu/CeO; (1.54 mmol g ') was
substantially larger than the theoretical value for CuO reduction, indicating that the reduction of not
only CuO, but also of CeO», occurred below 200 °C in the case of Cu/Ce0,.3*° In order to confirm
the assignment of the low-temperature reduction peak observed for Cu/CeO>, XAFS and Raman
spectroscopy measurements were conducted. The Cu K-edge X-ray absorption near edge structure
(XANES) spectrareported in Figure 12 clearly demonstrate the presence of Cu®" species in as-prepared
Cu/CeOs. The Cu K-edge XANES spectra of Cu/CeO> after H> reduction at 100 °C displayed no
difference to that of as-prepared Cu/CeO,. Conversely, the XANES spectrum of Cu/CeO> recorded
after H» reduction at 200 °C indicated that most Cu species had undergone reduction from Cu** to Cu°
between 100 and 200 °C. Based on linear combination fitting (LCF) analysis of the Ce Lm-edge
XANES spectra, the fraction of Ce*" in Cu/CeO, was estimated to be 1.2 and 3.2%, after Ha reduction
at 100 and 200 °C, respectively (Figure 13). Figure 11b shows the Raman spectra of CeO», Cu+CeO,,
and Cu/CeQ: after H> reduction at 100 °C. The spectra of all samples exhibited the F2, mode associated

! was observed for

with a fluorite cubic CeO, structure. Notably, an additional band at 593 cm™
Cu/CeO:. This band has been attributed to oxygen vacancies (Oy) in the CeO> lattice.*! Therefore, in
the case of Cu/CeQ», it was confirmed that lattice oxygen release from CeO> had occurred during H»
reduction at 100 °C. The evidence just discussed indicates, therefore, that the reduction peaks at 84
and 148 °C in the H>-TPR profile of Cu/CeO; are mainly due to the reduction of CeO> and CuOx
clusters, respectively. Indeed, CeO, became more easily reducible as a result of the Cu—CeO-

interaction.
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Figure 11. (a) H>-TPR profiles of CeO> and Cu-based catalysts. (b) Raman spectra of CeO; and Cu-
based catalysts after undergoing H» reduction at 100 °C.

Table 3. H, consumption (50-250 °C) of CeO; and Cu-based catalysts.

Catalyst H, consumption (50-250 °C) / mmol g’!
CeO> 0
Cu/Si0O; 0.32

CuO+CeO2 0.36
Cu/CeO2 0.449,1.1°

ow-temperature reduction peak at 84 °C, "high-temperature reduction peak at 148 °C.

(@) Cu K-edge (b) Cu K-edge Cu-Cu
in metal

Cu foil

Normalized Absorption
FT of K 4(k) I A

8960 8980 9000 9020 9040 o 1 2 3 4 5
Energy / eV R/A
Figure 12. Cu K-edge (a) XANES and (b) FT-EXAFS spectra of Cu/CeOx. Fresh: as-prepared, Red.

100 and 200 °C: after H» reduction at 100 and 200 °C.
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Figure 13. Ce Li-edge (a) XANES and (b) FT-EXAFS spectra of Cu/CeOa. Fresh: as-prepared, Red.
100 and 200 °C: after H> reduction at 100 and 200 °C.

Similarly to the oxidation reactions occurring over other metal oxide catalysts,*” the soot
combustion reaction over CeO> has been proposed to proceed through a Mars-van Krevelen
mechanism.'® In addition, soot combustion has been reported to proceed at the soot—CeO; interface.*’
Therefore, in CeO»-based catalysts, the specific surface area of the catalysts and the transfer of CeO»
lattice oxygen to soot have been reported to be the activity-controlling factors in catalytic soot
combustion.?”?** The catalytic activity-controlling factors of M/CeO> were thus investigated. Figure
14 shows the relationship between catalytic soot combustion activity and M/CeQO> surface area. The
catalytic activity was not well correlated to surface area. It is indicated that the soot combustion activity

cannot be rationalized by the Sger value of the catalysts.
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Figure 14. Relationship between soot combustion activity under 0.5% O2/Nz and BET surface area of
M/CeO:s.
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The rate and capacity of oxygen release/storage of M/CeO; were determined measuring
by TGA the weight change associated with switching between a reducing atmosphere (flowing gas:
5% H2/N,) and an oxidizing one (flowing gas: 10% O2/N>) at 300 °C.** Figure 13 shows the weight
change of Cu/CeQ; as a typical result. The weight loss due to oxygen release from CeO; was observed
under a reducing atmosphere; the weight increase due to oxygen storage into CeO, was instead
observed under an oxidizing atmosphere. The oxygen release/storage capacity of M/CeO> was
calculated with equations (1)—(3) reported above. The rates and capacities of oxygen release/storage
of M/CeO are listed in Table 1. The rate of oxygen release is slower than that of storage for all the
M/CeO; catalysts.

Oxygen Cu/CeO,

Oxygen
Storage

Weight Loss / mg
=}
ihe

S
+

Time / min

Figure 13. Weight change of Cu/CeQO> under switching a flowing gas between 5% H2/N> and 10%
02/N; at 300°C.

The soot combustion activities in GDI conditions (0.5% O2/N2-T10) were compared with
the OSC and the oxygen release rate of M/CeOs. Tio values as an index of soot combustion activity
was well correlated with the oxygen release rate (Figure 14). By contrast, T1o values did not display a
strong correlation with OSC (Figure 15) values; in fact, although Co/CeO> was characterized by a
higher OSC than Cu/CeO: and Rh/CeO, it displayed lower catalytic soot combustion activity (higher
Tio) than the other two catalysts. The results indicated that the oxygen release rate is the controlling
factor in catalytic soot combustion activity; in other words, increases in oxygen release rate result in
increases in soot combustion activity. Indeed, a dependence of the combustion activity on the oxygen
release rate is reasonable, given that, in low oxygen concentration conditions, lattice oxygen is
expected to play a more important role in soot combustion than oxygen adsorbed from the gas phase.
On the other hand, the correlation between the value of Tio and that of the oxygen release rate was
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weaker under GPF conditions (10% O2/N2) than under GDI conditions (0.5% O2/N>) (Figure 16). This
difference can be attributed to the more significant contribution of gas-phase or weakly adsorbed

oxygen to soot combustion in the high-oxygen-concentration case.
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Figure 14. Relationship between catalytic soot combustion activity under 0.5% O>/N> and oxygen
release rate of M/CeOx. The coefficient of determination R? = 0.87.
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OSC of M/CeO,. The coefficient of  oxygen release rate of M/CeOs. The coefficient

determination R? = 0.67. of determination R? = 0.69.

According to the discussion above on the effect of Cu—Ce interactions on catalytic soot
combustion activity, the supported metals are expected to play a role in tuning the reducibility of CeO>
via the metal-CeO interaction.*’ The strength of the interaction or chemical bond between metal and
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support has been reported to be efficiently predicted by a descriptor like the oxide formation enthalpy
of the supported metal.*** Thus, the oxygen release rate as a controlling factor of soot combustion
was plotted against the energy of the metal-oxygen bond of the supported metal (Figure 17). Notably,
the M—O bond energy values were estimated from the metal oxide formation enthalpy per oxygen
atom.>°

The oxygen release rate showed a volcanic correlation with the M—O bond energy, with
Cu and Rh at the top. Figure 17 demonstrates that moderate M—O bond energies of the supported-
metals are required to observe high oxygen release rates for M/CeQO». The right-hand slope implies that
the oxygen release rate decreases as the M—O bond energy increases. In other words, the increase in
reducibility of CeO» by the supported metals with lower M—O bond energies could be explained by
the formation of weaker M—O—Ce bonds. The promoting eftect of supported metals on the reducibility
of CeO; was estimated from H>-TPR data (Figure 18). In all M/CeO: catalysts, the pure CeO: peak
near 500 °C, which is associated with surface CeO: reduction, shifted to lower temperatures, indicating
an increase in reducibility due to the metal-CeO: interactions. In addition, the experimental value of
H> consumption for almost all M/CeQO; catalysts was larger than the theoretical H> consumption of the
supported metal species (Table 4). Except for pure CeO», the Raman spectra recorded after H> reduction
at 300 °C comprised the Oy band, which is associated with vacancies in the CeO> lattice (Figure 19).
It is clearly indicated that the reduction peak below 550 °C is due not just to the reduction of the
supported metal but also to the reduction of the CeO» surface. Notably, the temperature of the first
reduction of the CeO»-supported metal catalysts decreased in the following order: Fe > Co > Mn > Ni
> Cu (> Ag) > Rh > Pd, which matches almost perfectly the strength order of M—O bonds (Figure 20).
Taking the diffraction lines of metallic Ag in XRD into account, the reduction of Ag" to metallic Ag

also occurred below —50 °C.
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Figure 17. Relationship between the oxygen release rate of M/CeO> and the metal-oxygen bond
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Table 4. H, consumption of M/CeO,.

| H> consumption Reduction reaction of H> consumption of the H> consumption of
Catalyst
(<550 °C)* / mmol g*! the supported metal supported metal”? / mmol g!  CeO,°/ mmol g’!
CeO; 0.19 - - -

1/2Mn+3203 +1/2H,
Mn/CeO;, 0.37 0.46 -0.09
— Mn"0+ 1/2H,0

1/2Fe+3203 + 1/6H,

Fe/CeO, 0.95 0.15 0.80
— 1/3Fe+2Fe+3204+ 1/6H,O
1/3C0+2C0+3204 +4/3H,
Co/CeO, 1.77 1.13 0.64
— Co” + 4/3H,0
Ni20 + H,
Ni/CeO; 1.30 0.85 0.45
— Ni® + H,O
Cu™0 + H,
Cu/CeO, 1.54 0.79 0.85
— Cu+ H,O
1/2Rh*,0; + 3/2H,
Rh/CeO, 0.64 0.73 -0.09
— Rh+ 3/2H,0
Pd™0 + H,
Pd/CeO, 0.51 0.47 0.04
— Pd%+ H,O
1/2Ag+20 + 1/2H2
Ag/CeOs 0.19 0.23 -0.04

— Ag’+ 1/2H,0

@ Calculated by integrating of the reduction peak (< 550 °C).

b Theoretical value calculated based on assumptions that the supported metal species was reduced according to the
reduction reaction equation. It is reported that Mn> and Fe® oxide species are not reduced to metal below 550 °C .

¢ Calculated by subtracting (b) from (a). Positive values indicate that the reduction from CeO; occurs below 550 °C.
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The mentioned H>-TPR results support the idea that lattice oxygen can be easily released

from the metal-CeO, interface when the M—O binding energies are low. However, in the left-hand

slope of Figure 17, the oxygen release rate of M/CeO, decreased as the M—O binding energy decreased.

When the oxygen release rate per OSC (TOF calculated using equation (4) above) was plotted against

the M—O bond energy, the TOF monotonically increased as the M—O bond energy decreased (Figure

21).
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According to previous reports, the OSC and oxidation activity of CeO»-supported metal
catalysts depend on the number of metal-CeO: interfaces.”'*? Furthermore, Ag, which is characterized
by a low M-O bond energy, has been reported to easily form aggregates due to the weakness of its
interaction with the support. On the other hand, supported metals like Fe, Co, Ni, and Cu, which are
characterized by high M—O bond energies, are reported to be highly dispersed on the oxide support.*
Therefore, the left slope in Figure 17 suggests a decrease in the metal-CeO: interface sites. Based on
STEM-EDX mapping, the dispersion of the supported metal species on CeO> decreases in the
following order: Fe = Cu > Rh > Pd > Ag. Therefore, the left slope can reasonably be explained by a
decrease of the metal-CeO: interface. CeOz-supported Cu and Rh catalysts, which are characterized
by moderate M—O bond energies, displayed high soot combustion activities, due to the formation of
metal-CeO> interfaces from which lattice oxygen can be easily released. On the other hand, CeO»-
supported Fe, Mn, Ni, and Co, which are characterized by high M—O bond energies, have relatively
strong M—O—Ce bonds, so that the promotion of oxygen release of CeO; is weak. Finally, CeO»-
supported Pd and Ag, characterized by low M—O bond energies, displayed lower activity because it is

unfavorable in their case to generate the metal-CeO- interface, given their weak interaction with CeO,.

4-3-4. Conclusions

M/CeO, (M = Mn, Fe, Co, Ni, Cu, Rh, Pd, and Ag) catalysts were prepared and used to
catalyze the combustion of soot under GDI exhaust conditions (i.e., low oxygen concentration). The
catalytic soot combustion activity of CeO> was enhanced by metal-CeO> interactions. Cu/CeO, and
Rh/CeO; proved to be the most suitable soot combustion catalyst candidates for use in a gasoline
particulate filter. The importance of the Cu—CeO: interface was demonstrated, and oxygen was
observed to be released from the Cu—CeO; interfaces or CuOx cluster at lower temperatures than from
pure CeO,. Cu and Rh were also suggested to display the highest oxygen release rate due to their
moderate M—O bond energies. In fact, the loading of metals with higher M—O bond energies (Fe, Mn,
Ni, and Co) led to the formation of relatively strong M—O—Ce bonds, resulting in a weak activation of
the CeO; surface. Since the loading of the metals with lower M—O bond energies (Pd and Ag) rendered
unfavorable the formation of a metal-CeO, interface, due to the weakness of the interaction with CeOa,
their soot combustion activities were lower than those observed for Cu/CeO: and Rh/CeO». Tuning the
oxygen release properties of CeO» via metal-support interactions is an effective approach to increasing
the soot combustion activity of CeOz-based catalysts under low oxygen concentration conditions, and

the selection of supported metal species with moderate M—O bond energies is important.
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Chapter 5-1.
Methane Combustion over Pd/Al;O3 Catalysts in the Presence of Water:

Effects of Pd Particle Size and Alumina Crystalline Phase
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Abstract

The effects of the Pd particle size and the Al>O3 crystalline phase of Pd/Al,O3 catalysts on the CHy
combustion in the presence of H>O were investigated. According to X-ray absorption fine structure
(XAFS) measurements, it was revealed that, during the CH4 combustion, the Pd nanoparticles existed
on the Al,Os3 support as a PdO phase, while the crystallinity of PdAO depended on the Pd particle size.
Based on X-ray diffraction (XRD), amorphous PdO particles with a size of <7 nm exhibited low
activity for CHs combustion. In contrast, as the Pd particle size increased, larger crystalline PdO
particles (>7 nm) were formed, which were highly active for CH4 combustion. Comparing the effects
of the different Al,Os crystalline phases, Pd/a-Al,O3; was proved to be more resistant to deactivation
by H,O than Pd/y-Al,O3; and Pd/6-Al,Os. Moreover, according to HoO temperature-programmed
desorption (TPD) and infrared (IR) measurements, since a-AloO; was relatively hydrophobic
compared to y-Al203 and 0-Al03, a faster and reversible adsorption/desorption of OH/H>O species

was achieved, while the H>O-poisoning on PdO species in the vicinity was limited.
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5-1-1. Introduction

Natural gas, which consists mainly of methane (CHa4), is increasingly being used as a fuel for
natural gas vehicles and thermal power production. When used as a fuel, its exhaust gas contains a
considerable amount of unburned CH4, which has a greenhouse effect 25 times higher than that of CO».
Supported Pd catalysts have been widely used for complete combustion of CH4 that would require
conversion of unburned CHy into CO; and H,0.! During CHs combustion under oxygen excess, Pd is
easily oxidized to an active PdO phase.> Previous studies on the effect of supports on the efficiency
of supported Pd catalysts suggested that Al,O3 is one of the most effective supports for CH4 combustion
due to the charge transfer between Pd and AlO; that improves the redox properties of the Pd
particles.’ ' Our research group has investigated the effect of different Al,Os crystalline phases on
CH4 combustion under water-free (dry) conditions over Pd/AlO; prepared by the impregnation
method.'® It was revealed that the ALLOs crystal phase with different interaction strengths with Pd
triggered the structural change of the Pd particles, which are precursors of the active PdO phase. On
v-Al>O3, which strongly interacts with Pd, the Pd particles displayed an amorphous-like surface with
abundant corner sites and exhibited low activities for CH4 combustion. Instead, their weak interaction
with 0- and a-Al>O3 resulted in the formation of spherical Pd particles with a high fraction of highly
active step sites.

Nevertheless, it should be considered that the exhaust gas in a catalytic converter contains in
addition to low CHa4 concentrations (400—1500 ppm), high concentrations of H,O vapors (10-15%),!!
which strongly interferes with the CH4 combustion over Pd catalysts. Therefore, the development of a
catalyst with high CHs combustion activity even in the presence of H>O (wet conditions) is an
imperative need. So far, several mechanisms have been reported for the deactivation mechanism of
CH4 combustion by H»O. In particular, it has been suggested that the adsorption of OH/H>O species
on active PdO reduces the number of active sites that could participate in the CH4 activation,>?!
while the accumulation of OH/H>O species on the catalyst supports may impair the oxygen supply
between Pd and the support.'’-2° In addition, at high temperatures (>500 °C), sintering of PdO particles
was induced in the presence of H,O vapors.!'!?!?? Therefore, the selection of the appropriate catalyst
support is important for the development of highly active Pd catalysts for CHs combustion under wet
conditions. So far, Pd catalysts with good hydrothermal durability have been developed using ZrO,.%*
The addition of CeO», which has high oxygen mobility, suppressed the negative effect of H>O on the
activity??, while the SnO, support promoted the release of OH species from the active PdO surface and
exhibited high activity even in the presence of H>O.!? In the case of a Pd/zeolite catalyst, the high Si/Al
ratio improved the H>O resistance during CHs4 combustion due to its superior hydrophobicity.'*?*
Pd/ALLO; catalysts have exhibited high activity for CH4 combustion under dry conditions, but their
relative hydrophilicity leads to considerable deactivation by H>O.!>% Therefore, since Al,Os is present
in various crystal phases, such as vy, 0, and a, their effect on CH4 combustion in the presence of H.O

should be further investigated. Differences in the surface AI**

sites and OH groups of Al,O3, derived
from the crystalline phase, are expected to affect the interaction between the Pd/Al>O; catalyst and
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H20.27’28

The Pd particle size effect on CH4 combustion under dry conditions has been studied. Under
dry conditions, an under-coordinated PdO surface such as PdO(101) is known to be more active for
CH4 combustion than a well-coordinated PdO(100) surface.? It has been proposed that the proportion
of Pd(101) on PdO particles was depended on the Pd particle size.>!° However, the PdO(101) surface
is possible to be strongly deactivated by water.’® Therefore, the effect of Pd particle size on CHs4
combustion in the presence of H,O should be studied.

Herein, we systematically investigated the CH4 combustion activities under wet conditions of
Pd/ALLOs5 catalysts with different Pd particle size and Al>O3 crystal phase. The crystallinity of active
PdO phase depended on the Pd particle size. Comparison of the catalytic activities in the presence and
absence of H>O indicated a different effect of the Ao O3 support on the deactivation by H>O. Moreover,
based on kinetic analysis and spectroscopic data, the deactivation factors during CH4 combustion could
be explored at low temperature (350 °C). The role of the Al>O3 support indirectly involved in CH4
combustion over a Pd catalyst was also mentioned.

5-1-2. Experimental methods
Catalyst preparation

v-Al203 was prepared by thermal decomposition of boehmite (Sasol, PURAL alumina) at 500
°C for 1 h. 8-A1,03 (AKP-G07) and a-Al,O3; (AKP-50) were supplied from Sumitomo Chemical Co.
Ltd.; 8-AlbO3 and a-Al,O3 were calcined at 500 °C for 1 h. Pd (Pd loading: 0.2—-2wt%) were deposited
onto alumina supports with various crystalline phases by the impregnation method using an aqueous
4.5wt% Pd(NO3): solution supplied from Cataler Co. The alumina supports were impregnated with an
aqueous 4.5wt% Pd(NOs3) solution, and the suspension was stirred for 1 h. Excess water was removed
by a rotary evaporator at 60 °C, and then catalysts were dried at 80 °C for 8 h and calcined at 500 °C
for 3 h. Some of the samples were further treated at 800, 850, or 900 °C under air for 10 h to obtain
Pd/Al>Os5 catalysts with various Pd particles sizes.

Charactrization

N> adsorption on the metal oxide support was conducted on a volumetric adsorption
instrument (MicrotracBEL, BELSORPminill) at liquid nitrogen temperature. The metal oxide supports
were pretreated at 150 °C under vacuum for 30 min. Specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) multipoint method.

XRD measurement was carried out using a Rigaku MiniFlex II/AP diffractometer with Cu
Ko radiation.

Pd K-edge XAFS measurement was carried out on the BLO1B1 beamline of the SPring-8
synchrotron radiation facility of the Japan Synchrotron Radiation Research Institute in Hyogo, Japan.
The XAFS was performed at room temperature (ex situ). The data analysis was performed using the
Athena software including in the Demeter package. The samples after methane combustion under wet
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conditions were pretreated under 10% O2/N> for 10 min at 500 °C and then under 0.4% CHa4, 10% O»,
12% H>0 and N; balance for 30 min at 500 °C. In order to keep the state of Pd under the reaction
conditions, a sample after CH4 combustion was quenched to room temperature under N>, then was
sealed in an air-tight package without exposure to ambient air.

The structure of Pd/AlbOs catalysts were observed using JEM-ARM200F Cs-corrected
S/TEM operated at 80 kV to prevent reduction of PdO to metal under observation. The S/TEM samples
were prepared by spreading a drop of methanol suspension of pretreated Pd/Al,O; catalysts. The
samples were treated under dry conditions (0.4% CHas, 10% O2, and N balance at 500 °C for 30 min).

Fourier transformed-infrared (FT-IR) measurements were performed using a quartz in situ IR
cell and a JASCO FT/IR-6100 instrument (JASCO Co.) with a liquid-nitrogen-cooled HgCdTe (MCT)
detector. IR spectra were obtained by averaging 64 scans (ca. 60 sec) at a resolution of 4 cm™'. The
samples were pressed into approximately 80 mg of the self-supporting disk and mounted into the IR
cell with a CaF> window. The samples were pretreated under oxidation conditions in a flow of 10%
OJ/Ar at a rate of 100 mL min™' at 500 °C for 10 min. The samples were then cooled to 350 °C under
Ar, and IR spectra were taken as a background. Reaction gas for methane combustion under wet
conditions (0.4% CHa, 10% Oz, 3% H>0 or D,O and Ar balance at a rate of 100 mL min~') was
introduced into the quartz in situ IR cell, and then IR spectra at each reaction time were measured.

H>O-Temperature Programmed desorption (TPD) were conducted using BELCAT-II
(MicrotracBEL) with thermal conductivity detector (TCD). Because surface area of Al,O3 depended
on Al>Os crystalline phase, 0.1 g of y-Al,O3, 1.0 g of 6-Al,O3 and 4.0 g of a-Al,O3 were placed into a
sample tube, respectively. The Al,O3 supports were pretreated under He for 30 min at 500 °C. After
the sample was cooled to 50 °C under He atmosphere, HO was adsorbed on Al>O3 supports at 50 °C
using 3% H>O/He. And then, temperature was ramped at 5 °C/min to 850 °C in a flow of He at a rate

of 30 mL min’'.

Methane combustion activity test

The methane combustion reaction was carried out using a conventional fixed-bed flow reactor
at atmospheric pressure. Prior to performing an activity test, each sample (20 mg) inside a U-shaped
quartz tube (inside diameter of 4 mm) was exposed to a flowing mixture of 10% O2/N; for 10 min at
500 °C. The methane combustion test was performed under 0.4% CHas, 10% Oz, 12% H>O and N>
balance (wet conditions) at the total flow rate of 100 mL min™
velocity (GHSV) of 300,000 mL g~! h'. H,O was introduced by bubbling the reaction mixture through

a saturator kept at 50 °C. The CH4 conversion was measured at steady-state from 300 °C to 600 °C.

, corresponding to the gas hourly space

The effluent gas was analyzed by a nondispersive infrared CO/CO; analyzer (Horiba VIA510).

The turnover frequency for methane combustion under wet conditions (TOFwet) was defined
as the reaction rate per molar amount of surface Pd determined by CO pulse measurement. To calculate
the TOFwet at 350 °C, the samples showing >20 % CH4 conversion at 350 °C were diluted to 1/2, 1/4,
or 1/10 with inert quartz to reduce CH4 conversion to <20% to exclude thermal and gas diffusion
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problems.

5-1-3. Results and Discussion

Al,O3 with different crystal phases (y-Al2Os3, 6-Al203, and a-Al2O3) was used as a
support for the Pd catalysts. The Al,O3; supported Pd catalyst were prepared by the impregnation
method. The 2’ Al magic angle spin nuclear magnetic resonance spectra of Al,O3 with different crystal
phases have been reported in our previous study,'® and the crystalline phases of Al,O3; were identified
by X-ray diffraction (XRD) (Figure 1). The Brunauer—Emmett—Teller (BET) specific surface areas of
AL O3 are provided in Table 1. The PdO particle size of Pd/Al,O3 was changed by tuning the Pd loading
(0.2-2 wt%) or the calcination temperature (800—900 °C). The average PdO particle size was estimated
by CO adsorption, H: adsorption, and scanning transmission electron microscopy (STEM)
measurements of the metallic Pd particles after the reduction pretreatment of the catalysts, as the Pd
particle size was not significantly affected by the chemical state.’! The Pd particle sizes of Pd/Al,O;
catalysts are reported in the Chapter 1-1.1%3? The catalysts were denoted as X nm Pd/AL,O;, where X
represents the average Pd particle size of Pd/Al,O3 estimated by CO adsorption.

Table 1. The BET surface area and the water desorption amount of alumina supports.

Samples BET surface area  Desorption amount of water Desorption amount of water per surface area
(m?g™h) (mmol g (10 mmol m?)
First peak Second peak Total  First peak Second peak Total
(at 50-500 °C)  (at 500-800 °C) (at 50-500 °C)  (at 500-800 °C)
v-ALOs 204 1.178 0.198 1.376  5.78 0.97 6.75
6-AL203 73 0.176 0.031 0.207 241 0.43 2.84
o-ALO3 10 0.051 0.003 0.054 5.10 0.30 5.40

As observed in the XRD patterns of the Pd/Al,Os catalysts (Figure 1), for 1.9 nm Pd/y-
ALOs3 (Figure 1a) and 1.5 nm Pd/6-Al,0s (Figure 1b), only the diffraction peaks of the Al,O3 supports
could be detected. However, as the Pd particle size increased, the diffraction peaks derived from PdO
appeared and their intensities increased, implying that crystalline PdO particles were formed on the
AL O3 support as the Pd particle size increased. In contrast, the diffraction peak of Pd metal was not
observed in any of the currently examined Pd/AL,O; catalysts. Based on the line intensity at 33.9°
illustrated in Figure 2, the diffraction intensities of PdO increased in two steps with the increase in the
Pd particle size of all the Pd/Al,Os catalysts. In particular, a sharp increase in PdO diffraction intensity
at <7 nm indicated the formation of crystalline PdO particles from highly dispersed PdO species, while
at sizes >7 nm, a gradual increase in the PdO intensity suggested the growth of the already formed

crystalline PdO particles.
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Figure 1. XRD patterns of (a) Pd/y-Al,Os, (b) Pd/0-Al,03, and (c) Pd/a-Al,O3 with PDF cards of
Al;03 and PdO (PDF number #02-1420, #35-0121, #10-0173, and #43-1024).
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Figure 2. Dependence of the Aintensity of PdO on the Pd particle size, derived from the XRD patterns.
The Aintensity of PdO was calculated by subtracting the intensity of Al,Os from the intensity of
Pd/AlLO3 at 33.9°.

The oxidation state and local structure of the Pd species on Al.O3 were investigated by
X-ray absorption fine structure (XAFS) measurements. The Pd K-edge X-ray absorption near edge
structure (XANES) spectra of all Pd/Al,O3 catalysts were consistent with that of the PdO reference
(Figure 3 top), indicating that the Pd particles on Al,O3 supports were completely oxidized to PdO.
Furthermore, based on the Fourier transforms of extended X-ray absorption structure (FTs of EXAFS)
spectra of Pd/Al>O3 (Figure 3 bottom), the Pd—O and Pd—Pd scattering peaks were observed at around
1.6 and 3.0 A, respectively. As the Pd particle size decreased, the Pd—Pd scattering peak intensity
around 3.0 A decreased. In addition, no Pd—Pd scattering peak derived from PdO was observed near
3.0 A for 1.9 nm Pd/y-AL,O;s and 1.5 nm Pd/0-Al,03, suggesting that isolated Pd atoms and amorphous-
like PdO particles were mainly present in the Pd/Al>O; catalysts with smaller Pd particle size. The
coordination number of Pd—Pd in PdO obtained by EXAFS fitting was also plotted on the particle size
(Table 2 and Figure 4), revealing that it increased with increasing Pd particle size. Moreover, it is clear
that the increase in the coordination number of Pd-Pd in PdO was remarkable below 7 nm,
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corresponding to the formation of crystalline PdO particles.
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Figure 3. Pd K-edge XANES (top) and FTs of EXAFS (bottom) spectra before CH4 combustion for
Pd/Al,O3 with different Pd particle sizes. The black and gray lines indicate the Pd foil and PdO

references, respectively.

Table 2. The curve fitting results of Pd K-edge EXAFS spectra for the Pd/Al,O; catalysts. CN, the
coordination number of Pd atoms; R, the lengths of Pd—O and Pd—Pd bonds. The Debye-Waller factor
of PdO reference (0.004 A?) was used in the curve fitting of Pd/Al,Os catalysts.

Sample Path CN R (A) R-factor

1.9 nm Pd/y-ALLOs Pd—O 34+£0.2  2.03+0.01 0.030
Pd-Pd 0.2£0.2  3.04+0.25
Pd—Pd 0.4+04°% 3.43+0.17

3.7 nm Pd/y-ALOs Pd—O 34+£0.2  2.03+0.01 0.017
Pd-Pd 1.5£0.2  3.04+0.02
Pd-Pd 2.9+0.3% 3.43+0.02

5.4 nm Pd/y-ALOs Pd—O 34+£0.2  2.03+0.01 0.017
Pd-Pd 1.6£0.2  3.04+0.02
Pd-Pd  3.1£0.3% 3.43+0.02

7.7 nm Pd/y-ALLOs Pd-O 3.4+0.2  2.03+0.01 0.012
Pd-Pd 2.9+0.2  3.04+0.01
Pd-Pd 5.7£0.3% 3.43+0.01
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19 nm Pd/y-Al1203 Pd-O 3.6£0.3  2.03+0.01  0.020
Pd-Pd 2.9+0.2  3.04+0.02
Pd-Pd 5.9+0.4?% 3.43+0.01

1.5 nm Pd/6-AL0O; Pd-O 3.6£0.3  2.03+0.01  0.020
Pd-Pd 1.9+0.2  3.04+0.03
Pd-Pd 3.8+0.4% 3.43+0.02

3.8 nm Pd/6-AL0O; Pd—-O 3.7¢0.2  2.03+0.01 0.014
Pd-Pd 2.6£0.1  3.04+0.02
Pd-Pd  5.2+03% 3.43+0.01

5.4 nm Pd/0-Al2O3 Pd-O 3.5¢0.2  2.03+0.01 0.014
Pd-Pd 2.0£0.2  3.04+0.02
Pd-Pd 4.0£0.4% 3.43+0.01

7.3 nm Pd/6-AL,03 Pd-O 3.7£0.2  2.03%0.01 0.009
Pd-Pd 2.6£0.1  3.04+0.01
Pd-Pd 5.2+0.3% 3.43+0.01

14 nm Pd/0-ALLOs Pd-O 3.840.2  2.03+0.02  0.006
Pd-Pd  3.540.1 3.04+0.02
Pd-Pd  7.0£0.3% 3.43+0.01

19 nm Pd/0-AL03 Pd—-O 3.8¢0.2  2.03+0.01 0.005
Pd-Pd 3.4+0.1  3.04+0.02
Pd-Pd 6.8£0.2% 3.43+0.01

3.5 nm Pd/a-Al>,O3 Pd—-O 3.5¢0.2  2.03+0.01 0.018
Pd-Pd 2.0£0.2  3.04+0.02
Pd—Pd 4.1£0.3* 3.43+0.03

4.1 nm Pd/a-AL O3 Pd—O 3.6£0.2  2.03+0.01 0.015
Pd-Pd 2.8+0.2  3.04+0.02
Pd-Pd 5.6£0.4% 3.43+0.01

5.3 nm Pd/a-Al203 Pd—O 3.7£1.5  2.03+0.01 0.008
Pd-Pd  3.0+0.1 3.04+0.01
Pd-Pd 6.1£0.3% 3.43+0.01

9.3 nm Pd/a-Al,03 Pd—O 3.7£0.2  2.03+0.01 0.008
Pd-Pd 3.4+0.2  3.04+0.01
Pd-Pd  6.7£0.3%* 3.43+0.01

19 nm Pd/a-ALOs3 Pd-O 3.840.2  2.03+0.01 0.007
Pd-Pd 3.6£0.2  3.04+0.01
Pd-Pd  7.240.3% 3.43+0.01

a Defined as twice the CN of the path of the another Pd—Pd.
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Figure 4. Dependence of the coordination number of Pd—Pd in PdO on the Pd particle size.

According to the STEM images of PdO particles on 6-Al>,O3, when the Pd particle size
was less than 3 nm, the contrast of PdO particles relative to those of Al,O3 was unclear and no lattice
fringes of PdO were observed (Figure 5a). Therefore, at small Pd particle sizes (<3 nm), the PdO
particles formed an amorphous-like structure. In comparison, PdO particles with size greater than
10 nm clearly displayed lattice fringes derived from PdO (101), indicating the high crystallinity of
PdO (Figure 5b).

(a) "4 (b) Crystalline PdO particle
v
PdO(101)
{ 0.265 nm

Amorpho::(s PdO bart_;gles

Figure 5. STEM images of (a) <3 nm and (b) >10 nm PdO particles supported on 6-Al>O3 after CH4

combustion. The white arrows indicate the positions of the <3 nm PdO particles.

The activity of the CH4 conversion under wet conditions (0.4% CHa, 10% Oz, 12% H>O
and N, balance) was tested over Pd/Al,O3 with different ALbO3 crystal phases at a temperature range
from 300 to 600 °C (Figure 6). The CH4 conversions over 5.4 nm Pd/0-Al,O3 and 9.3 nm Pd/a-Al,O3
under wet conditions ignited at around 300 °C and reached approximately 100% at 450 °C. Despite
the larger Pd particle size, the CH4 combustion activity of 9.3 nm Pd/a-Al,O3 was almost identical to
that of 5.4 nm Pd/0-Al,0s. In contrast, the CH4 conversion over the 3.7 nm Pd/y-ALO; catalyst was
about 90% at 600 °C. Thus, the CH4 combustion activity of Pd/Al,Os catalysts under wet conditions
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shifted to a higher temperature by 50—100 °C compared to that under dry conditions, due to the
presence of H,0.'°
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Figure 6. (a) The activity tests of CH4 combustion over 2wt% Pd/Al,Os catalysts under steady-state.
(b) Temperature dependence of TOFye at 350 °C. The activity tests were conducted under wet
conditions (0.4% CHa4, 10% Oz, 12% H>O and N> balance). All Pd catalysts were pretreated under 10%
02/Nz at 500 °C.

The effect of the Pd particle size and the Al>Os crystalline phase on the CH4 combustion
activity in the presence of H,O was also investigated. The turnover frequency of the catalysts under
wet conditions (TOFywet) was calculated for a CH4 conversion of <20% to exclude the heat and gas
diffusion problems in kinetic analysis.!® According to the results of the dependence of TOF et on the
Pd particle size at 350 °C under wet conditions (Figure 7a), all Pd/Al,O3 catalysts showed a similar
trend regardless of the Al,Os3 crystalline phase. In the particle size region from 1 to 7 nm, TOF e
increased monotonically with increasing particle size. However, for particle sizes greater than 7 nm,
the TOF e remained almost constant. According to the structure of the PdO particles obtained from
XRD, XAFS, and STEM results, the Pd single atoms and amorphous-like PdO particles decreased with
increasing particle size in the region up to 7 nm, and crystalline PdO particles were formed. Figure 7b
shows the dependence of the CH4 combustion activity (wet conditions, 350 °C) per total Pd molar in
the Pd catalyst on the Pd particle size. The maximum activities were obtained at about 5 nm because
the fraction of Pd surface atom decreased with increasing Pd particle size. The comparison of the
activity of Pd catalysts reported in previous studies and the current work was not simple because of
the different Pd loading, H>O concentration, and gas hourly space velocity (GHSV). However, the
catalytic activity of 9.3 nm Pd/a-AlO; was comparable or higher than that of other reported Pd

catalysts, despite this study achieved high H,O concentration and GHSV values (Table 3).7:!321:23-
26,3334
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Table 3. Comparison for methane conversion of Pd catalysts at 350 °C.

Catalysts

Pd loading (wt%) H>O concentration (%) GHSV

CHa4 conversion (%)

3.7 nm Pd/y-Al,O5This work
5.4 nm Pd/0-Al,Q;This work
9.3 nm Pd/ai-Al,O3 ™ work
Pd/NA-ALO;’
Pd/N-AlL,0O5’
Pd/La-Al, O3’

Pd/Zr0; (1000)**
Pd@CeO,/Si—Al,05%
Pd@ZrO,/Si—-ALO;?
Pd/m-USY(40)"3
Pd/m-Beta(40)"

Pd/y-AlL, 053
Pd/Na-MOR?!
Pd/NaZSM-5-100%
PtPd/ALO; (PY/Pd=2/3)"
PtPd/AL,O3**

Pd/Sn0,%
Pd/AL,03-36NiO*

=TV N RV SR SR

e e o -
W L

0.99
0.23
0.23
0.15
1.1
1.1

12
12
12
10
10
10
3
10
10
4.2
4.2
4.2
5

5
4.2
5
10
10

300,000 mL g~ h-!
300,000 mL g~ h-!
300,000 mL g~ h-!
15,000 mL g™' h™!
15,000 mL g™! h™!
15,000 mL g™! h™!
120,000 h!

72,000 mL g~ h-!
72,000 mL ¢! h-!
69,000 mL g~ h-"
69,000 mL g~ h-"
69,000 mL g~ h~!
70,000 h!

30,000 mL g~ h!
20,000 h™!

ca. 16000 mL g' h™!
20,000 h™!

20,000 h™!

2 (TOF: 0.004 s71)
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TOFwet was also plotted against the XRD intensity of PdO to clarify the relationship
between the structure of PdO and the CH4 combustion activity (Figure 8). More specifically, it was
observed that when the XRD intensity of PdO increased from zero to about 40, TOFy.: increased
monotonically. Moreover, TOFy.: increased with the increase in the Pd—Pd coordination number in
PdO, estimated from the curve fitting of the EXAFS spectra (Figure 9). Therefore, crystalline PdO
particles were more active in CH4 combustion in the presence of H>O than isolated Pd atoms and
amorphous-like PdO particles. This size effect could be attributed to the promotion of the C—H
activation of methane on PdO ensembles such as PdO(101).%*° In the size region of >7 nm, the TOF
under dry conditions slightly decreased as the particle size increased, but the TOFye under wet
conditions was constant.”!® This difference indicated that the active PdO(101) surface was more
strongly deactivated than the PdO(100) surface by H>O vapors. Thus, the CH4 combustion activity of
PdO(101) surface may be similar to that of PdO(100) surface under wet conditions. As for the
dependence on the Al,O3 crystal phases, the TOFye of Pd/a-Al,O3 was nine times that of Pd/y-AlO3
and twice that of Pd/0-Al>O3 at sizes greater than 7 nm.
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Figure 8. Plot of TOF . at 350 °C against the
Aintensity of PdO derived from XRD pattern.
of PdO was
subtracting the intensity of AlOs; from the

Aintensity calculated by

CN of Pd-Pd in PdO (a.u.)
Figure 9. Plot of TOFy.: at 350 °C against the
of Pd-Pd in PdO
estimated by the curve fitting of Pd K-edge
EXAFS spectra.

coordination number

intensity of Pd/ALO;s (at 33.9 degree).

Furthermore, the change in In(TOF./TOFay) over the Pd particle size was explored
(Figure 7c). The TOF4ry value was estimated in our previous study from the CH4 combustion rate at
300 °C under dry conditions,'® where only a small amount of H,O was generated form CHa. The
smaller In(TOFw./TOFary) value in Figure 7c indicated a greater decrease of the activity due to the
presence of H>O. In particular, the In(TOFye/TOFqry) value of Pd/a-Al2O3 was about —1, regardless of
the particle size, and was greater than the values of Pd/y-Al,O; and Pd/6-Al>O3, which ranged from
around —2 to —3 and were also not significantly affected by the Pd particle size. The time courses of
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the CH4 combustion over Al>Os-supported Pd particles, prepared by the colloidal method with similar
size and shape,’ were also compared (Figure 10). The decay in normalized TOFye of Pd/a-AL O3 was
smaller than that of Pd/y-Al,O3 and Pd/0-AlL>03, indicating that the CH4 combustion activity of Pd/a.-
AlO3 was less inhibited by H>O vapors. Moreover, given that the In(TOFye/TOFqy) value is
independent of the Pd particle size (Figure 7¢), the Al,O3 support would regulate the tolerance to H.O
vapors. It has been reported that the accumulation of H,O and OH groups on the support hinders the
supply of oxygen species from the support to the PdO lattice or the Pd surface,'’ " thus decreasing the
CHa4 combustion activity. Therefore, it is expected that the CH4 combustion activities will decrease as
the Pd particle size increases, that is, the Pd—Al,Os interface sites decrease. But, the constant
In(TOFwe/ TOF4ry) value over the change in the Pd particle size suggested that the H,O-inhibited
oxygen supply between Pd and the Al,O3; support was not the main factor for the decrease in the

catalytic activity.
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Figure 10. Plots of normalized TOF.: of Pd/Al,O;3 catalysts prepared via a colloidal method against
reaction time. Pd particle size and Pd loading of Pd/Al;O; catalysts are 7.0 nm and 0.5wt%, which
were used in our previous report.” Reaction conditions: catalyst 20 mg, 0.4% CHa, 10% Oz, 12% H,0
and N2 balance, 100 mL min~!, GHSV 300,000 mL g~! h™!, temperature 400°C. Prior to methane
combustion, Pd/AL,O; catalysts pretreated under 10% O2/N; for 10 min at 500 °C.

The structural change of the Pd/Al>Os3 catalysts after CHs combustion in the presence of
H>O was confirmed using XAFS measurements (Figure 11). Based on the Pd-K-edge XANES
spectrum, Pd was present on the Al,Os3 support as an active PdO species after CH4 combustion. While
the FTs of EXAFS spectra of Pd/Al,O3 were not significantly changed by the CH4 combustion. The
results indicated that the decrease in the catalytic activities under wet conditions was not by the change
in the oxidation state and the local structure of PdO particles. According to in situ XAFS measurements,
the PdO phase was maintained during CH4 combustion at <600 °C.**® Above 600 °C, PdO was
thermally decomposed to Pd metal. On the other hand, when the CH4 combustion was initiated using
the Pd catalyst in the metal state, the Pd metal was oxidized to PdO with increasing temperature.>>7-3
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In addition to, thermodynamics of Pd—PdO phase transitions showed that the PdO phase was stable
during CH4 combustion.? These reports were consistent with the maintenance of the PdO phase before

and after CH4 combustion in this study.
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Figure 11. Pd K-edge XANES (top) and FTs of EXAFS (bottom) spectra for Pd/Al,O3 with different
particle sizes, as-prepared (solid lines, showed in Figure 3) or after methane combustion under wet
conditions (12% H>0) at 350 °C (dot lines).
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The apparent activation energy of CH4 combustion in the presence of H>O was estimated
using the Arrhenius plot. According to the plot of the apparent activation energy over the particle size
(Figure 12), the apparent activation energy was 111-177 kJ mol™!, while no dependence on the Pd
particle size or the A,O3 support was identified. The results were consistent with an earlier report,’
suggesting that the active sites of all Pd/Al,O; catalysts are qualitatively similar and that TOF . is
determined by the number of active sites. The higher activation energy under wet conditions compared
to dry conditions (69—113 kJ mol ') also suggested that not only a C—H activation of CHa, but also
other steps were important for the CHs4 combustion in the presence of H>0.!° Furthermore, the effect
of the partial pressure of each reaction gas on CH4 combustion was examined, and the reaction orders
with respect to CH4 and Oz were 0.55—1.1 and 0-0.2, respectively (Figures 12b and c). Therefore, it
was suggested that the CH4 combustion under wet conditions proceeds via the Mars-Van Krevelen
mechanism, in which CHy is oxidized by the lattice oxygen of PdO.? In contrast, the reaction order
with respect to H>O ranged from —0.7 to —1.2 (Figure 12d), suggesting that at relatively low
temperature (350 °C), the excess H>O vapors inhibit the CHs combustion and the desorption of H.O
from the Pd catalyst may be the rate-limiting step of the reaction.’!#
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Figure 12. Plots of (a) apparent activation energy and reaction order of (b) CHa, (c¢) O2, and (d) H,O
for CH4 combustion under wet conditions against Pd particle size.

In situ infrared (IR) measurements were performed to observe adsorbed species on the
surface of the Pd catalyst during CHs4+ combustion. To eliminate the particle size effect, Pd/Al,O;
catalysts with the same Pd particle size were used. In the IR spectra of 7.3 nm Pd/0-Al>O3 exposed to
an atmosphere of CH4 combustion in the presence of H»O, the band at around 3200-3800 cm™' was
attributed to the stretching vibration of OH/H»O species adsorbed on the surface of the Pd catalyst
(Figure 13b).'"*°*2 Particularly, the sharp IR bands at 3495 and 3549 cm™! corresponded to the
perturbed terminal OH group with hydrogen-interaction and triple bridge OH, respectively. In addition,
a negative band was detected at 3770 cm™!, which derived from the isolated OH group on the ALO3
surface.*!** The vibration of the terminal OH group was suppressed due to the hydrogen-bond
interaction between the hydrogen and the lone oxygen electron pairs of the adjacent OH/H20O species.
The signal for gaseous H>O was observed at 3500-3800 cm™'.!*!7 However, the IR spectral shape of
7.3 nm Pd/0-AL0O;s is clearly different from that of 9.3 nm Pd/a-Al2O3 (Figure 13c¢). Therefore, the
H>O in the gas phase is less contributed to the IR spectra than adsorbed OH/H>0O species on catalysts.
Unfortunately, according to previous reports, the OH/H2O species adsorbed on Al>O3 and PdO surfaces
could not be distinguished.

After the injection of the reaction gas of CH4 combustion, the IR bands derived from CO>
that was generated by the CHs combustion could be detected at 2350 cm™!,!*!825 while the sharp IR
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bands together with some discrete peaks at 3015 cm ™! were attributed to gas CHa.!>!82% Moreover, the
band intensities of the OH/H>O species adsorbed on the Pd catalyst gradually increased, while the band
intensities of CO; gradually decreased over time. Based on Figure 14a, the IR intensity of OH/H>O
species on the Pd catalyst increased over time, whereas that of CO, was suppressed to half the initial
intensity. Thus, the accumulation of OH/H>O species on the Pd catalyst reduced the CH4 combustion
activity in the presence of H,O. The time course obtained by the in sifu IR measurements corresponded
to the time course of the CH4 conversion (Figure 10). Moreover, the IR spectrum of OH/H»O species
on 7.7 nm Pd/y-Al>O3 (Figure 13a) was similar to that of the 7.3 nm Pd/6-Al,0Os catalyst (Figure 13b).
However, the IR band of CO, could not almost be detected due to the extremely low activity of the
7.7 nm Pd/y-ALOs catalyst (TOFye: 0.005 s71). In addition, the 9.3 nm Pd/a.-Al,O; catalyst exhibited
a broad IR band centered at 3400 cm ™' during CH4 combustion (Figure 13c), while it reduced the CO,
production with increasing the accumulation of OH/H>O species on the catalyst surface (Figure 14b).
However, the deactivation percentage of 9.3 nm Pd/a-Al>Os (ca. 35%) was lower than that of 7.3 nm
Pd/0-Al>03 (ca. 60%). Further HO-D,0 exchange experiments during CH4 combustion revealed that
the OH/H»O species reversibly adsorbed and desorbed on the Pd catalyst (Figure 15). In addition, the
H>O desorption—D,0O adsorption over 9.3 nm Pd/a-AlO3 almost stopped after 2 min (Figure 15b),
whereas that of Pd/6-Al,03; occurred for 5 min (Figure 15a). Consequently, the OH/H>O species can
adsorb and desorb more quickly on Pd/a-Al>O3 than on Pd/6-Al>0s.

(a) 7.7 nm Pd/y-Al,04 (TOF,: 0.005 s) (b) 7.3 nm Pd/B-Al,04 (TOF,: 0.039 )

OH/H,0 species on Pd catalyst 0.16 [ OH/H,0 species on Pd catalyst
’—I—\

0.3F
; ;‘ 0.12
& g2k & r
3 8 o0.08
c c
© 1]
£ 01 2
[e] [e]
3 €0, gas 3 0.04-
< o0 = <

d‘w 0.00}
4000 3500 3000 2500 2000 4000 3500 3000 2500 2000
- -1
Wavenumbers (cm ) Wavenumbers (cm )

(c) 9.3 nm Pd/a-Al,O4 (TOF,.: 0.096 s°)

30
OH/H,0 species on Pd catalyst ee
r I—Iﬁ

0.12 2 min
3
S 0.08f
[]
2
[v] L
2 0.04 30 min
2 40 min
2 50 min

60 min
70 min
80 min

4000 3500 3000 2500 2000
Wavenumbers (cm ')

Figure 13. IR spectra of the (a) 7.7 nm Pd/y-Al>O3, (b) 7.3 nm Pd/6-AL03, and (¢) 9.3 nm Pd/a-Al,O3
catalysts during CH4 combustion under wet conditions (0.4% CHa4, 10% O2, 3% H>0, and Ar balance)
at 350 °C.
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Figure 14. Change in the IR absorbance of OH/H>O species on Pd catalysts and CO> gas over time.
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Figure 15. IR spectra of Pd/Al,O; catalyst during CH4 combustion under wet conditions (0.4% CHa,
10% O2, 3% H>0 or 3% D>0 and Ar balance) at 350 °C. A flowing of H>O was switched to a flowing
of D>O at 0 min (red lines). Blue lines indicated the IR spectra of Pd/Al,O;3 catalyst after 11 min.

The desorption of OH/H>O species on the Al,O3 surface was measured by H>O
temperature-programmed desorption (H.O-TPD). The desorption peaks of H,O at around 150 °C were
observed for all Al,O3 phases and shifted to higher temperatures in the order a-Al,O3; < 0-Al,03 < y-
ALOs. In addition, desorption peaks of H,O were observed at >600 °C for y-Al,O3 and 0-ALOs.
Although the assignment of the desorption peaks was difficult, the IR spectra of OH/H>0 adsorbed on
0-AlbOs revealed that the desorption peaks of H,O at around 150 and 600 °C (Figure 16) mainly
derived from perturbed terminal OH groups with hydrogen-bond interactions (3491 cm™') and isolated
triple bridge OH (3555 cm ™), respectively (Figure S17a). Figure S17b shows the IR spectra of the
different Al2Os phases in the OH/H>O region after heat treatment at 500 °C under an inert gas. The IR
bands observed for y-Al,O3 and 0-AlO3 at 3583 and 3675 cm™' were attributed to the stretching
vibration of the triple bridge and bridge OH group on the A03.*!*?> The y-Al,O3 and 0-AL O3 surfaces
with stable OH groups displayed stronger interactions with H>O than with the a-AlOs surface.
Furthermore, the amount of desorbed H>O increased in the order a-Al,O3; < 8-AlO3 <y-ALOs (Table
1), and the findings for y-Al>O3 complied with the results of a previous report.'* From a thermodynamic
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point of view, the transition processes from oxide to hydroxide is PdO + H,0 2 Pd(OH), with
AGg3 k) = 60.6 kJ/mol , and 1/3Al,03 + H,0 2 2/3AI(0H); with AGgy3 ) = 146.5 K]/
mol.** Moreover, the adsorption process of H,O on the A,Os surface is Al,03 + H,0 @ H,0@Al, 05
with AGgz3 k) = — 18 kJ /mol.*® Thus, the OH/H,O species released from the AlO; surface can
adsorb on the PdO surface or form inactive Pd(OH); species.'? While, the transformation of A1,O3 bulk
to hydroxide was thermodynamically undesirable. Consequently, the hydrophilic y-Al,O3 or 6-Al03,
which have a large amount of stable OH/H2O species, can hinder the CH4 combustion over PdO
nanoparticles. Instead, the H>O-poisoning on PdO nanoparticles is weak on the relatively hydrophobic

a-Al203, where OH/H2O species can easily desorb.

o
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Figure 16. H,O-TPD profiles of the Al,O3 supports. The sample amounts of y-Al>O3, 6-Al,03, and a.-

ALO3 were 0.1, 1.0, and 4.0 g, respectively.
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Figure 17. IR spectra of OH/H>0O adsorbed on (a) 6-Al,O3 pretreated under Ar at each temperature
and (b) ALOs; with various crystalline phase pretreated under Ar at 500 °C. All IR spectra were

measured at 50 °C and background spectrum was measured using KBr powder pretreated under Ar at

500 °C.
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5-1-4. Conclusions

In this study, we investigated the effect of the Pd particle size and the Al>Os crystalline phase
on the CH4 combustion in the presence of H>O over Pd/Al,Os catalysts. At Pd particle sizes lower than
7 nm, the activity increased monotonically with increasing Pd particle size, whereas above 7 nm the
CH4 combustion activity was almost constant. Amorphous-like PdO particles were mainly observed
on Pd/ALO; with smaller Pd particle size. However, as the Pd particle size increased, highly crystalline
PdO particles were formed on Al,Os, which were highly active species for CHs combustion in the
presence of H>O. In addition, the role of the Al>O3 support on CHs combustion under wet conditions
was elucidated by changing the Al,Os crystalline phase. The CH4 combustion activities of Pd/a-AlO3
were higher than those of Pd/y-Al2O; and Pd/0-Al>Os irrespective of the Pd particle size. Moreover,
comparison of the CH4 combustion activities in the presence and absence of H>O indicated that Pd/a.-
ALO3 was clearly resistant to deactivation by H>O, as the HO molecules adsorbed directly on the PdO
surface and on the PdO particles via the Al,O3 surface. The adsorption/desorption of OH/H>O species
on the relatively hydrophobic a-Al,O; phase was faster than that on y-Al>O3 and y-Al>Os, thus limiting
the HoO-poisoning on the active PdO species in the vicinity. Therefore, the CH4 combustion activity
of Pd/Al,Os under wet conditions, which resembles the actual conditions in a catalytic converter, was

significantly improved by using the hydrophobic a-Al>,Os3 support.
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Chapter 6.

Summary of this thesis

The author proposed a guideline to rationally control the shape, the specific surface sites (that
is corner and step), and transitional oxidation states of supported metal nanoparticles (MNPs) based
on the understanding of metal—support interaction (MSI). The MSI was tuned by the size of MNPs,
chemical composition and structure of the support, and gas treatment. More essentially, atomic-scale
structural analysis led the author to discover novel and catalytically active structures of supported
MNPs derived from the disordered atomic arrangement.

In Chapter 2, the variation of the structure and catalytic activity of Pd/Al,Os, which were
induced by the MSI and the Pd particle size, were investigated. The CH4 combustion activities of Pd/6-
ALO3 and Pd/a-AlbO3 showed a volcano-like trend with a maximum at 5-10 nm against Pd particle
size. In contrast, the CH4 combustion activity of Pd/y-AlO; monotonically increased with increasing
Pd particle size, but was lower than that of Pd/6-Al,0; and Pd/a-Al>Os. The cinnamaldehyde (CAL)
hydrogenation activity of Pd/Al>O; also showed a similar trend to that of CH4 combustion. On the
other hand, in the case of CO oxidation, the Pd/y-Al,O3 with particle size of ca. 2 nm showed the
highest activity among all Pd/Al,O; catalysts. According to structural analysis using spherical
aberration corrected scanning/transmission electron microscopy (Cs-S/TEM), the Pd particles on 0-
ADO3 and a-AlLO3, which were the most active catalysts, showed spherical shape, while disordered
shape with amorphous-like surface were formed on y-Al,Os. The Pd surface sites of Pd/Al>Os catalysts
were identified based on CO adsorption infrared (IR) spectroscopy. As a result, the author concludes
that spherical Pd particles with a high fraction of step sites on 0-Al,O3 and a-Al>Os are highly active
for CH4 combustion and CAL hydrogenation. On the other hand, amorphous Pd particles on y-Al,Os
are highly active species for CO oxidation due to the high fraction of corner sites. Therefore, the author
has rationally designed the structure of Pd nanoparticles suitable for catalytic reactions stand on the
interaction between Pd and Al>Os.

In Chapter 3, the shape and surface site of the supported Pd particles were controlled via the
reduction atmospheres using supports with weaker MSI. The Pd precursors deposited on carbon and
Si0; supports were reduced to Pd particles under the flow of CO or H,. CO-reduced Pd nanoparticles
were spherical or concave-tetrahedral shapes with abundant step sites, while the conventional H»-
reduced Pd particles were flattened shape exposed to plain sites. Moreover, the density functional
theory (DFT) calculations and the Wulff construction revealed that CO adsorption resulted in the
formation of Pd particles with preferentially exposed steps because the surface energy of the step sites
was relatively decreased. These Pd particles reduced by CO show higher activity and C=C selectivity
for the CAL hydrogenation than the Pd particles reduced by Ha.

In Chapter 4, the author elucidated the MSI for tuning the redox properties of supported MNPs.
Initially, the support effect on CH4 combustion was investigated using Pd particles supported on
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various metal oxide supports (0-Al,03, y-AlO3, ZrO,, CeO2, MgO, La,03, TiO2, SnO,, and Nb,Os).
The CH4 combustion activity of the supported Pd particles tended to be volcano-shape with respect to
the oxide formation enthalpy (AfH;,[_O) of the support. Based on the analysis of Pd oxidation state
using X-ray photo-electron spectroscopy (XPS) and Cs-STEM—electron energy loss spectroscopy
(EELS), Pd particles on AlbO3, CeO,, and ZrO, with moderate AfH;,[_O are Pd-core—PdO-shell
structures, which was highly active for CH4 combustion. In contrast, Pd particles on MgO and La>Os
with low Af H;/[_O were completely oxidized and less active for CH4 combustion. Pd metal particles,
which did not form active PdO species, were present on TiO2, SnO», and Nb2Os with high AfH;,[_O.
Next, the relationship between the structure of the Al,O3; support and the CH4 combustion activity of
the Pd/ALOs catalysts was unveiled. As the fraction of coordinately unsaturated penta-coordinated
AI** sites in the Al,O3 support decreased, the CHs combustion activity of Pd/ALO; increased due to
the enhanced redox properties. Finally, in order to control the nature of the interface sites in CeO:
supported-MNPs catalysts for soot combustion, the author explored the various transition metals (Mn,
Fe, Co, Ni, Cu, Rh, Pd, and Ag). The soot combustion activity of CeO,-supported MNPs showed the
volcano-trend against the metal-oxygen binding energy of metal element in MNPs. Cu and Rh were
found to be superior in terms of both the abundance of the interfacial sites and the ease of oxygen
release from the interface sites. These results show that the redox properties of supported MNPs
catalysts can be tuned by the MSI, which were different from the chemical composition and the
structure of support and the supported-metal species.

In Chapter 5, the effect of the hydrophilicity/hydrophobicity of Al>O3 supports on the CHy
combustion in the presence of H>O over Pd/AlbOs catalysts was studied. Comparing Al>O3 supports
with different crystalline phases, the CH4 combustion activity of Pd/a-Al,O3; was higher than that of
Pd/y-Al,O3 and Pd/6-Al>0s. According to HoO-temperature programmed desorption (TPD) and IR
measurements, the relatively hydrophobic a-Al>Os suppressed the HoO-poisoning to the neighboring
active PdO species than y-Al,O3 and 0-Al,O3 because of the faster and reversible adsorption/desorption
of OH/H»O species. In addition to this, the size effect of Pd particle on CH4 combustion clarified that
the crystalline PdO particles was highly active for CH4 combustion than that of amorphous PdO
particles. The indirect involvement of the hydrophilicity/hydrophobicity of the AloO3 support in CHs
combustion is the important finding for various catalytic purifications of exhaust gas in the presence
of H>O.

Above results will advance the rational design of structure and catalysis of supported MNPs

catalysts based on the understanding of MSI.
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