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Preface

Noble metal materials such as platinum (Pt), palladium (Pd), silver (Ag), and gold (Au), as one kind of the
most important materials, have received much attention because of their broad applications in hydrogenation
reactions, coupling reactions, fuel cells, and sensors, efc. Specifically, mesoporous noble metal materials
have sparked increasing research in catalysis due to many advantages such as high surface areas, abundant
active sites, excellent conductivity, chemical inertness, stable metallic frameworks as well as the accessible
porous structure. Taking electrochemical catalysis as an example, the porous architectures in metal
electrocatalysts are able to provide abundant active sites and high specific surface areas, not only
maximizing the availability of electron transfer within nanosized framework, but also facilitating mass
transfer from the outer surface to the inner structure. Generally, mesoporous metals are synthesized by the
soft-templating and hard-templating methods, leading to the dendritic porous structure. In my thesis, I focus
on the soft-templating approach based on diluted surfactant/polymer solutions for preparation of mesoporous

metals with large-porous structure.

Chapter 1 introduces the historical background of the mesoporous materials and mesoporous metals. The
synthetic methods of porous metals with various compositions, pore structures are reviewed with emphasis
on the recent important progress. Chapter 2 demonstrates a novel strategy for large-scale synthesis of
shape- and size-controlled mesoporous Pt nanospheres (MPNs) through a slow reduction reaction in the
presence of triblock copolymer Pluronic F127. Chapter 3 shows that a facile and one-step polymeric micelle
approach is demonstrated for the synthesis of Pt nanoparticles with continuously tunable porous structures and
particle sizes. In Chapter 4, we describe two strategies for preparing mesoporous core-shell Pd@Pt
nanoparticles by manipulating of reduction rate. One method is that hydrochloric acid is used as reduction
inhibitor for formation of mesoporous structure. On the other hand, the ligand effect induced by bromide ions
is used to manipulate the reduction rate for preparation of pseudo mesoporous core-shell Pd@Pt
nanoparticles with different shapes. To further improve the electrocatalytic performance, trimetallic PtPdCu,
PtPdRu nanospheres with uniform pore size and particle size were successfully obtained, as describe in

Chapter S.

As is well known, Pt is the most expensive and scarce element in nature. Although I have demonstrated that
the mesoporous Pt, bimetallic core-shell Pd@Pt nanoparticles, and trimetallic Pt-based alloys with porous
structure can effectively decrease the usage of Pt at the same time maintain the possibility to enhance the

performance (Chapter 2-5), these approaches only reduce the usage of Pt, and do not fully solve the



problem of Pt requirements. Therefore, the development of less expensive and more abundant Pt-free
electrocatalysts with improved catalytic activity and durability is still an urgent matter to address. In
Chapter 6, Pd films with perpendicularly aligned mesochannels and branched PdCu alloy prepared are
fabricated and expected to provide fascinating electrocatalytic properties due to their low diffusion

resistance and the full utilization of their large surface area.
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Chapter 1.

1.1. General Introduction

Nowadays, porous structures (including zeolites and coordination polymers) cover a wide range of
dimensions (Figure 1.1)."" Even though they show excellent selectivity and considerable adsorptive capacity
due to their high porosity, the pore size, which is limited to less than 2 nm (microporosity), has restricted their
range of applications. In the early 1990s, great progress was achieved following the synthesis of ordered
mesoporous silica.’” The discovery of mesoporous materials was a breakthrough that has attracted a great deal
of attention due to their unique properties, such as their ultra-high surface area, tunable pore size, and narrow
pore size distribution. Up to now, much effort has been devoted to the synthesis and applications of
mesoporous materials, which, in contrast to traditional industrial microporous materials with a pore size
limited to < 2 nm, can provide large accessible spaces for guest species, thereby increasing the feasibility of a

B) separation of large molecules, catalysis,”™ drug and

wide range of applications, such as in adsorption,
DNA delivery,[6] sensors,m functional devices,[g] Li-ion batteries, and fuel cells.”! Large-sized mesopores in
particular greatly facilitate the transportation of guest species and thus enhance the accessibility of reaction

sites.

Zeolites
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Figure 1.1 Classification of porous materials depending on their pore size. Reproduced with permission ! Copyright

2016, Wiley-VCH.

These recent research activities were rapidly extended to various non-siliceous mesoporous materials with
different framework compositions, such as carbons, metals, metal oxides, sulfides, inorganic-organic hybrid
materials, and polymers. Even though there have been many reports on the successful preparation of
non-siliceous mesoporous materials, keeping the integrity of the structure stable is still a challenging issue

because the mesopores tend to collapse during the crystallization of the pore walls and/or the template removal



Chapter 1.

process. Among these materials, mesoporous metals have attracted a great deal of attention. Owing to their
fascinating physicochemical properties, including high electrical and thermal conductance, mesoporous
metals offer a wide range of promising applications which cannot be achieved by other mesoporous materials.
It has been experimentally and theoretically demonstrated that the morphology and the structure of
mesoporous metals strongly affect their physical and chemical properties, which can be useful in applications
such as bio-sensors, surface-enhanced Raman scattering, surface plasmon resonance, hydrogen storage, and

catalysis.

Rationally designing mesoporous metals is therefore required to precisely tune their properties. By simply
engineering the shape and morphology of a material, various novel porous nanostructures with specific
properties can be created. Among them, dendritic metals, unlike the aforementioned oriented mesoporous
materials, are generally composed of randomly oriented nanopores. Mesoporous structures are normally
synthesized by templating methods (hard or soft), while dendritic nanostructures are fabricated by wet

chemical methods. In this section, we cover recent progress related to this emerging field.

1.2. Hard-templating Method

In the hard-template method, targeted materials are deposited into the confined spaces of a robust
mesoporous template (Figure 1.2a). In most cases, mesoporous silica with a robust framework and high
thermal stability is used as a hard template to synthesize the metal replicas. This method can be rapidly
extended to the synthesis of various mesoporous materials such as carbons, metals, and metal oxides. In
contrast to the one-pot soft-templating route, the hard-templating approach usually involves several steps,
including: 1) the preparation of the original template, 2) the deposition of inorganic substances, and 3) the
removal of the template. The structure of the final product is generally an inverted replica of the original
template. This process was firstly applied to the preparation of mesoporous carbon. Ryoo and co-workers
reported the synthesis of ordered mesoporous carbons, namely, CMK-1"% and CMK-3!"!1, obtained by using
MCM-48 and SBA-15 silica templates, respectively. Following these pioneering works, large numbers of
related materials with different components, mainly including metals, metal oxides, and metal sulfides, have
been successfully synthesized. Ryoo and co-workers extended the hard template route to the synthesis of
metallic systems. Asymmetrically mesostructured Pt networks with interconnected Pt nanowires 3 nm in
diameter was obtained through flowing H, to reduce tetraammine platinum(Il) nitrate (Pt(NH;3)4(NOs3),)
impregnated into MCM-48 silica, followed by their release from the template, which was removed by HF
treatment.'”) Ye et al. synthesized highly ordered mesoporous Pd by using face-centered-cubic silica
supercrystals (with a pore diameter of 40 nm) as a template.[13] With this method the mesopore sizes of the
products can be precisely controlled by changing the diameters of the silica nanoparticles. Recently, Yang et
al. prepared self-supported mesoporous Pt nanospheres from single-crystal-like MCM-48 nanospheres.!'*!

3



Chapter 1.
The impregnation of the template with molten salts followed by hydrogen reduction is a promising strategy

to replicate both the mesostructure and the morphology of the original hard template. Interestingly,
mesoporous Pt nanospheres are thermally stable in air up to 300 °C, resist any significant metal sintering,
maintain a high surface area, and exhibit high catalytic activity during the oxygen reduction reaction (ORR).
The latter can be attributed to the facet-dependent reactivity as well as the presence of 3D interconnected

mesopores facilitating mass transport.

(a) Framework
sources Deposition
~ »
~ 4 "
- " 4
e -
Mesoporous Intermediates
materials Removal
of template
Mesoporous

materials (replica)

ZA =[110] EULILN 7 A = [112) JELLNY 7 . = [110)

Figure 1.2 (a) Schematic illustration presenting the formation steps for synthesizing mesoporous materials through the
hard-templating method. (b-1) Low- and (b-2) high-magnification SEM images of mesoporous Pt nanoparticles
prepared with mesoporous silica KIT-6 templates. (c-1, c-3) Low-magnification bright-field transmission electron

microscope (TEM) images of mesoporous Pt and (c-2, c-4) the corresponding electron diffraction patterns.
[15a

Reproduced with permission.!"> Copyright 2011, American Chemical Society.

In the aforementioned hard-templating methods, it is difficult to control the metal deposition process inside
the template, and thus, the shape and particle size of the product is not easy to tune, generally leading to the
formation of irregularly shaped mesoporous metals. In order to improve the hard-templating route,
Yamauchi and co-workers focused on the particular mechanisms responsible for the nanoscale deposition
inside the mesoporous silica template (Figure 1.2b,c¢). By controlling the reductive strength of the reduction
agents, they successfully synthesized monodisperse polyhedral- and olive-shaped mesoporous Pt
nanoparticles with a uniform size distribution by using KIT-6 (la-3d) and SBA-15 (p6mm) templates,

4



Chapter 1.
respectively.!”! The reduction and growth kinetics play a critical role in the rational design of mesoporous

crystals. Using a mild reducing agent such as ascorbic acid (AA) provides enough time for the reductant to
access the inner parts of the mesoporous silica, allowing the nucleation and growth of Pt to take place slowly
in the confined mesoporous silica channels. Therefore, the Pt source material introduced into the mesopores
is entirely reduced inside the hard templates without any residual deposition occurring outside the channels.
By increasing the deposition time, the particle size is gradually increased. The obtained particles are isolated
from each other inside the mesoporous templates, and their size distribution is narrow. Compared to other
previous methods, such as H, reduction, this strategy does not require any complex apparatus, is simple, and
is highly reproducible, showcasing its potential for large-scale production. A variety of compositions,
including Pt-Ru, Pt-Co, and Pt-Ni, have also been prepared by using this strategy.!'” Control over a well-
defined morphology and a narrow size distribution will become the decisive aspect for the future use of
mesoporous metals in a wide range of applications such as electrodes, sensors, catalysts, and drug delivery

systems.

1.3. Soft-templating Method

Nanostructured metals and semiconductors have many important technological uses. They are commonly
produced by using soft templates such as lyotropic liquid crystals (LLCs) or block copolymer micelles.
Generally, the soft-templating route is accomplished through the cooperative assembly of inorganic
precursor and the surfactant/block polymer via electrostatic interaction, hydrogen bonding, or Van der Waals'
force etc. Such systems have been extensively studied for producing various nanostructures, such as
nanoparticles, nanowires, nanorods, nanotubes, and two-dimensional (2D) nanoplates. The current section is

focused on ordered mesoporous metals synthesized from LLC or block copolymer micelle templates.

1.3.1. Lyotropic Liquid Crystals (LLCs)

LLCs are formed by the self-assembly of surfactant micelles and can be directly employed as a structure-
directing agent for the synthesis of mesoporous metals. There are two main steps: 1) the formation of the
LLC and 2) the formation of the mesoporous structure by reducing metal complexes in the presence of the
LLC (Figure 1.3). To prepare LLCs, a highly concentrated surfactant solution (around 30 wt% or more) is
required. Since the first report on the preparation of mesoporous Pt particles by Attard and co-workers,!"”!
the soft-templating method has been employed with various compositions. Electrochemically depositing
mesoporous metallic films on a conductive substrate (e.g., Au-coated substrate, indium tin oxide (ITO)
substrate) generally involves a three-electrode cell, consisting of a working electrode, a reference electrode,

and a counter electrode. Attard and co-workers introduced this method for the synthesis of mesoporous Pt

films by electrochemical deposition!'® In most cases, alkyl(polyethylene oxide) (CnEO,)-type surfactants

5


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

Chapter 1.

have been utilized for the formation of LLCs. Bartlett et al. successfully synthesized a mesoporous Pd film

by electrochemical deposition of Pd salts in a hexagonal (H;) LLC made of non-ionic octaethyleneglycol

monohexadecyl ether (C;cEOs) and decaethylene glycol hexadecyl ether (C16EO;0; Brij 56) surfactants.!'”’

©CC¢

0= E'= Mesoporous metals and alloys
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Figure 1.3 Schematic illustration of a typical formation method for mesoporous metals and alloys.

During the metal deposition, many parameters, such as temperature, deposition potential, and electrode
material and geometry, surfactant and precursor, strongly affect the final structural properties. Elliott et al.
systematically investigated the effects of deposition conditions during the synthesis of mesoporous Pt films
from hexagonally ordered LLCs.”*” In particular, the temperature and the deposition potential are found to
have a critical effect on the surface area and roughness of the films. Increasing the temperature during the
electrodeposition leads to a significant increase in the surface area and pore-to-pore distance, due to a gradual
distortion of the mesopore arrangement. Selecting the electrode materials and geometries is also critical for
increasing the surface area. When mesoporous Pt films were electrodeposited onto microelectrodes from
hexagonally ordered LLCs, the resulting films showed high surface areas with efficient mass transport

characteristics.*!

Until now, various organic templates, based on surfactants or amphiphilic block copolymers, have been
utilized to synthesize mesoporous metals. The pore size depends mostly on the hydrophobic volume of the
micelles. Hence, using LLCs composed of high molecular weight polymers with long hydrophobic chains,
such as poly(ethylene oxide)-b-polystyrene (PEO-bH-PS), enables one to make mesostructures with larger
pores. Novel mesoporous Pt with closely connected giant mesocages can be obtained by using LLCs
consisting of amphiphilic diblock copolymers. Increasing the pore size makes the inner parts of the
mesoporous structure more accessible to guest species, a critical factor for further implementing such
materials in catalytic applications.’*! Several mesostructures (i.e., lamellar, 2D hexagonal (p6mm), 3D cubic
(la-3d), and 3D cage-type) can be easily controlled by changing the type and composition of the LLCs.
Various mesostructures, including 2D-hexagonal, lamellar, and cage-type, can be obtained during the
synthesis of mesoporous Pt by simply varying the composition ratio of the Pt salt to the block copolymer.!**!
The dissolved Pt aqua complexes link onto the PEO groups through hydrogen bonding, and increasing the

6
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volume ratio of hydrophilic head groups (PEO groups) to hydrophobic tail groups (PS groups) induces a

transition from lamellar to 2D hexagonal, and further to cage-type.

Reduction of
metal ions

2D hexagonally orderei
mesopageus Pt

Hrvactent evaporation

Figure 1.4 Schematic illustration of the formation of mesoporous metals by using LLCs prepared through solvent
evaporation. A polarized optical microscope image, a 2D XRD pattern of the as-prepared LLCs, and a TEM image of

2D hexagonally ordered mesoporous Pt are also shown.

As previously mentioned, LLCs made of highly concentrated surfactants or block copolymers have been
utilized as soft templates. Through chemical or electrochemical reduction, ordered mesoporous metal powders
or films can be respectively synthesized. A large amount of surfactant is necessary to form LLCs, in which the
close proximity of the molecules is mainly responsible for the self-arrangement (with concentrations above 30
wt%). After determining the ternary components (including surfactants, water, and metal species) and their
respective proportions, the mixture is heated and stirred vigorously. This process is repeated until a
homogeneous mixture is obtained. The formation of LLCs can be altered through solvent evaporation (Figure
1.4),*" where a volatile solvent, such as ethanol or tetrahydrofuran (THF), is added to the initial LLC
precursor solution. The preferential evaporation in the homogeneous precursor solution leads to the formation
of a stable LLC containing the metal complexes. Even though this method is mostly used for the synthesis of
mesoporous Pt films, a wide range of mesoporous metals and alloys have been obtained by selecting the
appropriate metal precursors.'””! Pt and Pt-based alloys from LLC films with 2D hexagonal symmetry were
deposited via vapor infiltration of dimethylaminoborane (DMAB)."*®! The as-prepared LLC films containing
the metal ions were placed in a sealed container together with DMAB as a reducing agent, and mesoporous
metal was deposited through vapor infiltration of the reducing agent. This method can also be combined with
a hard template (such as porous anodic alumina, PAA) to synthesize nanorods with a mesoporous structure.

Furthermore, mesoporous Pt nanotubes can be successfully prepared according to a similar system in which a

moderate pressure is applied before metal deposition.!*”)

A comparable concept has been proposed by other groups such as Zhang et al., who reported the fabrication of
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ordered hierarchical porous Pt membranes utilizing C;cEOg as the LLC former and reverse porous

(28] The obtained Pt membranes have

poly(methyl methacrylate) (PMMA) cast from PAA as the hard template.
ordered mesopores and tunable large macropore channels, as well as a continuous framework similar to that of
the PAA template. The mesostructure in the Pt membranes can be tailored by controlling the concentration of
C,6EQOgs solution: 55 wt % and 70 wt % lead to the formation of hexagonal and lamellar liquid crystal phases,
respectively. The same group also reported the synthesis of Pt with a geometric mesostructure, which can be
controlled by confining the reduction to the cylindrical nanochannels of the PAA. Interestingly, the obtained
single crystal hexagonal mesostructured Pt nanowires show dominant {110} facets, which are known to
provide the highest activity towards the ORR among low-index crystallographic planes. Such single crystal
surface can offer ideal model systems for reliable studies on their material properties.*”! As another example,
hierarchical Pt monoliths were prepared by chemical reduction using an opal silica hard template and LLC

391 The obtained Pt catalyst showed a

formed from nonionic Brij 56 surfactant (C;cEO,) as soft template.
larger electrochemically active surface area, as well as higher activity and tolerance to CO poisoning during

the methanol oxidation reaction (MOR), compared to the commercial Pt black catalyst.

1.3.2. Micelle Assembly

In general, mesoporous metals are deposited as films on conductive substrates which act as working electrodes.
It is difficult, however, to set up and operate a three-electrode cell apparatus due to the high viscosity of the
LLC, in contrast to the conventional electrodeposition system for metals using an aqueous solution. Therefore,
anew simpler and more sophisticated synthetic route is needed. In contrast to the LLC method, which requires
high surfactant concentrations (over 30 wt %), Yamauchi and co-workers have recently proposed a micelle
assembly approach using diluted surfactant solutions for the preparation of mesoporous metal films with
accessible mesopores tunable over a wide range of sizes by selecting various surfactants and adding organic
expanders (Figure 1.5). Mesoporous Pt films can be electrodeposited by the assembly of surfactant micelles
with metal species. In the plating solution, dissolved Pt species are coordinated by water molecules to form
metal-aqua complexes which adsorb on the external ethylene oxide (EO) moieties of the surfactant micelles.
Therefore, during the electrochemical deposition, the Pt species are thought to move towards the working
electrode together with the surfactant micelles which act as structure-directing agents. The plating solutions
can be reused several times, showcasing the high repeatability of this method. This method was also applied to
the fabrication of alternating layer-by-layer electrodeposited mesoporous Pt and Pd films.®!! The linear
relationship between the electrodeposition time and the metal layer thickness allows precise control over the
film configuration. Because of the high surface area and the accessible heterometallic interfacial contacts
between the Pt and Pd layers, enhanced electrocatalytic activity towards the MOR was achieved. Such a

simple electrochemical design for mesoporous metals and alloys should greatly contribute to future
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applications, such as in microsensors, microbatteries, micro-bioactive materials, miniaturized devices, and
beyond. Furthermore, this synthetic approach is expected to generate other metallic and semiconducting

nanostructured films with architectures of technological importance.

Electrochemical

/ deposition
)7{ Amphiphilic surfacl‘anrs Pt
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Figure 1.5 Schematic illustration of a novel micelle assembly strategy for the preparation of mesoporous metals. The
dissolved metal species are coordinated on the hydrophilic shell domains of the micelles, due to hydrogen bonding. A

photograph of the obtained mesoporous Pt film is also shown.

The essence of this method is to exploit the self-assembly of surfactant molecules into micelles at the
solid-liquid interfaces for the synthesis of mesoporous metallic nanoparticles. Mesoporous bimetallic PdPt
nanoparticles with a Pd core were successfully synthesized by combining this approach with a self-seeding
process.*? Because the Pd species tend to be reduced faster, the spontaneous reaction of a mixture of the metal
salts leads to the formation of Pd rich seeds, which can then be capped by the self-assembly of surfactant
micelles. Then, the subsequent deposition of Pt over the preformed Pd seeds triggers the growth of the
mesoporous Pt shell. Ascorbic acid (AA) was used as reductant because of its reducing capacity, which can be
adjusted by precisely controlling the acidity of the precursor solution. This one-step synthesis procedure was
carried out under highly acidic conditions to decrease the reduction rate of the metal ions providing enough
time for the micelles to adhere to the Pd-rich seeds and act as a template for the subsequent growth of the
mesoporous shells. The obtained mesoporous nanoparticles are strikingly uniform in size and morphology,
and show greatly enhanced electrocatalytic activity, which can be attributed to the synergetic effect between
the two metals, as well as the nanoporous structure, which provides a high surface area and abundant

catalytically active sites.

1.4. Solution Phase Approach

In solution phase synthesis, nanocrystals of face-centered-cubic (fcc) metals usually tend to take on a

polyhedral shape, such as a truncated octahedron, cube, octahedron, icosahedron, or decahedron, because the
9
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overall surface energy is lower for these shapes, thereby making the nanoparticles thermodynamically more
stable.”*! Currently, however, rational synthesis by solution phase methods of dendritic metal particles with
superior properties has been developed to the point where it is now possible to form nanoporous particles for a
wide spectrum of metals.”*! The synthesis of dendritic metals can be carried out through different growth
mechanisms, such as kinetically controlled overgrowth, aggregation-based growth (Figure 1.6a), selective
oxidative etching, and template-mediated methods.*®! Nanoporous metal colloids, especially metals with
dendritic morphology, are among the most complicated structures to be synthesized by solution phase routes.
Therefore, understanding the nucleation and growth mechanisms of such nano-objects will enable the rational

design of hierarchical porous nanostructures with superior properties.**"

Besides the nucleation and growth
of seed structures, surfactant molecules can sometimes adsorb selectively on certain facets, which prevents the
metal atoms from being deposited on these crystal planes, thus inducing dendritic/anisotropic growth of noble

metal nanoparticles.>*2%3¢
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Figure 1.6 (a) Formation mechanism of branched metal nanocrystals through aggregation-based growth into
nanodendrites. Reproduced with permission.”*™ Copyright 2011, Wiley-VCH. (b) TEM image of dendritic Pt
nanoparticles synthesized via a one-step aqueous-phase reaction mediated by block copolymer under mild conditions,

with the inset showing higher magnification. Reproduced with permission.”>* Copyright 2009, American Chemical
Society. (c) TEM image of dendritic Pd nanopartlcles prepared with hexadecylpyridinium chloride (HDPC) as a
shape-directing agent. Reproduced with permission.** Copyright 2013, Wiley-VCH. (d-1) Schematic illustration of
the proposed growth mechanism of the porous single-crystalline Pd nanoparticles, with the TEM images showing the
products obtained after growth for 30 s and 30 min, respectively. (d-2, d-3) Low- and high-magnification TEM images
of a single porous Pd nanoparticle 53 nm in size. Reproduced with permission.*! Copyright 2012, Wiley-VCH.

1.4.1. Monocomponent Porous Metals

There have been recent reports on surfactant-mediated synthesis which could be exploited for the fabrication

of dendritic Pt nanoparticles with a narrow size distribution and large surface area (Figure 1.6b).>>>*¢

Since the kinetics of the reduction reaction in this method is critical, adopting mild reducing agents (e.g.,

ascorbic acid, formic acid) is important for producing branched nanostructures.”” Recently, the role of the

[38]

reductant in the synthesis of dendritic Pt nanoparticles was studied by Yamauchi and co-workers. ="' Various

10
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agents with different reducing capabilities were used to achieve different reduction rates. The addition of

AA, commonly used for the synthesis of dendritic Pt, sodium borohydride (SBH), or hydrazine monohydrate
was also studied under identical experimental conditions. The reduction potentials of AA, SBH, and
hydrazine in acidic solution are +0.17 V, -1.48 V, and -0.23 V, respectively. Compared to a mild reducing
agent such as AA, using strongly reducing agents such as SBH and hydrazine leads to a burst of nucleation,
followed by the formation of highly aggregated spherical Pt particles within a short period of time. Another
key factor in the synthesis of dendritic nanostructures is the presence of surfactants or capping agents in the
precursor solution. Capping agents such as polyvinyl pyrrolidone (PVP), triblock copolymers (e.g.,
Pluronic® F127 and P123), tetradecyltrimethylammonium bromide, or sodium dodecyl sulfate are known to
carry out two main functions. One is to protect the particles from agglomeration, and the second is to direct
the formation of branched particles. Hence, the particle size and the length of the branches can be tuned by
changing the type and the concentration of the capping agent,”*>****% although the complete role of the
surfactants and other additives in the final morphology of the nanoparticles has not been clearly ascertained

as yet.

In order to better understand the mechanisms involved in the formation of Pt nanocolloids, their growth was
monitored in detail by in situ transmission electron microscopy./*!! Besides the growth through the addition
of Pt atoms, the coalescence of metal nanocrystals was also observed by tracking the metal nanocolloids in
solution. Based on these observations, the formation of dendritic structures was mainly attributed to the self-

37421 1 this approach, the instantaneous nucleation of metal seeds within a

assembly of tiny metal seeds.
short period of time originated from the high reduction rate of metal ions, thus leading to the rapid formation
of large numbers of small seeds with a high surface to volume ratio. Following the continuous reduction of
metal ions, more metal seeds can also be formed. In order to diminish their considerably high surface

[36b] Because

energy, the seeds start to coalesce in an oriented fashion instead of further growing individually.
of the difference in the strength of interaction between the structure-directing agents and different
crystallographic surfaces of the nanocrystals, the attachment of metal seeds preferentially occurs on the
surfaces with lower energy barriers. The diffusion of metal atoms across the interface between the surface
and the attached seeds aids in merging the crystallites together. Other works reported dendritic particles with
a polycrystalline structure, which could be attributed to a misorientation at the interface caused by the
coalescence of the seeds.”*® The morphology of the final product greatly depends on the concentration of
the seeds as well as their size and mobility in solution. A high mobility in colloidal suspension accelerates

their coalescence.”***7*

] On further increasing the reaction time, the dendrites are gradually transformed
through coalescence into larger bundles with long branches. The formation mechanism of similar Pd
dendritic nanoparticles was also proposed by Skrabalak and co-workers.””! In this report, the effects of the
local ligand environment of the metal precursors on the rational design of nanodendrites were also

11
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demonstrated. It was found that the addition of ligands, such as trioctylphosphine, that have a strong affinity

with Pd ions and Pd seeds, leads to a decreased nucleation rate and the suppression of metal seed

aggregation.

In contrast, weakly ligated agents, such as acetylacetonate, acetate, hexafluoroacetylacetonate, or chloride,
facilitate the aggregation and self-assembly of metal nanoparticles, leading to the formation of dendritic
structures.””) Recently, Huang et al. reported novel dendritic Pd nanoparticles with perpendicular pore

4 In this study, it was found

channels prepared in aqueous solution at ambient temperature (Figure 1.6c¢).
that the reduction agent, the surfactant, and the solvent were all responsible for the formation of
perpendicular channels. In a similar way to the self-assembly of metal seeds, single-crystal Pd nanoparticles
with porous structure were produced by the formation of small Pd nanocrystals followed by their oriented
integration (Figure 1.6d).1*! Here, the reduction rate and the oxidative etching process play key roles in the
formation of the porous structure. The oxidative etching, occurring preferentially at the highly active sites
located in the crevices, is responsible for the porosity, while the different reduction rates of the halide ions
lead to the formation of porous Pd nanoparticles. In this case, when Br ions are present or the concentration
of CI ions is high, the growth process drastically slows down and forms solid Pd nanoparticles. Yuan and
co-workers successfully synthesized Rh nanodendrites in a water-based solution containing PVP, sodium
lauryl sulfate (SLS), and sodium fluoride (NaF)." It was demonstrated that SLS and NaF can tune the
nucleation and growth rate of the Rh crystals. These results are evidence of the key role played by the
synergetic effects taking place between fluoride anions and SLS in contributing to the formation of dendritic

structure. Interestingly, different Rh nanostructures such as horned and cubic particles, as well as Rh

networks, were produced by replacing F~ by CI', Br', and I ions, respectively.

1.4.2. Core@shell Structured Porous Metals

Core@shell nanoparticles can exhibit interesting physical and chemical properties that have important
technological outcomes.*’”! Efficient core@shell catalysts with nanoporous/dendritic shells allow outside

chemical species to access the core easily.
1.4.2.1. Two-step Method

In this approach, the surfaces of the preformed metal seeds present a large number of nucleation sites for the
overgrowth of different metals (Figure 1.72).*" The seed-mediated method is well known as an effective

) Seeded growth also offers a

route for the rational design of convex plain and core@shell nanoparticles.
simple and powerful approach to prepare concave or branched multi-metallic nanospheres. In the case of
branched core@shell nanoparticles, in addition to the heterogeneous nucleation of a second metal on the

preformed cores, the homogeneous nucleation of small metal seeds occurs at an early stage of the reaction.

12
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This is then followed by further growth of the dendritic shell via attachment of the metal seeds, which can be

guided by various capping agents.” 60301 Dendritic Au@Pt nanoparticles were prepared by the deposition of a

dense array of Pt nanowires on Au preformed seeds in an organic precursor solution.”"!

Au, Pd, Pt

Figure 1.7 (a) Formation mechanism for aggregation-based growth in the presence of a foreign nanocrystal seed and
formation of bimetallic nanodendrites. Reproduced with permission.”* Copyright 2011, Wiley-VCH. (b) Low- and
high-magnification TEM images of Au@Pt nanocolloids prepared from a typical solution with a Pt/ Au molar ratio of
1.0. Reproduced with permission.® Copyright 2010, American Chemical Society. (c) Elemental mapping images of

an Au,@PdPt nanoparticle. Reproduced with permission.'®”! Copyright 2013, American Chemical Society.

Xia and co-workers studied the synthesis of Pd@Rh nanocrystals consisting of a dense array of Rh branches
supported on a Pd core and grown via a seed-mediated method. Truncated octahedral Pd nanoparticles with
an average size of 9 nm were used as seeds to grow Rh branches via the reduction of Rh salts (NazRhCly)
with AA. High resolution transmission electron microscope (TEM) images of the Pd@Rh nanodendrites
clearly showed that Rh branches, with an average size of 3 nm, entirely covered the surface of the Pd core.
Continuity of the lattice fringes extending from the Pd core to the Rh branches was also observed,
suggesting that the Rh nuclei were grown epitaxially on the Pd nanocrystals (Pd and Rh have a lattice

mismatch of only 2.3%.).%%

The formation mechanism was carefully investigated through TEM
observations of the Pd@Rh samples at various stages of the reaction. At the early stage, along with the Rh-
decorated Pd nanoparticles, small Rh seeds with less than 3 nm in size were observed, suggesting that both
homogeneous and heterogeneous nucleation of Rh in the solution and on the surface of the Pd cores,
respectively, occurred simultaneously. On increasing the reaction time, the number of small Rh seeds rapidly
decreased, while the number of Rh branches on each Pd nanocrystal increased suggesting that the Rh
branches were mainly formed through the attachment of the Rh seeds. Finally, the Pd@Rh particles were

transformed into highly branched structures through the self-assembly of the Rh seeds.

Xia et al. also reported the synthesis of bimetallic Pd@Pt nanospheres, in which truncated Pd nanocrystals

were used as seeds to guide the growth of dendritic Pt.™? ©33] Because of the small lattice mismatch between
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the two metals, the deposited Pt shell and Pd core showed an epitaxial relationship at the interface. The

14254 The dendritic structure of the core@shell

epitaxial growth of Pt on Pd was also reported elsewhere.
nanoparticles originates from the self-assembly of metal seeds, which is strongly affected by the availability
of isolated sites on the preformed metal cores for the particles to attach, thus preventing an overlap between

the neighboring branches,?*"*%*°]

In spite of the successful synthesis of a branched network of nanocrystals, most of them do not possess well-
defined symmetries."® Recently, Skrabalak and co-workers have developed a new method, a seed-mediated
co-reduction, for the deposition of symmetrically branched nanostructures on preformed seeds.””! Different
concave and symmetrically branched Au/Pd nanocrystals were synthesized by coupling the co-reductions of
the Au and Pd precursors. In this method, the simultaneous addition of Pd and Au precursor solutions to an
aqueous suspension containing the Au cores and CTAB is followed by the addition of AA as reductant.*™
The co-reduction of metal ions enables control over the final morphology of the binary nanocrystals by
manipulating the growth kinetics of the seeds. The kinetics of overgrowth can be modulated by changing the
molar ratio of metal ions or the pH in the precursor solutions. It should be mentioned that the shape and
structure of the initial seeds play a key role in determining the final symmetrical dendritic shell by providing
preferential sites for the growth of branches.”™ The seed-mediated co-reduction method was also employed
for the synthesis of convex polyhedral Au@Pd nanocrystals using octahedral Au nanocrystals as initial

seeds.*”!

1.4.2.2. One-step Method

In this approach, the step-by-step reduction of metal ions spontaneously occurs in a single step. The
differences in the reduction potential of different metal ions play a key role in the separation of metal phases
in the obtained nanospheres (i.e., formation of core@shell structure). Recently, a facile synthesis route was
successfully elaborated for the preparation of double- and triple-layered metallic nanoparticles, including
Au@Pt, Pd@Pt, and Au@Pd@Pt, by a one-step method (Figure 1.7b)."° The Au@Pt core@shell
nanocolloids with a Au core and a dendritic Pt shell were successfully synthesized by chemical co-reduction
of H,PtClg and HAuCls, in the presence of F127 under ultrasonic treatment.[®* Because of the large
difference in their respective reduction potentials, the reduction of Au ions preferentially occurs in a short
time to produce the Au cores. During this first process, the F127 cannot effectively interact with the Au
nanoparticles and act as a structure-directing agent. Therefore, the Au cores in the Au@Pt possess no
structural porosity. As the reduction reaction proceeds, the dendritic Pt structure overgrows on the Au

nanoparticles to form dendritic Au@Pt nanocolloids.

In this synthetic procedure, the size and morphology of the initially formed metallic cores are critical for

obtaining uniformly distributed core@shell nanoparticles with a controllable size. Ultrasonic irradiation is
14
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employed to accelerate the reduction of metal ions. This phenomenon changes the nucleation kinetics from
progressive to instantaneous (i.e., the critical concentration of nuclei is reached immediately and further
seeding is suppressed after a short period). Hence, small-sized metallic cores with a narrow size distribution
can be obtained. These uniform metal cores can then serve as nucleation centers for the overgrowth of
porous shells. This method was successfully extended to the synthesis of triple-layered Au@Pd@Pt
core@shell structures by adding Na,PdCls to the initial precursor solution, resulting in nanoparticles
consisting of an Au core, an intermediate Pd layer, and a dendritic Pt shell. Through adding the Pd
intermediate layer to the Au@Pt structure, the catalytic activity could be enhanced significantly.[°*>%0!
Similar trimetallic Au@PdPt nanoparticles with a well-defined octahedral Au core and a dendritic PdPt alloy
shell (Auo@PdPt) were produced by Han and co-workers (Figure 1.7¢).°"! The co-reduction of multiple

metal precursors with dual reducing agents (AA and hydrazine) gave fine control over the nucleation and

growth kinetics of the nanoparticles.

1.4.3. Multicomponent Porous Aloys

Previous computational and experimental investigations have revealed that alloy nanoparticles can exhibit a
dramatic enhancement in their electrochemical activity, which is believed to originate from the synergetic
effect on the electronic properties of the alloy structure. It is therefore important to synthesize alloy
nanoparticles with dendritic nanostructure to further improve their electrochemical activity. A key factor in the
success of solution-phase synthesis of alloy is to control the nucleation and growth of different metals with
different redox properties. Under normal reduction conditions, metal salts with different reduction potentials
tend to be reduced in a step-by-step fashion, thus leading to the formation of core@shell structures or phase
separation. This problem can be overcome by controlling the reducing agent, surfactant binder, and

temperature.

In a recent report, a very simple, one-step, and efficient route was proposed to directly produce dendritic Pt-Pd
alloy nanoparticles with high surface area, carried out by simply stirring an aqueous solution containing
K,PtCly and Na,PdCly binary precursors in the presence of F127 triblock copolymer and AA at room
temperature for 30 min, with no need for any template, seed-mediated growth, or other additives. By simply
changing the compositional ratios of the Pt and Pd sources in the precursor solutions, Pt-Pd nanodendrites
with various compositions can be easily produced. Because of its unique simplicity, the proposed approach
can be considered as a powerful strategy for producing Pt-Pd alloy nanoparticles with unique

1621 As another interesting example, the synthesis of well-defined

nanoarchitectures for commercial devices.
Pt-Pd alloy nanoflowers with dominant {111} facets was reported through a chemical reduction method in a
poly(allylamine hydrochloride) (PAH) based aqueous solution. The {111 }-enclosed Pt-Pd nanoflowers exhibit
superior ORR activity, along with satisfactory stability and methanol tolerance under acidic conditions,
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showcasing them as promising electrocatalysts for the future.'*! Alloying Pt with a second metal (e.g., Ru, Pd,
and Ni) plays a key role in reducing CO poisoning and improving the catalytic activity. Among all of these
alloys, Pt-Ru catalysts, where the co-reduction of Pt and Ru salts in the presence of F127 leads to the
formation of Pt-Ru nanoparticles with a dendritic structure, exhibit a high tolerance to CO poisoning and
enhanced catalytic activity during the MOR. This improvement is caused by the bi-functional effect of Ru on

the overall electronic structure of the Pt atoms.**!

Zhang et al. reported a similar approach to prepare bimetallic Au-Pd nanocrystals with a well-defined
dendritic morphology.[®”’ Here, AA is used as a reductant, while P123 triblock copolymer is used as a
stabilizing agent. The Au/Pd atomic ratios can be tuned over a wide range without degrading the nanodendritic
morphology. The as-prepared Au-Pd nanodendrites exhibit excellent catalytic activities toward
electro-oxidation of methanol and reduction of 2-nitrophenol, and the catalytic performances could be
effectively tuned by varying the Au/Pd ratio. Dendritic Au-Pd alloy nanoparticles, synthesized through the
co-reduction of HAuCl and K,PdCly in a PVP aqueous solution by using hydrazine as a reducing agent, also
show efficient electrocatalytic activity and stability towards ethanol oxidation in alkaline media.l®" The
enhanced electrocatalytic properties of dendritic particles can be attributed to the presence of a large number

of active sites on their surfaces.
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Figure 1.8 (a-1) TEM image, high-angle annular dark field-scanning TEM (HAADF-STEM) image, and (a-2) energy
dispersive X-ray spectroscopy (EDX) line profiles of porous Pt;Ni nanocrystals. Reproduced with permission.*®
Copyright 2013, Wiley-VCH. (b) Low-magnification TEM image (b-1) and highly magnified TEM image (b-2) taken
from the selected area marked by the rectangle in (b-1). The inset in (b-2) is the corresponding fast Fourier transform
(FFT) pattern. Reproduced with permission.”” Copyright 2013, Wiley-VCH. (c) TEM image (c-1) and corresponding
elemental mapping images (c-2) of Pt-Cu hierarchical trigonal bipyramid nanoframes. Reproduced with permission.”"

Copyright 2015, Wiley-VCH.
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Among the various reported Pt-based bimetallic nanostructures, intermetallic Pt;Ni nanocrystals represent an
emerging class of newly discovered electrocatalysts that exhibit exciting performance. It has been reported
that the (111) surface of Pt3Ni exhibits extremely high ORR activity, about 10-fold higher than Pt(111) and
90-fold higher than the commercial Pt/C catalysts.[”) Nanoporous dendritic Pt;Ni particles were prepared by
simultaneous reduction of platinum(II) acetylacetonate and nickel(II) acetylacetonate by using
N,N-dimethylformamide (DMF) as both solvent and reducing agent, as well as PVP and phenol as

). The obtained dendritic Pt;Ni nanocrystals can serve as highly

structure-directing agents (Figure 1.8a
efficient catalysts in the ORR with good durability. In contrast, Li et al. reported using the same metal
precursors stirred in a mixture of octadecene, oleylamine, oleic acid, and didodecyldimethylammonium
bromide, resulting in the formation of Pt-Ni nanodendrites with a homogeneously alloyed structure
(non-intermetallic structure), uniform shape, and controllable size. Taking advantage of the properties of
3d-transition-metal-modified components, the highly branched Pt-Ni nanocrystals displayed excellent
activity towards the hydrogenation of nitrobenzene. The self-supported dendritic structure prevents the

nanocrystals from agglomerating and shows high stability.[*”]

Considering the high cost of noble metal catalysts, their substitution by inexpensive metals (e.g., Cu, Fe, Co,
Ni) has been extensively studied. Zhang and co-workers reported the synthesis of Pt—Cu alloy nanocrystals
with controlled morphologies by using glycine to mediate the sequential reduction kinetics in an aqueous
solution (Figure 1.8b)."! Glycine plays a decisive role in altering the reduction kinetics of the metal
precursors and therefore determines the final morphologies of the Pt-Cu alloy nanocrystals. By simply varying
the concentration of glycine in the growth solution, dendritic Pt-Cu alloy nanocrystals could be prepared.
Gong and co-workers reported the synthesis of Pt-Cu bimetallic alloy nanodendrites by a facile, one-pot,
template-free, and seed-free hydrothermal method in the presence of PAH.®>? The autocatalytic growth and
interdiffusion are responsible for the formation of the Pt-Cu alloy, whereas in-situ selective oxidative etching
results in dendritic morphology of the Pt-Cu alloy nanostructures. Recently, Chen et al. reported the
size-controlled synthesis of unique Pt-Cu hierarchical trigonal bipyramid nanoframes composed of similar
ordered structural units (Figure 1.8¢c).”") Small monopods, bipods, and tripods form in the early stage,
followed by the growth of secondary, tertiary, and higher-order branches, and ultimately, the formation of
Pt-Cu hierarchical trigonal bipyramid structures. The as-prepared electrocatalysts exhibit enhanced
electrocatalytic activity towards the formic acid oxidation reaction, owing to their unique hierarchical

structure and the synergetic effects occurring between Pt and Cu.

1.5. Motivation and Purpose of This Study

Over the last few decades, nanoporous noble metals have provoked ever-increasing attention in the field of
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catalysis owing to their unique physical and chemical properties. Although some strategies have been made
toward to the fabrication of nanoporous noble metals with tunable structures and compositions, most of them
require complex/multistep procedures and take specialized synthetic techniques, which make them
challenging to scale up. From a green chemistry and sustainable development perspective, it is highly
needed to develop facile and efficient approaches to fabrication of the nanoporous noble metals. Therefore,
the purpose in my PhD study is to develop facile and straight soft-templating methods, based on the diluted

concentration of surfactants or block polymers for controlled synthesis of nanoporous metals.

On the other hand, electrocatalytic reaction can occur only when the reactants are adsorbed onto catalyst
surfaces. Nanoporous metals with an accessible surface area may result in enhancements in the
electrocatalytic performances owing to the high surface areas and abundant active sites. It is note that the
porous architectures of metals obtained in previous reports are mainly limited to dendritic and small-sized
pores, leading to the less accessibility. Recently, nanoporous materials with large-sized pores have become a
subject of extensive research because they can facilitate a smooth and efficient transport of reactants or
effectively adsorb large molecules. Because the pore sizes and pore structures for metals are more difficult
to control compared to general mesoporous systems such as silica, very few examples of large-sized
nanoporous metals have been reported. Therefore, it is of great importance and interest to synthesize

nanoporous metals with large-pore to improve the electrochemical activity, as shown in Figure 1.9.

Figure 1.9 Summary of my works in this thesis
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2.1. Introduction

Metallic nanomaterials with open curved surfaces having low-coordinated atomic sites, such as

(1] [2] [3]

nanoporous/mesoporous structures, nanoframes, dendritic structures, and
polyhedra/nanowires/nanorods, ' have attracted fast-growing attention in catalysis applications owing to their
fascinating performance. In particular, metals with mesoporous structures possess a high surface area,
three-dimensional molecular accessibility and can facilitate mass transfer from the outer surface to the inner
structure.” In addition, both inner and outer surfaces are composed of atoms with unsaturated valence, thus
dramatically enhancing the electrocatalytic performance.'® Therefore, mesoporous metals offer a wide range

of promising applications which cannot be satisfied by other silica-based mesoporous materials.

Currently, mesoporous metals have become a subject of extensive research as pores allow a fast and efficient
transport of reactants.””) In order to precisely tune the properties of these materials, it is required to design their
porous architecture. Several strategies, including dealloying techniques, galvanic replacement reactions,
electrochemical depositions, and soft- and hard-templating methods, have been developed.™ Especially,
soft-templating approach based on a simple chemical reduction has been considered as a more versatile,
flexible, and effective strategy, which would be easily applicable to a large-scale production in the future.
Until now, it should be noted that most of the studies have been reported that mesoporous metals limited to
particles with irregular shape or to continuous films. The lack of control over the particle size and morphology
is a serious problem, which needs to be overcome in order to further develop and implement mesoporous
metals in electrocatalytic applications. My target in this study is to design mesoporous Pt nanospheres (MPNs)

with a narrow size distribution by a versatile chemical reduction approach.

To further enhance the catalytic performance of MPNs, here I focus on the design of “true” mesoporous
structure as well as abundant active sites on the mesoporous surfaces. Although several solution phase
approaches have been attempted to prepare Pt electrocatalysts, the obtained architectures are limited to only
dendritic Pt nanoparticles possessing tiny and random interspaces (less than 5 nm).”) Mesoporous Pt
nanoparticles/nanospheres are ideal to realize beneficial mass transport.'”) Some effective additives have been
utilized to create abundant catalytically active sites on the noble metal surfaces!'), because such additives are
competent in tailoring the reaction kinetics of the precursors during the crystal growth. Therefore, in this study,
[ propose to prepare the “true” mesoporous Pt nanospheres with abundant active sites on the porous surface by

using a kinetically controlled chemical reduction, which has never been exploited in the synthesis of
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mesoporous metals. I strongly believe that it will be a promising strategy to produce performant

electrocatalytic materials.

In this paper, I report the synthesis of MPNs with interconnected mesopores by a controlled chemical
reduction in aqueous solution without the necessity of any seeds or organic solvents. In brief, MPNs are
synthesized by reducing H,PtCls with ascorbic acid in the presence of a Pluronic F127 surfactant and KBr. It is
found that F127 acts as a pore-directing agent, while the combination of bromide ions and dioxygen pairs
allows the porous structure to become interconnected and the surface to become catalytically active.
Compared to commercial Pt black (PtB) and PtC-20% catalysts, my MPNs exhibit an enhanced

electrocatalytic activity and structural thermostability.

2.2. Experimental Sections

2.2.1. Materials

All chemicals and solvents were used as received without further purification. H,PtCls, ascorbic acid (AA),
H,S04, HC104 and methanol were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Commercial Pt black,
PtC-20%, Pluronic F127 and potassium bromide (KBr) were obtained from Sigma-Aldrich. All solutions

were prepared with deionized water treated with a Millipore water purification system (Millipore Corp.).

2.2.2. Preparation of Mesoporous Pt Nanospheres

In a typical synthesis of mesoporous Pt nanospheres (MPNs), 200 mg KBr and 30 mg Pluronic F127 were
dissolved in 2 mL deionized water. After complete dissolution, 0.75 mL H,PtCls solution (40 mM) and 2 mL
ascorbic acid (AA) solution (0.1 M) were added. The mixed solution was then kept in a water bath for 12 hours
at 70 °C. Finally, the sample was collected by centrifugation at 14,000 rpm for 20 min and the residual

Pluronic F127 was removed by three consecutive washing/centrifugation cycles with ethanol and water.

2.2.3. Characterization

Scanning electron microscopy (SEM) imaging was carried out using a Hitachi SU-8000 microscope operated
at 5 kV. Transmission electron microscopy (TEM) and high-angle annular dark-field scanning TEM
(HAADF-STEM) observations were performed using a JEOL JEM-2100F operated at 200 kV equipped with
an energy-dispersive spectrometry analyzer. The samples for TEM characterizations were prepared by
depositing a drop of the diluted colloidal suspension on a grid. Wide-angle powder X-ray diffraction (XRD)
patterns were acquired with a Rigaku Rint 2500 diffractometer with monochromated Cu Ka radiation.

Low-angle XRD patterns were obtained by using a NANO VIEWER (Rigaku, Japan) equipped with a Micro
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Max-007 HF high-intensity micro-focus rotating anode X-ray generator. X-ray photoelectronic spectroscopy
(XPS) spectra were obtained at room temperature by using a JPS-9010TR (JEOL) instrument with an Mg Ka

X-ray source. All the binding energies were calibrated via referencing to C 1 s binding energy (284.6eV).

2.2.4. Electrochemical Test
Electrochemical Measurement of Methanol Oxidation Reaction (MOR)

Cyclic voltammograms (CV) and chronoamperometric (CA) experiments were performed using a CHI 842B
electrochemical analyzer (CHI Instruments, USA). A conventional three-electrode cell was used, including an
Ag/AgCl (saturated KCl) reference electrode, a platinum wire as a counter electrode, and a modified glassy
carbon electrode (GCE, 3 mm in diameter) as a working electrode. The modified GCE was coated with the
sample (5.0 pg) and dried at room temperature. Then, 5.0 uL of Nafion (0.05 wt %) was coated on the surface
of the modified GCE and dried before electrochemical experiments. Prior to the electrochemical
measurements, the GCE modified with the as-prepared sample was electrochemically activated by a potential
cycling between -0.2 V and +1.5 V (vs. Ag/AgCl) in 0.5 M H,SO4 until the obtained CVs became
characteristic of a clean Pt electrode. Methanol electro-oxidation measurements were performed in a solution
of 0.5 M H,SO4 containing 0.5 M methanol at a scan rate of 50 mV s'. The chronoamperometric

measurement was carried out at a constant potential of 0.6 V for 3000 s.

Electrochemical Measurement of Oxygen Reduction Reaction (ORR)

CV measurements were obtained from a similar setup to the MOR measurement. A conventional
three-electrode cell was used, including an Ag/AgCl (saturated KCl) reference electrode, a platinum wire as a
counter electrode, and a modified rotating ring-disk electrode (RRDE, 4 mm in diameter) as a working
electrode. The working electrode was prepared as follows. 2 mg of catalyst (MPNs, shallow concave Pt
nanoparticles Pt, commercial Pt normally 20% on carbon (abbreviated as PtC-20%), or platinum black
(abbreviated as PtB)) was dispersed in the mixture of water (0.4 mL) and Nafion (5 wt%, 10 pL) under
ultra-sonication for 30 min to get a uniform suspension of the catalysts. Then, 5 pL of the above suspension
was dropped on the disk electrode surface of the RRDE and dried at room temperature. The electrochemical
measurements were performed in 0.1 M HCIOy4 saturated with O, at a potential range between -0.2 V and 1.0
V (vs. Ag/AgCl) with a scan rate of 10 mV s and a typical rotating speed of 1600 rpm. In this work,

electrochemical tests for different electrocatalysts were repeated for three times.
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The rotating ring-disk electrode (RRDE) was used to study the reduction pathway of oxygen. The ring
electrode current, which corresponds to the oxidation of intermediate (hydrogen peroxide ions, HO; ), was
recorded together with the disk electrode current. The electron number (n) transferred per oxygen molecule

involved in the ORR was calculated from RRDE voltammograms according to the following equation:
n=4 x I/ (Iq + Ir/N)

where I is the disk current, I, is the ring current and N = 0.4 is the current collection efficiency of Pt ring

electrode.

2.3. Results and Discussion

Figure 2.1 (a) Low-magnification SEM, (b) TEM, and (c) HAADF-STEM images of the MPNs prepared under the

typical condition. Inset image in (a) shows particle size distribution of the MPNs.

Scanning electron microscope (SEM) and transmission electron microscopy (TEM) were employed to

characterize the structures of the product. The nanospheres are well-dispersed and highly uniform in shape and
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size (Figure 2.1a). An average size of around 70 nm is determined from statistical measurements over 200
nanospheres (inset image of Figure 2.1a) and the pores on the surface have a size distribution centered on
11+1 nm. The porous structure and size are distinctly different from the dendritic ones.”’ The different
contrasts observed on the TEM image evidence that the mesopores are deeply embedded and interconnected in
the nanospheres (Figure 2.1b). These mesoporous structures are further presented in high-angle annular
dark-field scanning TEM (HAADF-STEM) image (Figure 2.1¢). Considering the average pore diameter and
wall thickness measured from the SEM analysis to be 11 and 9-10 nm, respectively, the average pore-to-pore
distance is estimated to be roughly 20-21 nm. This is in good agreement with the low angle X-ray diffraction
pattern displaying a sharp peak at 0.43 ° (d=20.3 nm) (Figure 2.2a), which is also a strong evidence of the

high uniformity of the sample.
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Figure 2 (a) Low-, and wide-angle XRD patterns of MPNs, (c) a representative EDX spectrum of MPNs. In the EDX
spectrum, the additional signal originates from the Si substrate, and (d) Pt 4/ XPS data of MPNs and Pt black (PtB).

The wide-angle XRD pattern (XRD) of the as-prepared MPNs can be assigned to a pure face-centered cubic
(fcc) Pt structure (Figure 2.2b) and energy dispersive X-ray spectroscopy measurements further confirmed
that the sample is free of other elemental impurities (Figure 2.2¢). X-ray photoelectron spectroscopy (XPS)
was then employed to analyze the valence state of the surface Pt in the MPNs. For comparison, commercially
available Pt black (PtB) was characterized as well. It can be clearly noticed in Figure 2.2d that both samples

show doublet peaks assignable to Pt” 475, and Pt° 41, respectively, indicating the existence of metallic state
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Pt."" Considering the resolution depth of Pt photoelectron spectra at the conditions (i.e., 1.5 nm) of an
inelastic-mean-free-path,!"”! the spectra are considered to be composed of the contribution from the top 2-3

surface atomic layers of Pt.

Figure 2.3 (a) Typical TEM image and (b) the corresponding selected area ED pattern of one single MPN. (c¢)
HRTEM image focused on the edge of Pt pore walls projected along the <011> direction. (d) Schematic illustration for
the exposed high-index facet. The inset image in panel (c) shows the corresponding FFT patterns of the HRTEM

image.

In order to obtain more information on the surface atomic structure, high-resolution TEM (HRTEM) and
TEM images of the MPNs were acquired. It can be observed that an entire nanosphere is typically composed
of interconnected nanocrystals sizing from 6 to 8 nm (Figure 2.3a). The mesoporous structure can be clearly
distinguished because of differences in the contrast. The selected-area electron diffraction (ED) pattern from
Figure 2.3b along with the clear lattice fringes observed in the HRTEM image (Figure 2.3¢) evidence the
high degree of crystallization of the pore walls. Also, the lattice spacing of 0.23 nm is in good agreement with
the fcc Pt {111} crystal plane. The surface of the branched Pt nanocrystals is enclosed by {111} and {100}
facets along with a large number of atomic steps, as indicated by the arrows in Figure 2.3¢. Furthermore, some
high-index facets (e.g., {511}) were confirmed from the edge surface. A scheme shown in Figure 2.3d
illustrates the positioning model for the high-index facet. The favorable molecule adsorption attributed to

unsaturated atomic structures has been proved to be more active than the highly coordinated atomic surface.!'*!

To better understand the formation mechanism of the MPNs, the roles of the reagents were investigated in

detail. It has previously been reported that nonionic surfactants, such as F127 and P123, can serve as
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structure-directing agents in the preparation of mesoporous oxides and carbons.!"”! As shown in Figure 2.4a,
in the absence of F127, only micrometer-sized Pt spheres with non-porous structure are obtained. When a
small amount of F127 (2.0 mg) is added, mono-dispersed Pt nanoparticles with shallow pores start to appear
(Figure 2.4b). Further increasing the amount of F127 (up to 10 mg) leads to the formation of concaved
mesopores on the surface of the Pt nanoparticles (Figure 2.4¢). With further increasing the amount of F127

(up to 30 mg), the desired mesoporous Pt nanospheres can be obtained (Figure 2.4d).

Figure 2.4 SEM images of the samples prepared under typical conditions with different amounts of F127 [(a) 0 mg, (b)
2.0 mg, (¢) 10 mg, and (d) 30 mg, respectively].

The formation of the mesoporous particles is completely different from previous works, where porous or
dendritic Pt nanoparticles with narrow interspaces less than 5 nm were obtained through fast reduction
reactions.”™ ! In this work, I believe that the slow deposition rate is responsible for the retention of the
micelle arrangement at the greatest extent and thus, for the formation of well-defined mesoporous
structures.''” Although the reduction kinetics can often be controlled by varying the reduction power of the
reducing agent, here, we utilize another approach, i.e., the ligand exchange of Pt precursor by adding

bromide ions and oxygen to slow down the reduction reaction.

The mechanism of these two additives can be accounted for by the following ideas. The presence of bromide
ions shifts the redox potential of the Pt ions toward a more negative potential through ligand exchange
reactions to form [PtBre]* with a redox potential is more negative (0.61 V vs. SHE) than that of [PtCle]*
(0.73 V vs. SHE), namely, the reduction of [PtBrs]* is slower. This ligand exchange reaction was confirmed
by UV-vis measurements. As shown in Figure 2.5a, the absorption peak located at 260 nm in the [PtCls]*

[17

solution corresponds to the absorption of [PtCls]* complexes.!'”! After addition of KBr, the absorption peak at
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260 nm disappears and two new characteristic features located at 310 and 365 nm can be observed, indicating
that [PtCls]> was successfully replaced by [PtBre]*> complexes.'® The presence of oxygen shifts the

reduction potential toward a more positive potential.

— H,PtCl solution
— H,PtCI-KBr solution

g 260
' ! 310
1 1 365

l

-
300 400 500 600 700
Wavelength cnm)

-

« OB ;} igi 35 -
b 95- 4 (ﬁ? 13%‘

FEEL T @
@“#a.g

m Omin 10min 1h

4h  45h  5h
- ili
|

Figure 2.5 (a) UV-vis spectrum of (black plot) H,PtCls solution only and (red) H,PtCls solution after addition of KBr.

SEM images of samples prepared (b) with oxygen but without KBr and (c) with KBr but without oxygen. Photographs
of colloidal suspensions of (d1) H,PtClg solution, and (d2) H,PtCle-KBr solution taken at different reaction times at 70
°C.

The roles of Br” and O; in the formation of the Pt nanospheres were carefully studied by a series of control
experiments: samples were synthesized in the presence of oxygen but without bromide ions (Figure 2.5b), and
in the presence of bromide ions but without oxygen (Figure 2.5¢). In both cases, the reaction yields
disconnected cavities on the surface of the Pt nanoparticles possessing a broad size distribution. The structures
with interconnected mesopores can only be obtained when both Br™ and O, are simultaneously involved in the
reaction (Figure 2.1a). The slow reaction favors a thermodynamic growth, which induces the exposure of
{111} facet. Also, the Br- ions have been known to selectively adsorb on and preferably expose Pt {100}
facets."”) Therefore, in this study, the designed pore surfaces consisting of the interlaced Pt {111} and {100}

facets (Figure 2.3c) is proved to enhance the oxygen reduction reaction activity, which is probably ascribed to
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a synergetic effect between different facets.*” To the best of my knowledge, such mesoporous Pt nanospheres
with designed pore surface were firstly reported. Thus, I believe that this slow metal growth is beneficial for
the formation of uniformly sized mesopores and particles as it provides enough time for the surfactants to

adhere to the metal seeds and effectively act as a template for the subsequent growth (Figure 2.5d).
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Figure 2.6 TEM images of Pt samples taken after different reaction periods: a) 3 h, b) 4 h, ¢) 6 h, and d) 12 h,
respectively. €) Schematic illustration for the synthesis of MPNs.

The intermediate products at different reaction times were also investigated through TEM observation of the
samples taken from the reaction flask after various periods of time (Figure 2.6). Within 3 h, almost no
precipitate can be observed, indicating that the reduction rate is relatively slow. The little amount of particles
collected formed small non-uniform aggregates (Figure 2.6a). With increasing the reaction time (4 h), the
particle size increases by the continuous growth of fine particles (Figure 2.6b). It is noted that, at this stage,
the concave or porous structure starts to be formed on the edges of the particles, as indicated by the arrows.
After 6 h, the MPNs are formed (Figure 2.6¢) and the morphology of the nanostructure remains stable even
after longer reaction time (up to 12 h, Figure 2.6d). On the basis of these results, the mechanism responsible
for the formation of MPNs can be described as follows. At the initial stage, F127 serves as protecting agent

and to stabilize the primary Pt clusters through the interactions with the ethylene oxide (EO) chains of the
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F127 micelles.”" As the reaction proceeds, the reduced Pt clusters with preferentially exposed of {100}
facets from the solution continue to deposit on the spherical F127 micelles. Because of the extremely slow
reduction rate caused by the ligand affection, there is enough time for F127 to effectively act as a template and
to form an open mesoporous structure. The synthesis process of MPNs was schematically illustrated in Figure

2.6e.
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Figure 2.7 Cyclic voltammograms of (i) MPNs, (ii) shallow concave Pt nanoparticles, (iii) PtC-20%, and (iv) PtB
catalysts recorded in 0.5 M H,SO, solution at a scan rate of 50 mV s”'. All the currents are normalized by electrode

geometric surface area.

To investigate the nature of the Pt surface obtained through the slow reduction reactions in the presence of
bromide ions, the surface crystallography of the MNPs was investigated by cyclic voltammetry and compared
with those of dendritic Pt nanoparticles (DPNs) prepared in the presence of oxygen but without adding KBr
(Figure 2.5b), and also with PtC-20% and PtB catalysts. The cyclic voltammograms (CVs) of MPNs and
DPNs exhibit the typical characteristics of hydrogen and oxygen adsorption/desorption on polycrystalline Pt
surface (Figure 2.7), while the CVs of the PtC-20% and PtB samples do not show any sharp peaks in the
hydrogen region (i.e., below 0.2 V vs. Ag/AgCl), which are similar to that of Pt{111} surface.'””’ MPNs and
DPNs have a hydrogen desorption peak around -0.08 V vs. Ag/AgCl, which is assignable to {110} surfaces,
and another sharp peak around 0.08 V, which can be assigned to a few atoms wide {100} surface.*"
Interestingly, I found that only MPNs have an extra third peak between the peaks previously mentioned, which

[23,24

can be assigned to low coordination Pt sites. ] These clearly show that the nanostructured samples have

more surface step defects than typical Pt nanoparticles.

Inspired by these attractive properties (e.g., low-coordinated atomic surfaces), both the methanol oxidation
reaction (MOR) and oxygen reduction reaction (ORR) were performed to evaluate the electrochemical
performance of the MPNs. Figure 2.8a shows the typical CV curves of MOR catalyzed with the MPNs, DPNs,
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PtC-20%, and PtB catalysts. The current densities were normalized by the Pt electrochemical surface area
(ECSA) (MPNs (25.1 m* g Pt), DPNs (17.1 m* g"'_Pt), commercial PtB (14.3 m* g _Pt), and PtC-20% (54
m” g Pt)). The peak current density of the MPNss (1.1 mA-cm™) is much higher than that of the DPNs (0.95
mA-cm?), PtC-20% (0.61 mA-cm™), and PtB (0.46 mA-cm™). The reason for this superior activity arises
from a large number of low-coordinated atoms present on the Pt surfaces, which facilitate the breakage of the
C-H bonds during the decomposition of methanol.'*) The chronoamperometric measurement at 0.6 V over
3000 s proved that the MPNss possess a better stability during the electrochemical measurement, in comparison

to the other catalysts (Figure 2.8b).
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Figure 2.8 (a) Cyclic voltammograms of MOR recorded in 0.5 M H,SO, + 0.5 M CH;OH at a scan rate of 50 mV-s™, (b)
Chronoamperometric curves (recorded at 0.6 V) obtained in 0.5 M H,SO,4 + 0.5 M CH30H. (c) ORR polarization curves
recorded in O,-saturated 0.1 M HCIO, solution with a sweep rate of 10 mV-s™ and a rotation rate of 1600 rpm, and d)
ORR polarization curves of MPNs at different rotation rates, and e) corresponding Koutecky-Levich (K-L) plots of the
MPNs at different potentials. f) The current collected on disk and ring electrodes catalyzed by MPNs. Inset shows the
electron number transferred in ORR calculated by using the current collected on rotating ring-disk electrode. The K-L

plots show the inverse current density (j') as a function of the inverse of the square root of rotation speed (o™?) at
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various potentials. [(i) MPNs with interconnected mesopores, (ii) DPNs, (iii) PtC-20% catalyst, and (iv) PtB catalyst,
respectively.] The inset image in panel (c) shows enlargement of the rectangle area. The currents in panel a) are

normalized by the ECSA, whereas, the currents in panel c¢) are normalized by the electrode geometric surface area.

The ORR was further studied in O, saturated 0.1 M HCIO4. The MPNs show a more positive half-wave
potential (0.88 V) than that of PtB (0.78 V), DPNs (0.86 V), and PtC-20% (0.84 V) (Figure 2.8c). The onset
potential of the MPNs is positively shifted compared to the other samples. To further study the kinetics of the
ORR, the polarization curves of the MPNs-modified rotation ring disk electrode (RRDE) were recorded at
different rotation speeds. The limiting current density increases with increasing the rotation speed (Figure
2.8d). The corresponding Koutecky-Levich (K-L) plots at different potential values are plotted and the

number of electrons transferred was calculated by the K-L equation,”* which is expressed by:
et + o=t + Bla 2 (1)
B=0.62nFC,Dy**v" (2)

Where j is the measured current density; jx and jp are the kinetic- and diffusion-limited current densities; ® is
the angular frequency of rotation; n represents the overall number of electrons transferred in oxygen reduction;
F is the Faraday constant (F=96485 C mol™); Cy is the bulk concentration of O, in 0.1 M HCIO, (1.26 x 10
mol cm™); Dy is the diffusion coefficient of O, in 0.1 M HCIOj solution (1.93 x 107 cm? s™) v is the kinematic
viscosity of the electrolyte (1.01 x 10% cm” s™). The number of electrons transferred (n) can be obtained from
the slope of the K-L plots. Figure 2.8e shows four linear K-L plots at different potentials, suggesting the
first-order reaction kinetics of oxygen reduction catalysed by the MPNs from 0.825 V to 0.925 V. The n value
calculated from the equation: n=4 x I4/(I4 + I/N )[27] (where I 1s the disk current, I, is the ring current and N =
0.4 is the current collection efficiency of Pt ring electrode), is in the ranging of 3.7-4.0, which is in good
consistent with the number of electrons derived from the RRDE voltammograms (Figure 2.8f). All these

results evidence that the ORR catalyzed by the MPNs follows a four-electron pathway.**!

h 100+ P
104 —25°

80- ' ——250°C
= 0.5-( \ 350 GC/\,
2

60 a p SR j
. £ 00 . P
Q G
w < y
[ R m//
T
E 20 1.0-'R\j[

0- -1.5 T T T T r 7

; i i iv 02 00 02 04 06 08 10

| Potential (V vs Ag/AgCl)



Chapter 2.

Figure 2.9 (a) ECSA retention after thermal treatment at various temperatures for 3 h, (b) Cyclic voltammograms of the
MPNs before (black plot) and after thermal treatment at 250 °C (red plot), or 350 °C (green plot) for 3h, which are
recorded in 0.5 M H,SO, at a sweep rate of 50 mV s. [(i) MPNs with interconnected mesopores, (ii) DPNs, (iii)
PtC-20% catalyst, and (iv) PtB catalyst, respectively.] The inset image in panel (c) shows enlargement of the rectangle

image area.

Figure 2.10 SEM image of (a) MPNs (b) shallow concave Pt nanoparticles, (¢) 20%-PtC, and (c) PtB after thermal
treatment at different temperatures [(al, bl, cl,dl) 25 °C, (a2, b2, ¢2,d2) 250 °C, and (a3, b3, ¢3,d3) 350 °C,

respectively].

It is well known that structural thermostability is a very important factor for practical catalysts because the
performance highly depends on their ability to retain their shape and structure. In order to investigate the
structural thermostability, the MPNs, DPNs, PtC-20%, and PtB were treated at 250 °C or 350 °C for 3 h. After
calcination, the CV plots were recorded in 0.5 M H,SOy at a scan rate of 50 mV-s™ and the Pt ECSA of each
sample was calculated and compared. Figure 2.9a shows that 97% of initial ECSA of the MPNs can be
retained even after the thermal treatment at 350 °C, which is much higher than for the DPNs (82%), PtC-20%
(38%), or PtB (23%), showcasing the MPNs for their excellent thermostability. Because the well-defined
mesoporous structure was less vulnerable to particle aggregation, the MPNs retain most of their ECSA after
the treatment at 350 °C, in great contrast to the low thermal stabilities of the dendritic Pt nanoparticles caused

by structural shrinkage.!”! The serious decrease of ECSAs for the PtC-20% and PtB can be attributed to the
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aggregation of the nanoparticles and the collapse of the carbon support at higher temperatures (Figure
2.10c-d). The morphologies of MPNs do not show any changes either (Figure 2.10a). Also, the CV curves are

perfectly maintained even after thermal treatment at 250 °C and 350 °C (Figure 2.9b).

2.4. Conclusion

In summary, we have successfully synthesized mono-dispersed MPNs with interconnected mesopores by a
one-pot method. Through systematic studies, we found that the kinetically controlled reduction reactions in
the presence of F127 structure-directing agent are responsible for the formation of active interconnected
mesopores in the Pt nanoparticles. Interestingly, the MPNs not only show an enhanced electrocatalytic
performance but also exhibit a high structural thermostability, which make them a promising catalyst for
practical applications. We strongly believe that this work will provide new insights towards the creation of

novel metal-based materials.
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Chapter 3. Tunable-Sized Polymeric Micelles and Their
Assembly for Preparation of Large Mesoporous Pt

Nanoparticles
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3.1. Introduction

Micelle architectures provide a simple and versatile platform for synthesizing mesoporous structures in a wide
variety of materials.!"! Both pore size and the porous structure of the materials can be controlled by tuning the
inter- and intra-molecular forces that drivethe self-assembly of surfactants and block copolymers.”
Mesoporous materials with large pore sizes have inspired in a wide variety of applications because large pores
facilitate fast and efficient transport of reactants.””! For example, Zhao et al. reported that three-dimensional
(3D) ordered mesoporous silica with ultra-large accessible mesopores can be synthesized on high molecular
weight (MW) block copolymer templates. They used solvent evaporation to make composite micelles
composed of block copolymer and silica precursor to assemble the ordered mesostructure.'¥ Although these
large-pore materials have been demonstrated, the compositions are still limited to carbon,™ silica,' metal
oxides!” and organosilicates.[g] If these micelle templates could be applied to the preparation of noble metals,

in particular, materials like platinum, these ultra-large accessible surfaces would be of great utility for

electrocatalysis.

Mesoporous noble-metal materials (e.g., Au, Pt, Pd) have most of the physical and chemical properties that
make these metals good catalysts. Consequently, these structures exhibit enhanced catalytic properties for a
range of reactions including small organic molecule oxidation, oxidation reduction reaction, and
hydrogenation.'”? Our previous work demonstrated that mesostructured noble-metals with a large-pore could
be synthesized by using pore-directing agents such as the block polymer polystyrene-block-poly(ethylene
oxide) (PS-b-PEO) via electrochemical deposition."'”) However, this method required the metal species to be
electrodeposited on conductive substrates, limiting this approach primarily to monolith films. Chemical
reduction might provide a more flexible way to make metal nanoparticles in solution."" To our knowledge,
chemical reduction has never been used for the controlled synthesis of large-sized porous metallic
nanoparticles with tunable pore sizes and particle sizes. Consequently, new synthetic strategies must be
developed to enable the reduction of metals on block copolymer micelles, in order to create composite

nanoparticles with large-size, open pores for high-performance electrocatalysts.

Here we report a simple micelle-based approach to make mesoporous Pt nanoparticles. By controlling the
solvent composition, we are able to make nanoparticles with continuously tunable porous architectures and
particle sizes. The Pt precursor is chemically reduced by ascorbic acid in the mixed solvents containing

tetrahydrofuran (THF) and water. The concept of our approach is different from the traditional micelle
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systems using dialysis and solvent evaporation,''” because the addition of water induces micellization of
block copolymers. The solubility of the hydrophobic blocks depends on the tetrahydrofuran content, so
micelle size can be tuned by varying the tetrahydrofuran content to create a fully tunable mesoporous Pt
nanoparticle system. Theas-prepared mesoporous Pt nanoparticles are referred to herein as Pt-x-(100-x),
where x represents the percentage (v/v%) of THF in the precursor solutions. The electrochemical
performance of the mesoporous structures was carefully examined and exhibited a great improvement in
performance over conventional platinum catalysts, showing that the mesoporous design is a route to better

catalytic activity.
3.2. Experimental Sections

3.2.1. Materials

Block  polymers poly(ethylene  oxide)-b-poly(methyl — methacrylate)  (PEO(i5000)-b-PMMA 9900),
PEO(10500-b-PMMA (13000, and  PEO(i0500-0-PMMA(22000)) and  polystyrene-b-poly(ethylene oxide)
(PEO(7500)-b-PS(18000)) were purchased from Polymer Source. Tetrahydrofuran (THF), ascorbic acid (AA),
K,PtCly and nitric acid (HNO3) were obtained from Nacalai Tesque. The commercial Pt black and PtC-20%
used for electrochemical measurement were obtained from Sigma-Aldrich. Nafion solution was purchased

from Sigma-Aldrich. All chemicals were used directly without further purification.
3.2.2. Preparation of the Materials

Preparation of Large-pore Mesoporous Pt Nanoparticles

Formation process of mesoporous Pt nanoparticles is shown in Scheme 1a. 4 mg of poly(ethylene
oxide)-b-poly(methyl methacrylate) (PEO(10500)-b-PMMA (13000)) Wwas completely dissolved in 0.24 mL of THF.
Then, deionized water, 0.5 mL of an aqueous solution of HNO3 (0.1 M), 0.5 mL of an aqueous solution of
K,PtCly (40 mM), and 1 mL of an aqueous solution AA (0.1 M) were added to the above
THEF/PEO10500)-b-PMMA (18000 solution, in sequence. A total volume of 3 mL was fixed to each synthesis, and
the volume ratio of THF was varied in a wide range (e.g., 4%, 6%, 8%, 10%, 12%, and
14%) to control the solvent property. Due to the composition change in the precursor
solutions, the obtained mesoporous Pt nanoparticles showed different structures. To make it clear, the
as-prepared mesoporous Pt nanoparticles are abbreviated as mesoporous Pt-x-(100-x) nanoparticles, where x
represents the volume ratio of THF in the precursor solution. The mixed solution was kept at room

temperature until the solution color changed from yellow to black. Finally, the sample was collected by
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centrifugation at 14,000 rpm for 20 min and the residual PEO;¢500)-b-PMMA 13000y Was removed by five

consecutive washing/centrifugation cycles with THF and water and used for characterization

Scheme 3.1 Formation process of (a) mesoporous Pt-8-92 at low THF content and (b) dimpled-like Pt-14-86
nanoparticles at high THF content.

3.2.3. Characterization

Field emission scanning electron microscope (SEM, HITACHI SU-8000) was used to observe morphology of
Pt nanospheres with the accelerating voltage of 5 kV. Transmission electron microscopy (TEM, JEOL
JEM-2100F) was operated to investigate the interior structure at 200 kV. The hydrodynamic diameter (Dy) and
the zeta potential of the polymeric micelles were measured with an Otsuka ELSA particle analyzer. Smart lab
X-ray diffraction (XRD: RIGAKU) was performed at a scanning rate of 0.5°-min” with a Cu Ka radiation (40
kV, 30 mA). Small angle X-ray scattering (Rigaku NANO-Viewer) was used to evaluate the pore-to-pore
distance with a Cu Ka radiation (40 kV, 30 mA) and the camera length is 700 mm.

3.2.4. Electrochemical Test

To deposit the mesoporous Pt nanoparticles on Ketjen carbon black support, the reaction solution was taken
immediately after the reaction completed and mixed with carbon black in 20 mL of mixed THF/ethanol (v/v
=2/1) solution. This mixture was sonicated for 1 h, and the supported sample was collected by centrifugation
at 14,000 rpm for 20 min with THF and water and repeated four times. According to inductively coupled
plasma atomic emission spectroscopy (ICP-AES), the average loading amounts of Pt on the carbon support
were calculated to be 20 wt%. Before electrochemical measurement, the hybrid sample was collected and
dried on glass substrates at room temperature. The samples were heated at 2500C in air for 1 hour to remove

the block copolymer.

Electrochemical investigations were performed using a CHI 842B electrochemical analyzer (CHI Instrument,

USA) to performed cyclic voltammograms (CVs), line-sweep voltammograms (LSVs) and
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chronoamperometric curves (CA) of different types of Pt nanospheres and the commercial Pt black. The

three-electrode cell consists of a reference electrode (Ag/AgCl electrode), a counter electrode (Pt wire) and a
working electrode (glassy carbon electrode, GCE). All catalysts were dispersed in a mixture containing water,
ethanol, and Nafion (0.5 wt.%) (v/v/v 4:1:0.1) to form a 5 mg mL™" ink. 5 uL of suspension was subsequently
loaded on the GCE and dried at room temperature. Methanol electrooxidation measurements were carried out
in 0.5 M H,SO4 containing 0.5 M methanol. ECSA was determined from the charge passed associated with the
hydrogen desorption between -0.2 V to 0.2 V and a conversion value of 210 pC-cm™ for the desorption of a

hydrogen monolayer was used.

3.3. Results and Discussion

3=

Figure 3.1 Photograph of the Tyndall effect shows the light scattering in the presence of micelles.

The hydrophilic and hydrophobic segments of the diblock polymer, PEO-b-PMMA, have similar solubility
parameters in THE."'*) Adding water causes the hydrophobic PMMA segments become less solvated, forming
spherical micelles composed of the PMMA block as a core surrounded by a PEO shell, which is illustrated by
the Tyndall effect (Figure 3.1). In aqueous solution, the [PtCl4]* ions are coordinated by water molecules to
form Pt-water complexes.'" Previous report demonstrated that the coordinated complexes would be
incorporated inside the ethylene oxide (EO) shells of the polymeric micelles by hydrogen bonding.!"” During
deposition of Pt, the PEO-b-PMMA micelles with metal-aqua complexes approach the seeds and directly act

as a structural directing agent to form the mesoporous structure.
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Figure 3.2 SEM images of (a) Pt-4-96, (b) Pt-6-94, (c) Pt-8-92, (d) Pt-10-90, (e) Pt-12-88, and (f) Pt-14-86 samples
prepared from the mixed solvent with various volume ratios of THF:H,O [(a) 4:96, (b) 6:94, (c) 8:92, (d) 10:90, (e)
12:88, and (f) 14:86, respectively].

The structural features of the mesoporous Pt nanoparticles were characterized by scanning electron
microscope (SEM). Figure 3.2 shows that both the porous structures and the particle sizes depend on the
solvent compositions (herein, the volume ratio between THF and H,O). The Pt-4-96, Pt-6-94, and Pt-8-92
samples prepared from THF:H,0=4:96, 6:94, and 8:92 have a dense lattice of mesopores packed inside the
spheres (Figure 3.2a-c). The porous structure gradually transform into dimpled mesopores by increasing the
volume ratio of THF:H,O to be 14:86 (Figure 3.2e-f). As the volume ratio of THF:H,O is changed from 4:96,
to 6:94, 8:92, 10:90, 12:88, and 14:86, we observed a corresponding decrease in particle size from (107+1) nm,
to (86+1) nm, (62+1) nm, (46£1) nm, (37+1) nm, and (32+1) nm, while the pore sizes of the samples slightly
increase from (8+0.5) nm, to (9+0.5) nm, (10+£0.5) nm, (12+0.5) nm, (14+0.5) nm, and (14+0.5) nm,
respectively (Figure 3.3a-f). These measurements were estimated from the SEM images. All the results
demonstrate (see Figure 3.3g) that the solvent compositions play a key role in the variation of the pore sizes

and the particle sizes, which ultimately determines the mesoporous structure of the nanoparticles.
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Figure 3.3 SEM images, particle size distribution and pore size distribution histograms of the mesoporous (a) Pt-4-96,
(b) Pt-6-94, (c) Pt-8-92, (d) Pt-10-90, (e) Pt-12-88, and (f) Pt-14-86 nanoparticles. (g) The relationship between the

parameters of particle and the solvent compositions.
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Figure 3.4 (a) Low- and (b) high-magnified SEM, (c) TEM, and (d) HAADF-STEM images of the mesoporous Pt-8-92
nanoparticles. (¢) Low-, and (f) wide-angle XRD patterns of mesoporous Pt-8-92 nanoparticles prepared from the mixed

solvent with a volume ratio of THF:H,0=8:92.

Mesoporous Pt nanoparticles prepared from THF:H,0=8:92 were investigated in detail with a combination of
electron microscopy and X-ray characterization techniques. SEM and transmission electron microscopy
(TEM) images of the particles prove that the densely packed spherical mesopores are distributed not only on
their surfaces but also inside the nanoparticles (Figure 3.4a-d). Small angle X-ray scattering (SAXS) is a
better way to determine the periodicity (i.e., pore-to-pore distance) of the mesoporous structure in the entire
ensemble of particles. The measurement shows a broad peak located at 0.55° (d=16.0 nm), which corresponds
to the expected pore-to-pore distance of the mesoporous structure (Figure 3.4e). The wide-angle X-ray
diffraction (XRD) pattern of the obtained sample displays five pure Pt peaks and can be assigned to 111, 200,
220, 311, and 222 diffraction peaks, respectively (Figure 3.4f) Examining the individual nanoparticles more
closely with high resolution TEM (HRTEM) shows that the pore walls are composed of numerous, small
interconnected nanoparticles (ca. 4-6 nm) (Figure 3.5a). Polycrystallinity was confirmed by the selected area
electron diffraction (SAED) pattern (Figure 3.5b), which shows concentric rings composed of bright discrete

diffraction spots that can be assigned to a face-centered cubic (fcc) Pt crystal for individual particles. The
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HRTEM image taken from the edge of the particle had a lattice spacing of 0.23 nm, which corresponds to the
fcc Pt {111} crystal plane (Figure 3.5¢c-d).

Figure 3.5 (a) Typical TEM images and (b) the corresponding SAED patterns of an individual Pt-8-92 nanoparticles.
(c,d) HRTEM images focused on the edge of mesoporous Pt-8-92 nanoparticles.

Figure 3.6 (a) SEM, (b,c) TEM and (d) the HAADF-STEM images of dimpled porous Pt-14-86 nanoparticles.

We examined the mesoporous Pt-14-86 nanoparticles synthesized at higher THF concentration to understand

the influence of the solvent composition. The sample is highly dispersed, with a narrow particle size
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distribution, and dimple-like pores (Figure 3.6a). Interestingly, the size of the nanoparticle is smaller, while
the pores on the surface are larger and less numerous. Electron microscopy reveals that each nanoparticle
possesses 1-2 central spherical pores, and several small branches surround its exterior (Figure 3.6). The

particle sizes and shapes are directly related to the solvent composition.
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Figure 3.7 TEM images of polymeric micelles negatively stained by phosphotungstic acid dissolving
PEO¢s500-b-PMMA 5909 in various volume ratios of THF:H,O: (a) 8:92, (b) 10:90, (c) 14:86. The corresponding
histograms of the micelle size distributions are shown in the right column. Note: All the micelle solutions are prepared

by fixing the weight concentration of PEOys09-b-PMMA 5000-

In this study, solvent composition has a large impact on the final Pt structure, so we attempted to observe this
effect directly in the polymeric micelles themselves. The polymeric micelles formed at various volume ratios
of THF:H,0 were stained with 1.0 wt% phosphotungstic acid and studied with TEM. Figure 3.7 shows that
the spherical micelles formed in the mixed solvent of THF and H,O. In the TEM micrograph, the bright
spheres correspond to the PMMA micellar cores (lower electron density region) due to the negative staining
by phosphotungstic acid.!'® The micelle sizes increase from (14+0.5) nm to (17+0.5), and (19+0.5) nm as the

volume ratio of THF:H,O is increased from 8:92 to 10:90 to 14:86, respectively. This change in the micelle
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sizes is probably due to the solubility change of hydrophobic PMMA block in the mixed solvents. Exactly as
observed in our mesoporous Pt nanoparticles, the larger amount of THF causes the PMMA blocks to swell,

leading to an expansion of the pore sizes in the Pt nanoparticles.

It must be considered that THF in the PEO-b-PMMA solution maybe affects the number of the free unimer
and the micelle in solution. At low THF the fraction of micelle is increased, because the block polymer unimer
(e.g., PEO-b-PMMA) tend to form the micelle in high volume ratio of water/THF./*'”! This high micelle
concentration facilitates the ready assembly of large number of micelles, resulting in large-sized spherical
particles. On the other hand, at higher THF content, swollen micelles are formed, and their micelle
concentration is decreased, which favors the formation of smaller-sized Pt nanoparticles with enlarged pores.
Our results are consistent with a previous study on mesoporous silica, in which a high THF concentration
promoted the formation of hollow structure bu isolated micelle, whereas a low THF concentration resulted
in the formation of mesoporous structure derived from a large number of well-packed micelles.” When the
THF concentration was increased even more (THF/H,O 16:84), hemi-spherical Pt nanoparticles with a few
enlarged pores on the surface were observed (Figure 3.8). To our knowledge, tuning the particle sizes, the
pore sizes, and the number of pores on the surface by simply changing the solvent compositions have not been
reported previously. We believe this concept provides a new way to construct the internal structure of metallic
nanoparticles. To investigate the growth of Pt particles in the solution phase, we observed the intermediate
proudcts at different raction times by TEM (Figure 3.9). The Pt precursor was first reduced to tiny
nanocrystals, which were likely stabilized by the EO chains of the micelles. As the reaction proceeded, the
tiny crystals grew larger and began to coat on the spherical PEO-6-PMMA micelles. After 100 min, the

mesoporous structures start to form.

Figure 3.8 SEM images of the Pt-16-84 nanoparticles prepared from the mixed solvent with volume ratio of

THF:H,0=16:84.
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Figure 3.9 TEM images of Pt samples taken after different reaction time intervals: a) 60 min, b) 100 min, and

d) 120 min. The volume ratio of THF:H20 is fixed at 8:92

Figure 3.10 (a) Photograph of the PEO(;s00)-b-PS(13000) solution by using a mixed solvent with volume ratio of
THF:H,0=8:92. (b) SEM image of sample prepared by using the PEO7s00)-b-PS(15000) as pore-directing agent

In the present synthesis, the use of hydrophobic PMMA block in the diblock polymer PEO-b-PMMA is
critical for the formation of mesoporous Pt nanoparticles. When the PEO10500)-6-PMMA(13000) Was replaced
with a block polymer with rigid hydrophobic block (for example, PEO7500)-b-PS(15000)) Without changing
other conditions, a turbid solution instead of transparent solution was obtained (Figure 3.10a). Even when [
succeeded in obtaining transparent solution of PEO7500)-b-PS(18000) and Pt precursor by addition of a large
amount of THF, only particle aggregates are obtained (Figure 3.10b), which is different from our previous
electrochemical deposition system.!'” We conclude that the PMMA blocks in the PEO-5-PMMA is more “soft”
and “weakly” in hydrophobicity than the PS block in the PEO-b-PS. Furthermore, the porous structures can be
facilely tuned by changing the molecular weights of PMMA block due to its pore directing effect. The pore
sizes of mesoporous Pt nanoparticles can be well enlarged from (10+£0.5) nm to (154+0.5) nm by changing the
block copolymer from PEOqi0s500)-0-PMMA 18000y t0 PEO(10500)-0-PMMA 22000y (Figure 3.11b-c). On the
contrary, (5+£0.5) nm dendritic-like pores are realized by replacing PEO(i0s00)-b-PMMA 15000y With
PEO(15000)-b-PMMA (90¢0) (Figure 3.11a).
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Figure 3.11 SEM images and the corresponding histograms of pore size distributions of the mesoporous Pt
nanoparticles prepared by changing the molecular weight of polymers: (a) PEO;5000-b-PMMAygo (dominate pore size:

5+0.5 nm), (b) PEOlosoo-b-PMMAlg()oo (10105), and (C) PEOlosoo-b-PMMAzzooo (15105 nrn). Note: The solvent

composition is fixed at volume raion of THF:H,0=8:92.

Figure 3.12 SEM images of the mesoporous Pt nanoparticles loaded on the carbon support after annealed at 250 °C

under air atmosphere.
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Figure 3.13 (a) Cyclic voltammograms of samples recorded in 0.5 M H,SOj solution at a scan rate of 50 mV s™. (b,c)
Cyclic voltammograms, (d) chronoamperometric curves (recorded at 0.6 V) for methanol oxidation reactions catalyzed

by mesoporous Pt-8-92 nanoparticles, commercial PtB catalyst, and PtC-20% catalyst in 0.5 M H,SO,4 + 0.5 M CH;0H.

Electrocatalytic activity depends on both particle size and the porous structure of Pt nanoparticles. We
examined the activity of the mesoporous Pt nanoparticles for the methanol oxidation reaction (MOR). For
comparasion with the performance of commercially available catalysts (Pt black is abbreviated as PtB while
20wt% Pt supported on carbon is abbreviated as PtC-20%), all the mesoporous Pt nanoparticles were
deposited on a carbon support (Ketjen black, abbreviated as KB) with a mass loading amount of 20% by
sonicating the mixture of mesoporous Pt nanoparticles and KB in ethanol and water solution. This procedure
was followed by washing with ethanol and water for several times. Finally, the samples were calcinated in air
at 250 °C to completely remove the block copolymer and other contamination, leaving the mesoporous Pt
structure remaining (Figure 3.12). The electrochemical surface area (ECSA) of all the samples was measured
by cyclic voltametry (CV) in a 0.5 M H,SOj solution (Figure 3.13a). PtB and PtC-20% were characterized
under the same conditions as the mesoporous Pt nanoparticles to generate a clear comparison. Clear features
of hydrogen and oxygen adsorption/desorption on mesoporous Pt catalyst are indications of the cleanliness of
the catalyst surface. The ECSA was calculated by integrating the charge passed in the hydrogen
adsorption/desorption regions, assuming a value of 210 pC-cm™ for the adsorption of a hydrogen
monolayer.!"® The ECSA values was 32 m” g Pt for mesoporous Pt-8-92 while the ECSA was 15 m” g Pt

and 55 m”> g"'_Pt for PtB and PtC-20% catalysts, respectively. The ECSA of mesoporous Pt nanoparticles is
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lower than that of the commercial PtC-20% (ca. 4 nm), probably due to the tiny nanoparticles being connected

in the mesoporous structure.

The typical CV curves for MOR catalyzed by the three catalysts in 0.5 M H,SO, containing 0.5 M methanol
solution at a scan rate of 50 mV s™ are shown in Figure 3.13b-c. The characteristic methanol oxidation peaks
were identified in the forward and backward scans.'” The mass activity of the mesoporous Pt-8-92
nanoparticles (405 mA-mg’ Pt) in the forward sweep outperformed the commercial PtC-20% (235
mA-mg’ Pt) and PtB (68 mA-mg™”_Pt) catalysts, suggesting the superior utilization efficiency of the Pt in the
mesoporous Pt nanoparticles. Even when the activities were normalized by ECSA, the mesoporous Pt
nanoparticles still exhibited the best catalytic activity toward MOR (1.29 mA cm™), which is much higher than
that of PtC-20% (0.5 mA cm™) and PtB (0.4 mA cm™) catalysts. Additionally, the mesoporous Pt nanoparticles
exhibited a negatively shifted onset potential toward MOR, indicating that oxidation of methanol was easier to
trigger on its surface.™ Such improved catalytic activity of the mesoporous Pt-8-92 nanoparticles can be
ascribed to highly crystallinity and the 3D accessible mesoporous structure.*"! Compared to previously
reported Pt-based catalysts (Table 3.1), our prepared mesoporous Pt-8-92 nanoparticles exhibited higher

current densities in mass activity.

Table 3.1 Comparsion of the activity of mesoporous Pt nanoparticles with previous reported Pt-based catalysts.

Scan rate Mass activity
Sample name Condition . . Ref.
(mVs™) (mA mg—_Pt)
) 0.5 M H,SO4+
Mesoporous Pt nanoparticles 50 403 Present work
0.5 M CH;0H
0.5 M H,SO4+ Angew. Chem. Int. Ed., 2015, 54,
Porous Pt nanoparticles 50 203
0.5 M CH;0H 11073-11077.
0.5 M H,SO4+ Angew. Chem. Int. Ed., 2013, 52,
Porous Pt nanorods 50 209
0.5 M CH;0H 8050-8053.
Hollow dendritic Pt 0.5 M H,SO4+ 50 ™ Chem. Commun., 2014, 50,
nanocube 0.5 M CH;0H 15337-15340.
0.5 M H,SO4+ J. Mater. Chem. A, 2014, 2,
Hollow Pt nanospheres 50 ca. 220
1 M CH;0H 13738-13743.
0.5 M H,SO4+ Angew. Chem. Int. Ed., 2013, 52,
Ultrathin Pt nanowire 50 581
1 M CH;0H 12577-12581.
Dendritic Au@Pt 0.5 M H,SO,4+ 50 120 Chem. Mater., 2010, 22,
nanoparticle 0.5 M CH;0H 6310-6318.
) 0.1 M HCIO+ Chem. Eur. J., 2014, 20,
Pd@Pt nanoparticles 50 ca.350
0.5 M CH;0H 7901-7905.
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The dependence of catalytic activity on pore size and nanoparticle size was further studied by comparing the
performances of the mesoporous Pt nanoparticles (Table 3.2). We found that the catalytic activity of samples
depends on the ECSAs, which vary depending on both nanoparticle sizes and the pore sizes. In the case of
larger particles, the inner parts of Pt surface are not accessible, and the ECSAs are lower, decreasing catalytic

mass-activity. With decreasing the particle sizes (to 62 nm), the catalytic activity gradually increased up to 405

mA-mg”_Pt, owing to the enhanced ECSAs. But decreasing the particle sizes any further results in a smaller

ECSA, because the pore sizes are increased while the number of pores on the surface is decreased. We

concluded that larger mesopores or less numbers of them, results in a smaller ESCA and ultimately leads to a

loss in mass-activity.

Table 3.2 The activity of the mesoporous Pt nanoparticles prepared by using different solvent composition.

Solvent composition

Particle Size Pore Size ECSA Mass activity Specific activity
THF Water (nm) (nm) (m* g™ (mA g’ (mA cm™)
(vol%) (vol%)
4 96 10741 8+0.5 19 240 1.25
6 94 86+1 9+0.5 28 345 1.22
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8 92 62+1 10+0.5 32 405 1.29

10 90 46+1 12+0.5 26 320 1.23

12 88 37+1 14+0.5 25 300 1.21

14 86 32+1 14+0.5 25 300 1.21
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Figure 3.14 (a) Comparison of ECSA retention of mesoporous Pt nanoparticles, commercial PtB catalyst, and PtC-20%
catalyst after cycling treatments in a potential range of -0.2 V to 1.0 V at a scan rate of 100 mV-s™”. Comparison of the
electrochemical durability of (b) mesoporous Pt nanoparticles, (¢) PtB, and (d) PtC-20% catalysts. The cycling
measurements were carried out in 0.5 M H,SOy, solution with a sweep rate of 0.1 V s'ata potential range of -0.2 V to 1.0

V. All the currents are normalized by electrode geometric surface area.

The chronoamperometric data recorded at 0.6 V for 3000 s show the mesoporous Pt nanoparticles possessed a
slower current decay and a higher current density than that of PtC-20% and PtB catalysts (Figure 3.13d). The
structural stability of our mesoporous Pt nanoparticle can be well supported by the ECSA retention after
cycling treatment. The mesoporous Pt nanoparticles lost only 15% of the initial Pt ECSA, while the
commercial PtC-20% and PtB lost 55% and 60% of their initial ECSA (Figure 3.14), respectively. We believe

the higher stability of the mesoporous structure is because it is less vulnerable to aggregation (Figure 3.15).1%
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Figure 3.15 The SEM images of (a) the commerical PtC-20% and (b) mesoporous PtC. (al,bl) before (a2,b2) after the

durability tests, carried out in 0.5 M H,SO, solution with a sweep rate of 0.1 V s at room temperature.

3.4. Conclusion

In summary, we have demonstrated a novel polymeric micelle approach for the preparation of Pt nanoparticles
with continuously tunable mesoporous structures. The essence of this approach is that the solvent properties
successfully stimulate the variations in the polymeric micelles by selectively changing the solvents and the
block copolymers. Continuously tunable porous structures are significantly important for the future design of

the porous materials with superior catalytic activities.

58



Chapter 3.

References

[1] (a) Y. Sakamoto, M. Kaneda, O. Terasaki, D. Zhao, J. M. Kim, G. Stucky, H. J. Shin, R. Ryoo, Nature, 2000, 408,

[2]

[6]
[7]

[8]
[9]

449; (b) Y. Fang, Y. Lv, J. Tang, H. Wu, D. Jia, D. Feng, B. Kong, Y. Wang, A. A. Elzatahry, D. Al-Dahyan, Q.
Zhang, G. Zheng, D. Zhao, Angew. Chem. Int. Ed., 2015, 54, 8425; (c) S. Wang, Q. Zhao, H. Wei, J. Q. Wang, M.
Cho, H. S. Cho, O. Terasaki, Y. Wan, J. Am. Chem. Soc., 2013, 135, 11849, (d) B. Kong, J. Tang, Y. Zhang, T.
Jiang, X. Gong, C. Peng, J. Wei, J. Yang, Y. Wang, X. Wang, G. Zheng, C. Selomulya, D. Zhao, Nature Chem.,
2016, 8, 171; (e) T. Suteewong, H. Sai, R. Cohen, S. Wang, M. Bradbury, B. Baird, S. M. Gruner, U. Wiesner, J.
Am. Chem. Soc., 2011, 133, 172.

(a) K. C. Kao, C. H. Lin, T. Y. Chen, Y. H. Liu, C. Y. Mou, J. A4m. Chem. Soc., 2015, 137, 3779; (b) C. Li, B.
Jiang, N. Miyamoto, J. H. Kim, V. Malgras, Y. Yamauchi, J. Am. Chem. Soc., 2015, 137, 11558; (c) Q. Yue, J. Li,
W. Luo, Y. Zhang, A. A. Elzatahry, X. Wang, C. Wang, W. Li, X. Cheng, A. Alghamdi, A. M. Abdullah, Y.
Deng, D. Zhao, J. Am. Chem. Soc., 2015, 137, 11558; (d) L. Han, K. Miyasaka, O. Terasaki, S. Che, J. Am. Chem.
Soc., 2011, 133, 11524.

(a) Y. Deng, J. Wei, Z. Sun, D. Zhao, Chem. Soc. Rev., 2013, 42, 4054; (b) Y. Wang, T. Brezesinski, M.
Antonietti, B. Smarsly, ACS Nano, 2009, 3, 1373.

J. Wei, H. Wang, Y. Deng, Z. Sun, L. Shi, B. Tu, M. Lugman, D. Zhao, J. Am. Chem. Soc., 2011, 133, 20369.

(a) J. Zhang, Y. Deng, J. Wei, Z. Sun, D. Gu, H. Bongard ,C. Liu, H. Wu, B. Tu, F. Schiith, D. Zhao, Chem.
Mater., 2009, 21, 3996-4005; (b) J. Shim, J. Lee, Y. Ye, J. Hwang, S. K. Kim, T. H. Lim, U. Wiesner, J. Lee,
ACS Nano, 2012, 6, 6870-6881.

D. Niu, Z. Liu, Y. Li, X. Luo, J. Zhang, J. Gong, J. Shi, Adv. Mater., 2014, 26, 4947.

(a) Y. Li, W. Luo, N. Qin, J. Dong, J. Wei, W. Li, S. Feng, J. Chen, J. Xu, A. A. Elzatahry, M. H. Es-Saheb, Y.
Deng, D. Zhao, Angew. Chem. Int. Ed., 2014, 53, 9035; (b) E. Ortel, A. Fischer, L. Chuenchom, J. Polte, F.
Emmerling, B. Smarsly, R. Krachnert, Small, 2012, 8, 298.

R. M. Grudzien, J. P. Blitz, S. Pikus, M. Jaronie, J. Colloid Interface Sci., 2009, 333, 354.

(a) X. Huang, Y. Li, Y. Chen, E. Zhou, Y. Xu, H. Zhou, X. Duan, Y. Huang, Angew. Chem. Int. Ed., 2013, 52,
2520; (b) L. Wang, Y. Yamauchi, J. Am. Chem. Soc., 2009, 131, 9152-9153; (¢) S. Chen, H. Su, Y. Wang, W.
Wu, J. Zeng, Angew. Chem. Int. Ed., 2015, 54, 108; (d) J. Ge, D. He, L. Bai, R. You, H. Lu, C. Tan, Y. B. Kang,
B. Xiao, Y. Wu, Z. Deng, W. Huang, H. Zhang, X. Hong, Y. Li, J. Am. Chem. Soc., 2015, 137, 14566; (e) L.

Zhao, C. Xu, H. Su, J. Liang, S. Lin, L. Gu, X. Wang, M. Chen, N. Zheng, Adv. Sci., 2015, 2, 1500100.

59



Chapter 3.
[10] (a) A. Takai, Y. Yamauchi, K. Kuroda, J. Am. Chem. Soc., 2010, 132, 208; (b) C. Li, O. Dag, T. D. Dao, T.

Nagao, Y. Sakamoto, T. Kimura, O. Terasaki, Y. Yamauchi, Nat. Commun., 2015, 6, 6608.

[11](2) B. Y. Xia, H. B. Wu, N. Li, Y. Yan, X. W. Lou, X. Wang, Angew. Chem. Int. Ed., 2015, 54, 3797; (b) L. Bu, J.
Ding, S. Guo, X. Zhang, D. Su, X. Zhu, J. Yao, J. Guo, G. Lu, X. Huang, Adv. Mater., 2015, 27, 7204; (c) H. Lv,
Z.Xi, Z. Chen, S. Guo, Y. Yu, W. Zhu, Q. Li, X. Zhang, M. Pan, G. Lu, S. Mu, S. Sun, J. Am. Chem. Soc., 2015,
137, 5859; (d) J. Mao, Y. Liu, Z. Chen, D. Wang, Y. Li, Chem. Commun., 2014, 50, 4588; (¢) H. H. Li, S. Y. Ma,
Q. Q. Fu, X. J. Liu, L. Wu, S. H. Yu, J. Am. Chem. Soc., 2015, 137, 7862; (f) B Jiang, C. Li, V. Malgras, Y.
Bando, Y. Yamauchi, Chem. Commun., 2016, 52, 1186.

[12] (a) . Bannat, K. Wessels, T. Oekermann, J. Rathousky, D. Bahnemann, M. Wark, Chem. Mater., 2009, 21, 1645;
(b) Y. Li, B. P. Bastakoti, V. Malgras, C. Li, J. Tang, J. H. Kim, Yusuke Yamauchi, Angew. Chem. Int. Ed., 2015,
54, 11073.

[13] (a) K. Edelmann, M. Janich, E. Hoinkis, W. Pyckhout-Hintzen, S. Horing. Macromo, Chem. Phys., 2001, 202,
1638; (b) A. H. Yuwono, Y. Zhang, J. Wang, X. H. Zhang, H. Fan, W. Ji, Chem. Mater., 2006, 18, 5876.

[14] (a) O. Celik, O. Dag, Angew. Chem. Int. Ed., 2001, 40, 3799-3803; (b) Y. Yamauchi, A. Tonegawa, M. Komatsu,
H. Wang, L. Wang, Y. Nemoto, N. Suzuki, K. Kuroda, J. Am. Chem. Soc., 2012, 134, 5100-5109; (¢) C.
Albayrak, G. Giilten, 0. Dag, Langmuir 2007, 23, 855-860.

[15] (a) H. Wang, L. Wang, T. Sato, Y. Sakamoto, S. Tominaka, K. Miyasaka, N. Miyamoto, Y. Nemoto, O. Terasaki,
Y. Yamauchi, Chem. Mater. 2012, 24, 1591; (b) A. F. Demirérs, B. E. Eser, O. Dag, Langmuir 2005, 21, 4156;
(c) C. Albayrak, A. M. Soylu, 0. Dag, Langmuir, 2008, 24, 10592.

[16] (a) Y. He, Z. Li, P. Simone, T. P. Lodge, J. Am. Chem. Soc., 2006, 128, 2745; (b) M. R. Libera, R. F. Egerton,
Polym. Rev., 2010, 50, 321; (c) J. P. Patterson, M. P. Robin, C. Chassenieux, O. Colombani, R. K. OReilly, Chem.
Soc. Rev., 2014, 43, 2412.

[17] (a) Elizabeth G. Kelley, Thomas P. Smart, Andrew J. Jackson, Millicent O. Sullivan, Thomas H. Epps, III, Soft
Matter., 2011, 7, 7094; (b) A. H. Yuwono, Y. Zhang, J. Wang, X. H. Zhang, H. Fan, W. Ji, Chem. Mater., 2006,
18, 5876.

[18] (a) B. Lim, M. Jiang, P. H. C. Camargo, E. C. Cho, J. Tao, X. Lu,, Y. Zhu, Y. Xia, Science, 2009, 324, 1302; (b)
B.Y Xia, H. B Wu, Y. Yan, X. W. Lou, X. Wang, J. Am. Chem. Soc., 2013, 135, 9480; (c) H. W. Liang, X. A.
Cao, F. Zhou, C. H. Cui, W. J. Zhang, S. H. Yu, Adv. Mater., 2011, 23, 1467; d) L. Dai, S. Mo, Q. Qin, X. Zhao,

N. Zheng, Small, 2016, 12, 1572;

60



Chapter 3.
[19] (a) M. Sogaard, M. Odgaard. E. M. Skou, Solid State Ilonics, 2001, 145, 31; (b) B Jiang, C Li, V Malgras, Y

Yamauchi, J. Mater. Chem. A4, 2015, 3, 18053; (c) J. Ding, X. Zhu, L. Bu, J. Yao, J. Guo, S. Guo, X. Huang.
Chem. Commun., 2015, 51, 9722; (d) M. Wang, X. Wang, J. Li, L. Liu. J. Mater. Chem. 4, 2013, 1, 8127.

[20] (a) K. Zhang, W. Yang, C. Ma, Y. Wang, C. Sun, Y. Chen, P. Duchesne, J. Zhou, J. Wang, Y. Hu, M. N. Banis, P.
Zhang, F. Li, J. Li, L. Chen, NPG Asia Materials, 2015, 7, 153; (b) G. Zhang, C. Huang, R. Qin, Z. Shao, D. An,
W. Zhang, Y. Wang. J. Mater. Chem. A, 2015, 3, 5204.

[21] (a) E. A. Franceschini, G. A. Planes, F. J. Williams, G. J. A. A. Soler-Illia, H. R. Corti, J. Power Sources, 2011,
196, 1723; (b) B. Jiang, C. Li, M. Imura, J. Tang, Y. Yamauchi, Adv. Sci., 2015, 2, 1500112; (c¢) Q. Shi, Y. Song,
C. Zhu, H. Yang, D. Du, Y. Lin. ACS Appl. Mater. Interfaces, 2015, 7, 24288; (d) E. A. Franceschini, M. M.
Bruno, F. J. Williams, F. A. Viva, H. R. Corti, ACS Appl. Mater. Interfaces, 2013, 5, 10437.

[22] (a) J. Kibsgaard, Y. Gorlin, Z. Chen, T. F. Jaramillo, J. Am. Chem. Soc., 2012, 134, 7758; (b) C. Zhu, D. Du, A.
Eychmiiller, Y. Lin, Chem. Rev., 2015, 115, 8896; (c) B. Jiang, C. Li, V. Malgras, M. Imura, S. Tominaka, Y.

Yamauchi, Chem. Sci., 2016, 7, 1575.

61



Chapter 4.

Chapter 4. Surfactant-Directed Synthesis of Bimetallic
Mesoporous Pt-based Electrocatalysts

62



Chapter 4.1.

4.1. Bimetallic Mesoporous PtPd Spheres through
Surfactant-Directed Synthesis
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4.1.1. Introduction

Noble metal nanostructures have received much attention due to their broad applications in hydrogenation
reactions, coupling reactions, fuel cells, and localized surface plasma resonances, efc.!'! Thanks to previously
extensive efforts, noble metal catalysts have made significant progress in the applications of fuel cells for
solving the problem of energy crisis. To enhance electrochemical catalytic performance in fuel cells, most of
the previous studies not only focused on the composition but also concentrated on the nanostructure of
catalysts. In particular, Pt-based multi-metallic architectures such as dendritic core-shell Au@Pt
nanoparticle,[z] polyhedral PtCus; alloy,m hollow Pt-Pd nanocage,[4] hollow Pt-Ni nanosphere,[s] PtPdTe
nanowires,m and Pt-on-Pdgg5Big 5 nanowires'! have represented as emerging classes of nanomaterials,

showing excellent performances compared with irregular Pt nanoparticles as well as monometallic Pt.

Among various Pt-based metallic nanostructures, the preparation of mesoporous Pt-based nanostructure is
considered as one of effective strategies to improve the electrochemical activity owing to their high surface
areas, abundant active sites and accessible pores. In this study, my target is to synthesize Pt-based
‘multi-metallic’ mesoporous spheres to enhance the electrochemical activity towards methanol oxidation
reaction (MOR) and reduce the usage of Pt at the same time. Soft- and hard-templating methods have been
proposed so far to synthesize mesoporous metals.® Solution phase synthesis is also recognized as an
environmentally friendly approach and easily extended to large-scale production.!”) However, it should be
noted that most of previously reported mesoporous metal materials are based on monometallic Pt
nanostructures.!'” In most cases, the mesoporous metals possess randomly arranged and small-sized pores,

which seriously inhibits effective circulation of reactant/product species within the pores.

Therefore, to explore a facile and reliable strategy for preparation of multimetallic mesoporous spheres with
ultra-large mesopores is of great importance for both fundamental research and practical applications. Here, |
have successfully synthesized bimetallic PdPt spheres with ultra-large mesopores by surfactant-directing
method. Mesoporous bimetallic PdPt spheres exhibited superior electrochemical activity compared to

commercial Pt black (PtB) and dendritic Pt spheres (with small-sized pores).

64



Chapter 4.1.

4.1.2. Experimental Sections

4.1.2.1. Materials

All chemicals and solvents were used as received without further purification. H,PtCls, K,PtCly, Na,PdCly,
NaBHy4, ascorbic acid (AA), cetyltrimethylammonium bromide (CTAB), and methanol were purchased from
Nacalai Tesque, Inc. (Kyoto, Japan). Pluronic F127 and nonionic surfactant Brij58 were obtained from
Sigma-Aldrich. Commercial PB (HiSPEC®1000) was supplied by Johnson Matthey Company. All solutions

were prepared with deionized water treated with a Millipore water purification system (Millipore Corp.).

4.1.2.2. Preparation of Mesoporous Bimetallic PdPt Spheres

In a typical synthesis of mesoporous bimetallic PdPt spheres, 0.6 mL of Na,PdCl, solution (20.0 mM), 1.2 mL
of K,PtCly solution (20.0 mM), 1.8 mL of H,PtCls solution (20.0 mM), 60.0 pL of HCI solution (6.0 M), and
60.0 mg of Pluronic F127 were mixed. After F127 was completely dissolved, 3.0 mL of ascorbic acid (AA)
solution (0.1 M) was added to the above solution, giving the final Na,PdCls, K,PtCly4, H,PtCls precursor
amounts of 0.012, 0.024, and 0.036 mmol, respectively. In the typical condition, the relative mole ratio of
Pt/Pd species was 5.00. Then, the mixed solution was continuously sonicated in a water bath for 4 hours at 40
°C. Finally, the sample was collected by centrifugation at 14,000 rpm for 20 min and the residual Pluronic

F127 was removed by three consecutive washing/centrifugation cycles with ethanol and water.

4.1.2.3. Characterization

Scanning electron microscope (SEM) observation was carried out using a Hitachi SU-8000 microscope
operated at 5.00 kV. Transmission electron microscope (TEM) and high-angle annular dark-field scanning
TEM (HAADF-STEM) observations were carried out using a JEOL JEM-2100F operated at 200 kV equipped
with an energy-dispersive spectrometer. The samples for TEM study were prepared by depositing a drop of
the diluted colloidal suspension on a carbon-coated copper grid. A wide-angle powder X-ray diffraction
(XRD) pattern was recorded with a Rigaku Rint 2500 diffractometer with monochromated Cu Ka radiation.
Low-angle XRD patterns were recorded by using a NANO VIEWER (Rigaku, Japan).

4.1.2.4. Electrochemical Test

Both CV and chronoamperometric experiments were performed using a CHI 842B electrochemical analyzer
(CHI Instruments, USA). A conventional three-electrode cell was used, including an Ag/AgCl (containing
saturated KCl) electrode as a reference electrode, a platinum wire as a counter electrode, and a modified glassy
carbon electrode (GCE) as a working electrode. The modified GCE was coated with as-produced samples (5.0
ng) and dried at room temperature. Then, 5.0 pL. of Nafion (0.05 wt %) was coated on the surface of the
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modified GCE and dried before electrochemical experiments. Prior to electrochemical experiments, the GCEs

modified with the samples were activated electrochemically by cycling the electrode potential between -0.2 V

and +1.5 V (vs. Ag/AgCl) in 0.5 M H,SO4 until CVs that were characteristic for a clean Pt electrode were

obtained.

4.1.3. Results and Discussion

e
‘x HE

e

Sl
e & ™ o
S0 08T 100nm

Figure 4.1.1 (a) Low- and (b) high-magnified SEM images of the typical mesoporous bimetallic PdPt spheres obtained

at typical conditions.

Scanning electron microscope (SEM) was employed to characterize the morphology of as-prepared sample
under the typical condition (Figure 4.1.1a). It clearly reveals that all the particles are fairly uniform in size and
shape. Any by-products, such as non-porous particles, non-spherical shape, or bulks were not observed.
Highly magnified SEM image (Figure 4.1.1b) shows that well-defined mesoporous structures are observed
over the entire area of the particle surface. The average mesopore size is estimated to be 18.5 £ 0.5 nm with the
wall thickness of 8.0 + 0.5 nm. The mesopores observed on the particle surface are deeply concaved into the

center of the spherical particles.

intensity (a.w)
intensity (aw)
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Figure 4.1.2 (a) Low-angle and (b) wide-angle XRD patterns of the mesoporous bimetallic PdPt spheres

prepared under typical conditions.
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To confirm the mesostructural periodicity, the typical sample was characterized by low-angle X-ray
diffraction measurement (Figure 4.1.2a). One clear broad peak centered at 20 = 0.33° (d = 26.8 nm)
supports the formation of periodic mesoporous structure. As seen in SEM images (Figure 4.1.2b), the
mesopores are closely assembled each other in random manner, although the mesopore size is quite uniform.
In this case, the d-spacing (d = 26.8 nm) means the pore-to-pore distance (i.e., equal to sum of the wall

thickness and the mesopore size), which is in agreement with the SEM data (Figure. 1b).

Intensity (a.u.}

20 nm

Figure 4.1.3 (a) TEM image, (b) HAADF-STEM image, (c-e) elemental mapping images and (f) compositional line

profiles of the mesoporous bimetallic PdPt spheres prepared under typical conditions.

For better understanding the distribution of Pd and Pt in the nanoparticles, elemental mapping was
investigated for individual sphere (Figure 4.1.3). From Figure 4.1.3c-e, both Pt and Pd are uniformly
distributed. The elemental mapping reveals that most of Pd content is concentrated in the particle center,
whereas Pt is placed on the entire sphere. The line-scanning profiles (Figure 4.1.3f) of one sphere more
clearly reveal the elemental composition of bimetallic materials, consisting of the higher Pd content at the
center, which is in agreement with the elemental mapping results. The wide-angle XRD peaks (Figure
4.1.2b) are assigned to (111), (200), (220), and (311) diffraction peaks of face-centered-cubic (fcc) crystal
structure. However, it is very difficult to resolve Pt and Pd crystals in the wide-angle XRD patterns because

of the fact that the lattice mismatch ratio is only 0.77 % for Pt/Pd.!""

Furthermore, the molar ratio of Pt/Pd was confirmed to be 2.66 by the inductively coupled plasma (ICP),
which agreed with result obtained by energy-dispersive X-ray spectroscope (EDS). This value is smaller
compared to the starting composition with Pt/Pd of 5.00. All the Pd species dissolved in the precursor
solution are reduced to form the cores, while the dissolved Pt species are not completely reduced (i.e.,

un-deposited Pt species are still remained in the solution after the reaction). In the present system, Pd species
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are more easily and preferentially reduced, although the standard reduction potential for Pt complexes
([PtCLy]*/Pt: +0.76 V vs. SHE and [PtCle]*/[PtCl4]*: +0.68 V vs. SHE) is higher than that for ([PdCl4]*/Pd:
+0.59 V vs. SHE). Similar anomalous behavior has been reported for the co-deposition of Pd and Pt.['”
Sometimes, the reduction of metal species cannot be interpreted simply according to their standard reduction

potentials in the presence of multiple metal precursors and organic additives (e.g., surfactant molecules) due

t.[13]

to their complicated reduction kinetics and coordination effec

Figure 4.1.4 SEM images of samples prepared (a) without F127 and (b) with 5.0 mg F127.

As demonstrated above, mesoporous bimetallic PdPt spheres can be synthesized by a simple way in aqueous
solution. More control experiments were carried out for understanding the formation mechanism. In general,
F127 is well known as one of typical block copolymers and has been utilized as a pore-directing agent for
mesoporous oxide and carbon materials.!"*! Some reports have also demonstrated that F127 can be used as a

151 As shown in Figure 4.1.4a, nonporous bulk

protecting for preventing the particle aggregations.
aggregations were formed in absence of F127. When 5 mg of F127 was used, heavily aggregated porous
structure was obtained (Figure 4.1.4b), because insufficient F127 cannot inhibit particle aggregation
effectively, resulting in formation of irregularly-shaped large particles. Further increasing the amount of
F127 (60 mg, which is under the typical conditions) resulted in the highly dispersed spheres with
mesoporous structure. Thus, it is obvious that the F127 served as the pore-directing agent as well as
protecting agent for preventing the particle aggregations and/or suppressing the random growth of the

16
mesoporous metals.!'®!
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Figure 4.1.5 SEM images and particle sizes distributions of the samples prepared by varying the molar ratios of

H,PtCly/K,PtCly: a) 0:100 b) 10:90 ¢) 20:80 d) 40:60 €) 90:10 () 100:0.

Interestingly, I found that the particle sizes were easily tuned by varying the molar ratios of H,PtCle/K,PtCl,.
Figure 4.1.5 shows the SEM images and the corresponding particle size distribution histograms of the
samples prepared by changing the molar ratios of H,PtCle/K,PtCls. When K,PtCly was used as the only Pt
precursor (i.e., HyPtClg/K,PtCl4=0:100), the average particle size was around 46 nm (Figure 4.1.5a), which
is less than half of size of the sample prepared under the typical condition. When a small amount of H,PtCle
was fed together with K,PtCly (i.e., HoPtClg/K,PtCl4=10:90), the average particle size became 90 nm
(Figure 4.1.5b). When I increased the molar ratio of H,PtCls/K,PtCly from 20:80 to 40:60, the average
particle size was further increased to 110 nm and well-defined mesoporous architectures were developed on
the particle surface (Figure 4.1.5¢-d). It is noted that further increasing the molar ratio of H,PtCls/K,PtCl, to
90:10 or 100:0, the reaction cannot take place at 40 °C. Therefore, I increased the temperature to 45 °C,
resulting in the formation of mesoporous bimetallic PdPt spheres with the average size of 150 nm and 176
nm, respectively (Figure 4.1.5e-f). Even though the molar ratios of H,PtCle/K,PtCly were varied, the
obtained mesopores sizes were almost constant, which is also an evidence for the formation of

surfactant-directed mesopores.
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Figure 4.1.6 Pohotgraphs of colloidal suspensions taken at different reaction times at 40 °C ((a) H,PtCls/K,PtC1,=0:100,
(b) H,PtCl¢/K,PtCl,=60:40 and (c) H,PtCls/K,PtCl,=100:0, respectively).

To further discuss the above particle size control, the reduction rates were visibly monitored (Figure 4.1.6),
in which changing the reaction solutions to black means the metal deposition. When the K,PtCl, was used as
precursor, the colour of reaction solution was changed from initial yellow to black in 30 min. While we used
both K,PtCly and H,PtClg as precursors, the solution colour gradually changed from yellow to black till 75
min. When only the H,PtClg as used as precursor, the solution colour did not change from yellow to black at
40 °C. From above results, I proposed that the addition of H,PtCls slowed the reduction rate of the metal
specie. Considering reduction behaviours of two Pt complexes ([PtCly]*/Pt: +0.76 V vs. SHE and
[PtCls]*/[PtCL]*: +0.68 V vs. SHE), it is understandable that [PtCls]* ions have a lower tendency toward
reduction than [PtCly]* ions. Therefore, by replacing K,PtCly with H,PtCls, the deposition rate greatly
delays. In general, a balance between nucleation and crystal growth determines the final size of the particles
in the products. In the present system, the dissolved Pt and Pd species are reacted with ascorbic acid (AA) at
initial stage. Then, the nuclei are generated and grew further by interaction of the dissolved metal species
with AA to form the final products. The slow reduction rate plays a key role in achieving the Pt growth on
the Pd nucleus. Therefore, with a decrease in the reduction rate of metal species by addition of H,PtClg, the
number of nuclei formed at the early stage is thought to be decreased. These nuclei serve as seeds and

undergo further crystal growth to afford the final products with larger particle size.
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Figure 4.1.7 SEM images of samples prepared (a) without HCI and (b) with HCI.

Ascorbic acid is used as a reducing agent, and is oxidized according to the following equilibrium equation:
C¢HgOs>CsHeOs + 2H™ + 2¢". Thus, in principle the reduction capacity of AA can be decreased by precise
control of pH. Hydrochloric acid (HCI) can decrease of reduction capacity of AA for retarding reduction of
metal precursors, which favours for ordered mesoporous spheres. In the present reaction system, I used the
optimized amount of HCI to control the crystal growth rate. Figure 4.1.7 shows that the morphology of the

obtained particles prepared both in the presence and absence of HCI.

Overall, the controls of F127 concentration and compositional ratios of H,PtCls and K,PtCl, as Pt precursors,
and the use of HCI are responsible for mono-dispersed mesoporous PdPt spheres with uniform particle sizes.
Even when the total amounts of Pt and Pd precursors are increased two times higher han the typical
condition (i.e., the compositional ratios of Pt and Pd precursors are constant.), the pore sizes and the particle
sizes are not changed, indicating the present method has a great potential to large-scale production for

industrial applications.

Figure 4.1.8 (a) TEM and b) HRTEM images of the typical mesoporous bimetallic PdPt spheres. The kink and step sites

are indicated by arrows. The SAED patterns obtained from an individual sphere are shown in an inset image in panel (a).

Many previous studies have proved that high crystallized Pt, especially the Pt surface with kink and step

sites, exhibit high activity in the electrocatalysis. Therefore, the crystallinity of mesoporous bimetallic PdPt
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spheres was studied by high-resolution transmission electron microscope (TEM). The TEM image of an
individual mesoporous bimetallic PdPt sphere reveals the mesoporous structure inside the particle, judging

7] the electron

from the significantly different contrast (Figure 4.1.8). Unlike mesoporous silica and carbon,
beam cannot pass through the metallic sample. Therefore, it is hard to clearly visualize the mesoporous
structure over the entire area. As seen in Figure 4.1.8a, the mesopore walls are built by a large quantity of
connected nanoparticles. Interestingly, the lattice fringes corresponding to the Pt crystal are coherently
extended across over several particles, indicating that the mesopore walls have a good crystallinity. A grain
size of ca. 7.4 nm was calculated from the (111) diffraction peak based on the Scherrer equation,!'!
indicating that each mesoporous bimetallic PdPt sphere consisted of a multitude of grain particles.
Selected-area electron diffraction (SAED) patterns of an individual sphere (inset of Figure 4.1.8a) showed
polycrystalline reflections indexed to (111), (200), (220), and (311) of the fcc crystal, which suggested that
the nanosphere was constructed by randomly aggregated small grain particles rather than oriented growth.

Some atomic edge and kink sites caused by unsaturated Pt coordination atoms can be observed on the

atomic Pt surface, which is highly valuable for high electrocatalytic performance (Figure 4.1.8b).!""’
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Figure 4.1.9 (a) Cyclic voltammograms and (b) Chronoamperometric curves (recorded at 0.6 V) for MOR catalyzed by

different catalysts in 0.5 M H,SO, containing 0.5 M methanol.

The electrochemically active surface area (ECSA) of as-prepared samples can be estimated by measuring the
total charge passed during the hydrogen adsorption-desorption. The specific ECSAs of the mesoporous
bimetallic PdPt spheres, dendritic Pt nanoparticles™ and PtB are 29.9, 19.9, and 13.5 m” g, respectively. To
evaluate the electrocatalytic activity of the samples, methanol oxidation reaction (MOR) was selected as a
probe reaction. The cyclic voltammetric (CV) measurement was carried out in 0.5 M H,SO4 containing 0.5 M
methanol to investigate the activities of mesoporous bimetallic PdPt spheres. The CV curves (Figure 4.1.9a)
showed the typical features of methanol oxidation on Pt surface. Mesoporous bimetallic PdPt spheres (0.298

A-mg”_Pt) exhibited better catalytic performance than those of dendritic Pt spheres (with small-sized and
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disordered mesopores) (0.152 A‘mg”' Pt), and commercial PtB (0.087 A-mg™ Pt). As well known, pure Pd

element is little effective toward MOR in acidic electrolyte. As mentioned above, because of highly miscible
of the Pd and Pt atoms, the pseudo Pt-Pd alloy structure should be formed at the internal surface of
mesoporous PdPt spheres, which is favourable for reducing the electronic binding energy in Pt and improving
catalytic activity.?"] As a result, the mesoporous bimetallic PdPt spheres exhibited a higher activity compared
to dendritic Pt and PtB catalysts. Even when the activity was normalized by ECSAs, mesoporous PdPt (0.997
mA cm™ Pt) samples still exhibited higher activity than that of dendritic Pt (0.764 mA cm™ Pt) nanoparticles
and PtB (0.643 mA cm™ Pt). A probable reason for the superior activity is a large amount of kink and step
sites created on the mesoporous surfaces (Figure 4.1.9b). This benefits to breaking C-H bonds in methanol

decomposition, thereby an improved catalytic performance was observed in MOR.!??
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Figure 4.1.10. Cyclic voltammograms of (a) mesoporous PdPt spheres (with large-sized pores) and (b) dendritic Pt
catalyst (with small-sized pores) at scan rate of 10, 20, 50, 100, 200 mV s™. (c) the relationship of forward oxidation

peak current density vs. scan rate for the mesoporous PdPt sphere and dendritic Pt catalyst.

Another important reason for improving the electrochemical activity is that the ultra-large mesoporous
structure can accelerate the transport for reactants and products. As shown in Figure 4.1.10 in proportion to
the scan rate, the forward oxidation peak current densities of mesoporous PdPt spheres and dendritic Pt
spheres are increased linearly with the square root of the scan rate, suggesting that the oxidation of methanol at
electrodes is a diffusion-controlled process. The slope of mesoporous PdPt spheres is significantly larger than
that of dendritic Pt spheres, revealing that the diffusion efficiency of methanol molecules inside large-sized
pores is higher than that inside small-sized and dendritic pores.'”?! As an effective catalyst, the stability is a
very important factor for MOR. Thus, the stability of catalysts were also investigated by chronoamperometric
measurement at 0.6 V for 3000 s in 0.5 M H,SO4 containing 0.5 M CH;OH. It is obvious that our mesoporous

catalysts possess excellent stability during the electrochemical measurement, in comparison to dendritic Pt
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spheres and commercial PtB catalyst (Figure 4.1.9b) in a long period of 3000 s.

4.1.4. Conclusion

In summary, we have successfully developed a facile synthetic method for preparation of multimetallic
mesoporous spheres with ultra-large mesopores. In the synthesis, the concentration of F127, and reduction
kinetics of metal species are critical to formation of uniform ultra-large mesoporous structure. Because of the
high surface area, large-sized mesopores, the mesoporous spheres exhibit enhanced electrochemical activity
for MOR. This present approach, based on a green and environment-friendly process in dilute surfactant
solution, could be extended to the synthesis of other metal and alloy system with ultra-large mesopores for
high-performance catalysts and also will be used as a promising approach for large-scale industrial

production.
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4.2. Morphosynthesis of Nanoporous Pseudo Pd@Pt
Bimetallic Particles with Controlled Electrocatalytic Activity
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4.2.1. Introduction

Fuel cells technology is being developed as a clean and efficient energy alternative to fossil fuels.!"! Up to now,
platinum (Pt) is one of the most effective electrocatalysts to facilitate the oxidation reaction of various fuel
molecules (e.g. methanol,””) ethanol,”’ and formic acid'!) as well as the reduction reaction of oxygen.”
However, some significant challenges associated with the use of pure Pt, including the high cost, the slow
kinetics of cathode reaction, and self-poisoning by intermediates, still hinder the commercialization of fuel
cell technology. Therefore, it is urgent to design better Pt-based electrocatalysts and improve their overall
catalytic performance by solving these issues. Pioneering works revealed that the activity of Pt can be
enhanced by atomic level control of the composition, morphology, and surface structure.'”’ Additionally, by
combining Pt with less expensive metals, it is possible to reduce the Pt content while increasing its intrinsic
activity via the modification of the electronic structure of Pt surface atoms.!”! Along this direction, significant

effort has been made for the synthesis of bimetallic Pt-based nanocrystals.(e.g., PtPd," PtCo,"”! PtNi,!'”

PtAu,"" and PtCu!'?).

Especially, the core-shell metallic nanostructures with a large spectrum of compositions represent an emerging
class of catalysts, because their properties can be effectively adjusted by manipulation of compositions and/or
nanostructural features.!'”’ Among metallic core-shell structures, Pd@Pt bimetallic nanostructures have
attracted increasing interest because Pd has unique advantages compared with other metals, including
relatively low cost, good resistance to CO poisoning and low lattice mismatch with Pt (only 0.77%).['¥
Several synthetic methods have been developed to synthesize bimetallic Pt-Pd colloids, such as seed-mediated
method,!"™ solvothermal method,"® galvanic replacement,"'”’ and co-reduction method.!"®! Nevertheless,
these methods often require multiple steps and take specialized synthetic techniques, that make them
challenging scale up. Although a few papers describing a one-step method to synthesize Pd@Pt nanocrystals
has been reported, most of previously reported Pd@Pt nanostructures have nonporous shells, which limit the
function of the core-shell structures. Considering the unique structures of porous nanocrystals (e.g., high
surface area, three-dimensional molecular accessibility, and the large number of edge atoms), nanoporous
Pd@Pt bimetallic particles are expected to further enhance electrocatalytic performance and improve the Pt

utilization efficiency.

In this work, I describe a facile and one-step method for preparation of nanoporous pseudo Pd@Pt bimetallic

particles. The morphologies of Pd@Pt particles with diverse compositions and particle sizes can be varied
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from the spheres to cubes by changing the molar ratios of Pd/Pt species. By optimizing the compositions of
Pd,@Pt;¢0.» particles (x means the molar percentage of Pd, confirmed by inductively coupled plasma mass
spectroscopy (ICP-MS) analysis), I found that the Pd,;@Pt7; particles exhibit the best catalytic activity toward
methanol oxidation reaction (490 mA mg" Pt). The previous study has demonstrated that the core-shell
Pd@Pt nanoparticle can be achieved by co-reduction of Pd and Pt precursors, but this route lacks systematic
controls over shapes, sizes, and compositions."” Here I demonstrate the ligand effect to manipulate the
reduction rate and the selective adsorption of certain facets by using bromide ions for preparing shape-, size-
and composition-controlled nanoporous core-shell Pd@Pt particles. I believe that this method provides a
general approach for the shape- and composition-controlled synthesis of nanoporous core-shell Pt-based

particles.

4.2.2. Experimental Sections

4.2.2.1. Materials

All chemicals and solvents were used as received without further purification. H,PtCls, Na,PdCl4 ascorbic
acid (AA), H,SO,, and methanol were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Commercial Pt
black, PtC-20%, Pluronic F127 and potassium bromide (KBr) were obtained from Sigma-Aldrich. All

solutions were prepared with deionized water treated with a Millipore water purification system (Millipore

Corp.).

4.2.2.2. Preparation of Nanoporous Pd@Pt Nanospheres

In a typical synthesis, 0.6 mL of Na,PdCls (20.0 mM) and 1.8 mL of H,PtCls (20.0 mM) solution were added
to 5.0 mL of deionized water that contained 100 mg Pluronic F127 and 300 mg KBr. Then, 4.0 mL ascorbic
acid (0.1 M) was added to this solution. After that, the mixed solution was kept in an oil bath for 4 h at 70 °C.
During the reaction time, the solution color gradually changed from brown into black. After cooling to room
temperature, the product was washed with a mixture of water and ethanol by centrifuging at 14,000 rpm for 20
min. The washing step was repeated for 6 times. The samples were kept in ethanol for further use and were
dried prior to electrochemical characterization at room temperature. Different compositions of Pd@Pt were
obtained using the same process but with the different molar ratios of Pd/Pt in precursor, as shown in Table

4.2.1.
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4.2.2.3. Characterization

Scanning electron microscopy (SEM) imaging was carried out using a Hitachi SU-8000 microscope operated
at 5 kV. Transmission electron microscopy (TEM) and high-angle annular dark-field scanning TEM
(HAADF-STEM) observations were performed using a JEOL JEM-2100F operated at 200 kV equipped with
an energy-dispersive spectrometry analyzer. The samples for TEM characterizations were prepared by
depositing a drop of the diluted colloidal suspension on a grid. Wide-angle powder X-ray diffraction (XRD)
spectra were acquired with a Rigaku Rint 2500 diffractometer with monochromated Cu KR radiation.
Low-angle XRD spectra were obtained by using a NANO VIEWER (Rigaku, Japan) equipped with a Micro
Max-007 HF high-intensity micro-focus rotating anode X-ray generator. X-ray photoelectronic spectroscopy
(XPS) spectra were obtained at room temperature by using a JPS-9010TR (JEOL) instrument with an Mg Ka

X-ray source. All the binding energies were calibrated via referencing to C 1 s binding energy (284.6eV).

4.2.2.4. Electrochemical Test

Cyclic voltammograms (CV) and chronoamperometric (CA) experiments were performed using a CHI 842B
electrochemical analyzer (CHI Instruments, USA). A conventional three-electrode cell was used, including an
Ag/AgCl (saturated KCl) reference electrode, a platinum wire as a counter electrode, and a modified glassy
carbon electrode (GCE, 3 mm in diameter) as a working electrode. The modified GCE was coated with the
sample (5.0 pg) and dried at room temperature. Then, 5.0 uL of Nafion (0.05 wt %) was coated on the surface
of the modified GCE and dried before electrochemical experiments. Prior to the electrochemical
measurements, the GCE modified with the as-prepared sample was electrochemically activated by a potential
cycling between -0.2 V and +1.5 V (vs. Ag/AgCl) in 0.5 M H,SO4 until the obtained CVs became
characteristic of a clean Pt electrode. Methanol electro-oxidation measurements were performed in a solution
of 0.5 M H,SOy4 containing 0.5 M methanol at a scan rate of 50 mV s™'. The chronoamperometric measurement

was carried out at a constant potential of 0.6 V for 3000 s.

4.2.3. Results and Discussion

Table 4.2.1 The molar ratios of the precursors and products and their paramaters.

Molar ratio of Pd/Pt  Molar ratio of Pd/Ptin  Average pore-to-pore  Average particle sizes
Samples
in the precursors the products distance (nm) (nm)
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Pdy @Pty 17/83 21/79 16.4 82
Pdy;@Pts3 25/75 27/73 16.4 79
Pdss@Pts, 33/67 38/62 16.4 70
Pdss@Ptys 50/50 55/45 18.8 65

The morphology of nanoporous Pd@Pt particles was characterized by scanning electron microscope (SEM).
The low-magnification SEM images (Figure 4.2.1al-d1) show highly dispersed Pd@Pt particles with a
narrow particle size distribution. The high-magnification SEM images (Figure 4.2.1a2-d2) clearly reveal that
all the obtained samples are highly porous and the observed nanopores are uniformly distributed over entire of
the external surface. The periodicity of the nanoporous architectures was further studied by low-angle X-ray
diffraction (XRD). As shown in Figure 4.2.2a, one sharp peak was clearly observed for all the samples,
indicating the periodicity of the nanoporous structures. The pore-to-pore distances calculated from the peak

centers show similar values, although a very small deviation of ca. 2 nm is seen in Table 4.2.1.
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Figure 4.2.1 Low- and high-magnification SEM images and the particle size distributions of nanoporous of the a)

PdZI@Pt79, b) Pd27@Pt73, C) Pd3g@Pt62, and d) Pd55@Pt45 partiCleS.
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The SEM images of the samples also show that the morphologies of the Pd@Pt particles are dependent on

the precursor compositions. Specifically, when the reactions were carried out with a low concentration of Pd
precursor (e.g., molar ratio of Pd/Pt=17/83, 25/75, or 33/67), shape of the sample was dominant in the spheres
(Figure 4.2.1al1-c1). As the Pd/Pt ratio increased to Pd/Pt=50/50, nanoporous particles with cubic shapes were
obtained (Figure 4.2.1d1). Interestingly, the average particle sizes of as-prepared samples decreased from 82
nm to 79 nm, 70 nm, and 65 nm with increasing the Pd molar ratio in the feeding solutions (Figure
4.2.1a3-d3), as summarized in Table 4.2.1. As discussed later, the reduction of Pd species are more easily and
preferentially performed over that of Pt species and then the Pd nuclei severed as seeds for the subsequent
deposition of Pt. Increasing the amount of Pd species should definitely increase the number of nuclei at the

beginning of the reaction, which would result in the smaller particles.*”’
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Figure 4.2.2 (a) Low-angle and b) wide-angle XRD patterns of nanoporous Pd,;@Pt;, Pdy;@Pt;3, Pd;3@Pts,, and

Pdss@Ptys particles prepared by changing the molar ratio of the Pd/Pt precursors.

The exact compositions of the samples were confirmed by ICP-MS, and the exact compositions in the
precursor solutions and the final products were listed in Table 4.2.1. The crystalline structure of these
nanoporous Pd@Pt samples was examined by wide-angle X-ray diffraction (XRD) (Figure 4.2.2b). Four
representative diffraction peaks were observed in the XRD patterns, corresponding to the (111), (200), (220),
and (311) planes of a face centered cubic (fcc) structure. However, it is very difficult to resolve Pt and Pd

crystals in the wide-angle XRD patterns owing to the similarity of crystalline structures between Pt and Pd.['*!
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Figure 4.2.3 TEM images of the nanoporous (a) Pd,;@Pt79, (b) Pdy7@Pt73, (c) Pd3s@Pts,, and (d) Pdss@Pt,s particles.

The morphologies and nanoporous structures of the Pd@Pt particles were studied by transmission electron
microscopy (TEM). Figure 4.2.3 reveals that the obtained products are highly dispersed and they possess
complete nanoporous structure, which is favorable for improving the active surface area. The Pdss@Ptss
sample possesses a large Pd core and less porosity compared with the Pd,;@Pty9, Pdy7(@Pt73 and Pdsg@Pts;
samples, which is probably due to the preferred formation of Pd nanocube cores in the presence of the bromide

species, as discussed later.

Figure 4.2.4 (a) TEM, b) HAADF-STEM, and c-d) elemental mapping images of the nanoporous Pd,;@Pt;; particles.

Inset image in the panel (b) shows the cross-sectional compositional line profile of one nanoporous Pd,;@Pt;; particle.

Figure 4.2.4a shows that the Pd,;(@Pt7; particle is composed of a large number of tiny interconnected particles.
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In order to understand the distribution of Pd and Pt in the particle and confirm the core-shell structure,
elemental mapping of the Pd,;@Pt;; particles was investigated. As shown in Figure 4.2.4¢-d, the elemental
mapping images reveal that the Pd is concentrated at the center of particle and the Pt is uniformly distributed in
the whole particle, indicating that the Pd species are preferentially reduced and used up early while the Pt
species are reduced throughout the entire reaction. The line-scanning profiles (inset of Figure 4.2.4b) clearly
reveal the distribution of both Pd and Pt elements across an individual particle, consisting of the higher Pd

content at the center, which is in agreement with the elemental mapping results.

In addition, the element mapping of other obtained Pd,;@Pt79, Pds3s@Pte,, and Pdss@Ptss particles were also
investigated, showcasing the content of the Pd core gradually increases by increasing the molar ratios of Pd/Pt
precursors (Figure 4.2.5). These results show that Pt and Pd regions are not completely separated in the
particle, which is different from complete core-shell structured materials prepared by seed-growth method.*"

Therefore, the obtained sample in this study is defined as pseudo core-shell structures.

Figure 4.2.5 HAADF-STEM, and elemental mapping images of the nanoporous (a) Pd,@Pt;9, (b) Pd;s@Pts,, and (c)
Pdss@Ptys particles. Inset images in the panel (al, bl, cl) show the corresponding cross-sectional compositional line

profile.
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Figure 4.2.6 High resolution XPS spectra of nanoporous Pd,;@Pt;; particles on (a) Pt 4/and (b) Pd 3d.

The surface element composition and electronic state of Pt and Pd in the samples were measured by X-ray
photoelectron spectroscopy (XPS). The surface Pd/Pt molar ratio of the nanoporous Pd,;@Pt;; particles
calculated from the XPS spectra is 4/96. This value shows a remarkable contradiction with that determined by
ICP measurement, indicating that the surface of the Pd,;@Pt;; sample is rich in Pt, which agreed with
elemental mapping data (Figure 4.2.4). The doublet peaks with binding energy of 71.2 eV and 74.6 eV are
assigned to the Pt’ 4f5,, and Pt° 4f;,,, respectively (Figure 4.2.6a). The binding energy of Pd 3ds, and Pd 3d,»
located at 335.3 eV and 340.6 eV can be ascribed to metallic Pd° (Figure 4.2.6b).

C d=39 nm d
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Figure 4.2.7 (a) SEM image, (b) TEM image, (c) histogram of particle size distribution, and (d) low-angle pattern of
Pd;;@Pt,y; particles prepared at a molar ratio of Pd/Pt=67/33. Inset image in the panel (b) shows SAED pattern of the

individual particle.

In order to understand the formation mechanism of nanoporous Pd@Pt particles, more control experiments
were carried out. In this study, I found that the molar ratios of Pd/Pt precursor, and the use of surfactant F127
and bromide ions are responsible for formation of nanoporous Pd@Pt structures. In the absence of F127,
non-porous products were heavily aggregated, suggesting that F127 serves as the pore-directing agent as well
as protecting agent for preventing the particle aggregations.'””! As mentioned above, the morphologies of the
Pd@Pt particles with nanoporous structure can be tuned from sphere to cube by adjusting the molar ratios of
Pd/Pt precursors (Table 4.2.1), but the pore sizes almost keep constant. However, Pd;;@Pt,7 cubes (with the
average particle size of 39 nm) without any porous structures could be only obtained when a high molar ratio

of Pd/Pt (e.g., 67/33) is used in the feeding solution (Figure 4.2.7). On the other hand, when the reaction is
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performed in the absence of Pd, nanoporous Pt particles are generated, which is in agreement with our
previously reported results.'*! Based on the above experimental observation, I conclude that only when the
molar ratio between the Pd and Pt species reach a certain value, well-defined nanoporous Pd@Pt particles can
be formed. Previous studies have demonstrated that nonionic surfactants (e.g. F127, Brij58) are very effective
agents for synthesis of nanoporous Pt structures with uniformly sized pores, but they are not useful for
nanoporous Pd structures, probably due to a weak interaction between the surfactants and the Pd species.!*¥
Only cationic surfactants, such as cetylmethylammoniumchloride (CTAC), have been utilized to obtain
nanoporous Pd structures, owing to a strong affinity between the cationic [C¢TA]" surfactants and the anionic
[PACL)* species.” In this study, it is also found that the formation of nanoporous Pd@Pt particles

(consisting of Pd dense core and nanoporous Pt shell) is attributed to the stronger interaction between the F127

and the Pt species compared to that of the F127 and the Pd species.

Figure 4.2.8 SEM images of Pd,;@Pt;; particles prepared by different amount of KBr ((a) 0 mg, (b) 100 mg, and (¢) 300
mg).

Various studies have demonstrated that kinetic control is critical for shape-controlled synthesis of noble-metal
nanocrystals in solution phase.** In this study, KBr is used to manipulate the reduction kinetics of Pd** and
Pt*" species and assist in obtaining the nanoporous Pd@Pt structure. It has been reported that [PtCls]*” and
[PdCl4]2'complexes can be replaced into [PtBré]z' and [PdBr4]2' because Br™ ions have stronger coordination
with Pt*" and Pd*" than CI ions.”””) Considering reduction potential ([PtBre]*/[PtBrs]*: +0.61 V vs. SHE,
[PtCls]*/[PtCl4]*: +0.73 V vs. SHE, [PdBr4]*/Pd: +0.49 V vs. SHE, and [PdC14]*/Pd: +0.62 V vs. SHE), it is

easy to understand that the reduction rate can be greatly delayed by addition of bromide ions. Slow reaction
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rate benefits for formation of nanoporous structure because it provides enough time for surfactant micelles to

19,28

adhere to the metal seeds and effectively act as a template.!"”** As shown in Figure 4.2.8a, in the absence of

KBr, only dendritic PA@Pt particles were obtained owing to the fast-nucleation and fast-growth process.”*”’
When a small amount of KBr (100 mg) is added, Pd@Pt particles with concave surface are obtained (Figure
4.2.8b). Further increasing the amount of KBr (300 mg) yields well-defined nanoporous surface of Pd@Pt
particles (Figure 4.2.8¢). Previous studies have demonstrated that bromide species can serve as a
shape-directing agent by selective adsorption of the metal (100) crystal faces, inducing the formation of
nanocube structure.*”! Therefore, the cube-shaped PA@Pt particles are obtained in the presence of high molar

ratio of the Pd/Pt (e.g., Pd/Pt=50/50). On the basis of these results, KBr is thought to work as reduction

inhibitor as well as shape-directing agent to manipulate the nucleation, the growth rate, and the ultimate shape,

£ .

100 nm
R R

and nanoporous structure.
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Figure 4.2.9 TEM images of Pd,;@Pt;; samples taken at different reaction times (a) 0.5 h (b) 1.5h (c) 2 h (d) 4 h.

To elucidate the morphological evolution of the Pd@Pt particles, the intermediates of Pd@Pt (prepared from
the precursor with the molar ratio of Pd/Pt=25/75) were taken at different reaction time and then were
characterized by TEM. Almost no precipitate can be observed when the reaction time is within 0.5 h. The
Pd@Pt particles with average particle size of 40 nm are formed after a reaction time of 0.5 h, as shown in
Figure 4.2.9a. Upon increasing the reaction time (1.5 h, and 2 h), the nanoporous structure becomes clearer
and the particle gradually grow up to 60 nm and 70 nm, respectively (Figure 4.2.9b-c). Further extending the
reaction time to 4 h, no significant change is observed for Pd@Pt particles in terms of sizes and shapes (Figure

4.2.9d). The compositions of intermediates at the different growth stages were also estimated by
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energy-dispersive X-ray spectroscopy (EDX) analysis. The Pd/Pt atomic ratio of Pd@Pt intermediates is close
70/30 at initial stage (0.5 h). As the reaction proceeded 1.5 h and 2 h, the Pd/Pt atomic ratio of Pd@Pt
intermediate changed from 55/46 then to 45/65. When reaction is extended to 4 h, the Pd/Pt atomic ratio in
Pd@Pt particles is estimated to be round 26/73. From these results, at initial stage, the preformed Pd seeds can
serve as in-situ nuclei for the subsequent heterogeneous deposition of Pt.*! As the reaction proceeds, the Pd

species are used up and the Pt species continue homogeneous growth of Pt on the particles.
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Figure 4.2.10 (a,b) CV curves of the nanoporous Pd, @Pt79, Pdy;@Pts3, Pdss@Pts,, and Pdss@Pt,s particles and PtB
catalyst recorded in 0.5 M H,SO, solution at a scan rate of 50 mV s™'. (b) Enlarged CV curves in the potential range of

-0.2t0 0.1 V.

The obtained Pd@Pt particles with different molar ratios of Pd/Pt were further characterized by
surface-sensitive electrochemical measurements.*?! The Pd@Pt particles were investigated in 0.5 M H,SOy4
solution by cyclic voltammetry, as shown in Figure 4.2.10. The nanoporous Pds;s@Pts; and Pdss@Ptss
samples not only exhibit typical adsorption peak of hydrogen on surface of pure Pt but also show a remarkable
adsorption peak of hydrogen on the surface of pure Pd at around -0.18 V. However, this adsorption peak of
hydrogen at around -0.18 V on Pd,;(@Pt7; sample significantly decreased. Such peak completely disappeared
on the Pd,@Pt79 sample, suggesting that the core Pd was blocked by the Pt shell. Generally, it is not proper for
calculating the electrochemically active surface area (ECSA) of Pd-containing Pt electrocatalysts by
measuring the total charge passed in the hydrogen region, because hydrogen atoms are absorbed in the bulk Pd

(33] But, some literature has demonstrated that the ECSAs of

lattice by the dissolution adsorption mechanism.
Pd-containing electrocatalysts can be calculated by integrating the charges associated with the hydrogen
region.[3 ' n this case, the Pd cores in the Pd,;@Pt;9 and Pd,7@Pt73 samples are almost completely covered by
Pt. Therefore, the ECSAs of the Pd,;@Pty9, Pdy;@Pt73, and Pt black (PtB) samples are roughly calculated by

integrating the charges associated with the hydrogen region. The ECSAs of Pd,;@Pt79, Pd27@Pt73, and PtB are
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Figure 4.2.11 (a) CV curves of MOR catalyzed by the nanoporous Pd,;@Pts9, Pdy;@Pts3, Pt/C-20% and PtB catalysts,
recorded in 0.5 M H,S0,+0.5 M CH;OH at a scan rate of 50 mV-s™. (b) Chronoamperometric curves (recorded at 0.6 V)
obtained in 0.5 M H,SO, +0.5 M CH;0H catalyzed by the nanoporous Pd,@Pt;, Pd,,@Pts;, Pt/C-20%, and PtB
catalysts. (c¢) CV curves of the nanoporous Pd,;@Pt;3, Pd;s@Pts,, Pdss@Pt,s particles obtained in 0.5 M H,SO,+0.5 M
CH;OH at a scan rate of 50 mV-s™. (d) chronoamperometric curves (recorded at 0.6 V) of the nanoporous Pd,;@Pt3,

Pd;s@Pts,, Pdss@Ptys particles obtained in 0.5 M H,SO,+0.5 M CH;0H.

To evaluate the performance of Pd@Pt particles, the electrocatalytic activity towards methanol oxidation
reaction (MOR) was investigated. Figure 4.2.11a shows the typical cyclic voltammograms (CVs) of methanol
oxidation in 0.5 M H,SO4 containing 0.5 M methanol solution at a scan rate of 50 mV s on nanoporous
Pd@Pt particles with different compositions, and PtB catalyst and Pt/C-20%. All the current densities were
normalized by Pt mass (mass activity). All of the nanoporous Pd@Pt samples possess a much higher
electrochemical activity than that of PtB, and Pt/C-20% (Figure 4.2.11a,c). As is well known, pure Pd
scarcely exhibits electrocatalytic performance toward MOR in acidic electrolyte. Therefore, I ascribe the
enhanced activity of the nanoporous Pd@Pt particles to the porous structure together with electronic effect by
the Pd core.***! Many literatures have reported that the ligand effects and strain effects producing in the

boundary between the core Pd and Pt shell can decrease the Pt-Pt distance, which improves the electrocatalytic

[17b,36

performance. ! The nanoporous Pd,;@Pt;3 nanoparticles also exhibit a negatively shifted onset potential,

compared to that of commercial PtB, and Pt/C-20% catalysts, indicating that the MOR can be more easily
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triggered on the nanoporous Pd,;@Pt;3 nanoparticles (Figure 4.2.11a,c). The peak current densities of
nanoporous Pd,@Pty, Pdy7(@Pty3, Pdss@Ptsy, and Pdss@Ptss particles are 390, 490, 418, and 380 mA
mg' Pt, respectively, indicating that the electrocatalytic activity of the nanoporous Pd@Pt particles is
composition-dependent. Nanoporous Pd,7@Pt7; particles exhibited the best electrocatalytic activity for MOR.
The obtained maximum electrocatalytic activity of nanoporous Pd,;@Pts3 particles (490 mA mg™ Pt) is about
7 and 2.1 times as large as that of the PtB catalyst (70 mA mg"_Pt) and Pt/C-20% (230 mA mg"'_Pt). Even
when the electrocatalytic activity was normalized by the metal mass (Pt+Pd), the nanoporous Pd,;@Pt;3 (408
mA mg"_(Pt+Pd)) still exhibited higher activity than that of commercial PtB (70 mA mg" Pt) and Pt/C-20%
(230 mA mg"' Pt) catalysts. Compared to previously reported Pt-based catalysts (Table 4.2.2), the
as-prepared Pd,;(@Pt;3 nanostructures exhibit higher current densities in mass activity, suggesting that the
nanoporous Pd@Pt nanoparticles have potential for use in fuel cells. I also examined the stability of the
nanoporous Pd@Pt particles in comparison to PtB and Pt/C-20%. Figure 4.2.11b and Figure 4.2.11d show
that the nanoporous Pd,;(@Pt;; particles exhibited a slower current decay and the higher oxidation current and
thus are more durable than that of PtB and Pt/C-20%. The probable reason is that the nanoporous structures in

the Pd@Pt particles are less vulnerable to aggregation and dissolution than PtB and Pt/C-20% catalyst.

Table 4.2.2. Comparsion of the activity of nanoporous Pd,;@Pt;; particles with previous reported Pt-based catalysts.

Scan rate Mass activity
Sample names Electrolytes Reference
(mV s™) (mA mg”_Pt)
Nanoporous Pdy;@Pts; particles 0.5 M H,SO,+0.5 M CH;0H 50 490 Present work
Dendritic Au@Pt nanoparticles 0.5 M H,SO,4+0.5 M CH;0H 50 120 Chem. Mater., 2010, 22, 6310
Phys. Chem. Chem. Phys.,
Ag@Pt nanoparticles 0.5 M H,S04+0.5 M CH;0H 50 150
2013, 15, 3490
J. Phys. Chem. C, 2010, 114,
Pd@Pt nanparticles 0.5 M H,S04+0.5 M CH;0H 50 376
11861
Pd@Pt nanoparticles 0.1 M HCIO,4+0.5 M CH;0H 50 ca. 350 Chem. Eur. J., 2014, 20, 7901
J. Power Sources, 2014, 268,
Nanoflower Pt;Co 0.1 M HCIO4+1.0 M CH;0H 50 385.1 744
PdPt alloy J. Mater. Chem. A, 2015, 3,
. ‘ 0.5 M H,S0,+1.0 M CH;0H 20 460.2
nanoparticles/Graphite 5204
Octahedra PtAg alloy 0.5M H,SO,+1.0 M CH;0H 50 ca. 350 Nanoscale, 2014, 6, 12310
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Hollow Pd@Pt nanoparticles

TeCuPt nanowires

Pt;Ni, chain-like nanohybrids

Hollow Pd@Pt nanoparticles

Au@Pd@Pt nanoparticles

0.5 M H,SO0,+1.0 M CH;OH

0.5 M H,SO,+1.0 M CH;OH

0.5 M H,SO,+1.0 M CH;OH

0.5 M H,S0,+1.0 M CH;0H

0.5 M H,S0,+1.0 M CH;0H

50

20

50

50

50

500

245

136

580

430

J. Power Sources, 2015, 274,
604

J. Mater. Chem. A, 2015, 3,
5850

Nanoscale, 2014, 6, 4635

J. Am. Chem. Soc., 2013, 135,
16762

Chem. Mater., 2011, 23, 2457

4.2.4. Conclusion

We have successfully prepared nanoporous Pd@Pt particles with controlled compositions, particle sizes, and

morphologies by a facile one-step method. The Pd/Pt feeding ratios are found to be critical for the formation of

nanoporous Pd@Pt particles with different shapes. The as-prepared nanoporous Pd@Pt particles

demonstrated composition-dependent electrocatalytic activity toward MOR. Among all the samples,

nanoporous Pd,;@Pt;3 particles exhibit the best catalytic performance toward MOR with mass activity up to

490 mA mg”"_Pt, which is 7 times and 2.1 times higher than that of commercial PtB catalyst (70 mA mg™'_Pt)

and Pt/C-20% (230 mA mg'l_Pt), respectively. We believe that this facile synthetic approach can be scaled up

easily and should be highly valuable for routinely producing new multimetallic core-shell structure with

controlled shapes, compositions, sizes and shell thicknesses.
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5.1.1. Introduction

Direct methanol fuel cells (DMFCs) are considered to be a promising energy-conversion device owing to its
high energy conversion efficiency, low pollutant emissions, relative ease of storage and transportation, and
high energy density.!"! Platinum (Pt) materials are presently the most commonly used catalysts because they
meet all the requirements for DMFCs, such as high efficiency, durability, and capability of scale-up. As is well
known, heterogeneous catalytic reactions can occur only when the reactants are adsorbed onto a catalyst
surface.”” Thus, creating Pt nanostructures with a more highly accessible surface area has been a reliable

method to dramatically improve catalytic activity.*!

Generally, when the particle size of the catalyst gradually decreases, the number of functional atoms or active
sites on particle surfaces increases. For example, small-sized Pt nanoparticles (<5 nm ), supported on the
substrates (e.g. activated carbon, mesoporous carbon, graphene, carbon nanotube), have become widely as
commercial catalysts.” However, the catalytic activity of such small-sized Pt nanoparticles can decline
because of particle aggregation in part due to their high surface energies.”! By virtue of their topology,
mesoporous architectures enable the creation of high surface area frameworks with material connectivity that

limits aggregation, improving stability without sacrificing catalytic activity.

Multicomponent catalysts with diverse compositions can effectively enhance the catalytic activity because
there is a close relationship between the composition and the performance.!® Along this direction, great efforts
have been made to develop morphology- and composition-controlled Pt-based nanostructures with a wide
range of compositions, including Au@Pt,m PtNi,™ PtPd,””! PtCo,!'”! PtCu!'). The rationale being that the
electrocatalytic activity and stability of Pt can be improved by downshifting the d-band center via alloying
with different 3d transition metals. For example, PtRu nanosponges with controlled surface compositions
exhibit enhanced Pt mass activity toward methanol oxidation reaction, which is about 2.6 times higher than

that of commercial Pt/C catalyst owing to an enhanced CO tolerance on PtRu alloys.'

Despite the significant progress in the synthesis of Pt-based catalysts, there have been few reports of
trimetallic Pt-based nanostructures with mesoporous architectures. This is partly due to the difficulty of
controlling the reduction kinetics of metals with different redox potentials, and complexation effects with the
surfactant during the nucleation and growth phase.!"*! Therefore, it is essential to develop a general and simple
method for the preparation of mesoporous trimetallic Pt-based catalysts to further optimize the electrocatalytic

performance.
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Here, I report a simple one-pot method that produces trimetallic PtPdRu spheres with uniform nanoporous
structure on the surface by a wet chemical reduction approach. The trimetallic nanoporous PtPdRu spheres
exhibited an enhanced catalytic activity toward methanol oxidation reaction compared with commercial Pt
black. Our approach, which is consistent with the requirements of green chemistry without the need for any
seeds, and organic solvent, is widely applicable to other multimetallic metals and has realistic potential for

large-scale production.

To prepare mesoporous trimetallic spheres, Pluronic F127 (0.004 mmol) was ultrasonically dissolved in the
precursor solution containing RuCls (0.02 mmol), Na,PdCl, (0.006 mmol), and K,PtCl, (0.03 mmol), and
hydrochloric acid (0.0036 mmol). After addition of ascorbic acid (AA) reducing agent, the mixture was mixed
for several hours. The final product was collected and washed by several consecutive washing/centrifugation

cycles using ethanol and water. The detailed experimental procedure is given in the experimental seaction.

5.1.2. Experimental Sections

5.1.2.1. Matrials

All chemicals and solvents were used as received without further purification. K,PtCly, Na,PdCls, RuCls,
ascorbic acid (AA), cetyltrimethylammonium bromide (CTAB), and methanol were purchased from Nacalai
Tesque, Inc. (Kyoto, Japan). Pluronic F127 and nonionic surfactant Brij58 were obtained from Sigma-Aldrich.
Commercial PB (HISPEC®1000) was supplied by Johnson Matthey Company. All solutions were prepared

with deionized water treated with a Millipore water purification system (Millipore Corp.).

5.1.2.2. Preparation of Mesoporous Trimetallic PtPdRu Spheres

To synthesize trimetallic nanoporous PtPdRu nanospheres, 0.3 mL Na,PdCls (20.0 mM in water), 1.5 mL
K,PtClg (20.0 mM in water), 1.0 mL RuCl; (20 mM in water), 60 pL HCI solution (6.0 M in water) and 50.4
mg Pluronic F127 were mixed together. After completely dissolving F127 under sonication, an aqueous
solution of 2.0 mL ascorbic acid (0.1 M) was added to the aforementioned solution. Then, the mixed solution
was kept for several hours. The residual Pluronic F127 was removed by several consecutive
washing/centrifugation cycles with ethanol and water. Finally, the sample was collected by centrifuging at
14000 rpm for 20 min. The as-prepared sample was stored in ethanol until the time of use and then dried at

room temperature.
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5.1.2.3. Characterization

Scanning electron microscope (SEM) observation was carried out using a Hitachi SU-8000 microscope
operated at 5.00 kV. Transmission electron microscope (TEM) and high-angle annular dark-field scanning
TEM (HAADF-STEM) observations were carried out using a JEOL JEM-2100F operated at 200 kV equipped
with an energy-dispersive spectrometer. The samples for TEM study were prepared by depositing a drop of
the diluted colloidal suspension on a carbon-coated copper grid. A wide-angle powder X-ray diffraction
(XRD) pattern was recorded with a Rigaku Rint 2500 diffractometer with monochromated Cu Ka radiation.
Low-angle XRD patterns were recorded by using a NANO VIEWER (Rigaku, Japan).

5.1.2.4. Electrochemical Test

Both CV and chronoamperometric experiments were performed using a CHI 842B electrochemical analyzer
(CHI Instruments, USA). A conventional three-electrode cell was used, including an Ag/AgCl (containing
saturated KCl) electrode as a reference electrode, a platinum wire as a counter electrode, and a modified glassy
carbon electrode (GCE) as a working electrode. The modified GCE was coated with as-produced samples (5.0
pg) and dried at room temperature. Then, 5.0 pL of Nafion (0.05 wt %) was coated on the surface of the
modified GCE and dried before electrochemical experiments. Prior to electrochemical experiments, the GCEs
modified with the samples were activated electrochemically by cycling the electrode potential between -0.2 V
and +1.5 V (vs. Ag/AgCl) in 0.5 M H,SO4 until CVs that were characteristic for a clean Pt electrode were

obtained.

5.1.3. Results and Discussion

The morphology and the mesoporous structure of the resulting product were characterized by electron
microscopy (Figure 5.1.1). The low-magnification scanning electron microscope (SEM) image reveals that
the as-prepared product consists of uniform spheres without any byproducts (e.g., irregular shaped particles,
nonporous bulk) (Figure 5.1.1a-b). The obtained spheres had an average diameter of ca. 100 nm (Figure
5.1.1¢). Interestingly, uniformly porous cavities (ca. 10 £+ 0.5 nm) were distributed over entire external surface
of the particles (Figure 5.1.1b), which is favorable for improving the active surface area and the mass
transport of guest molecules. Transmission electron microscope (TEM) images show that the product has an
overall well-defined spherical shape with holey surfaces (Figure 5.1.1d). High-resolution TEM (HRTEM)
image (Figure 5.1.1e) taken from the edge part of spheres reveals that they are composed of a large number of

tiny interconnected nanocrystals. The lattice spacing distance of the sample is 0.20 nm, which is in good
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agreement with a face-centered cubic (fcc) (200) crystal plane. The concentric rings in selected-area electron

diffraction (ED) (Figure 5.1.1f) patterns taken from one particle indicate it is the polycrystalline.
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Figure 5.1.1 (a) Low magnification SEM image, (b) high magnification SEM image, (c) particle size distribution
histogram, (d) TEM image, (e) high resolution TEM image, and (f) electron diffraction patterns of trimetallic

mesoporous PtPdRu spheres.

Electron microscopy provides a direct evidence of the formation of the mesoporous structure, but it is local
information. To get better information on the ensemble of the mesoporous sample, the product was further
characterized by low-angle X-ray diffraction (XRD). A diffraction peak in the low-angle region at 0.43° was
clearly observed, corresponding to the periodicity (i.e., pore-to-pore distance) of 20.5 nm (Figure 5.1.2a). The
BET surface area of the sample was measured to be ca. 28 m* g”'. The crystalline structure of the trimetallic
mesoporous sphere was determined by wide-angle XRD (Figure 5.1.2b). The XRD patterns show five peaks,
corresponding to (111), (200), (220), (311), and (222) diffraction peaks of a face-centered cubic (fcc) crystal
structure. The diffraction peaks are broad, indicating the product is made of the tiny nanocrystals. The average
grain size is ca. 4 nm calculated from the (111) diffraction peak based on the Scherrer equation,'* which is in

agreement with TEM observation (Figure 5.1.2d). Owing to a very high lattice match between Pt and Pd
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(99.23%), the peaks of the Pd and Pt elements in the XRD pattern are overlapped. However, compared with
standard diffraction patterns of Pt, the diffraction peaks of product are slightly shifted to higher angles. In
order to clearly confirm this peak shift, careful XRD measurement was carried out in the 20 range of 80° to 85°
at very slow scanning rate (0.01°-min™"). As shown in the inset of Figure 5.1.2b, the (311) peak of trimetallic
mesoporous PtPdRu is clearly shifted in the higher angle range, indicating the incorporation of smaller sized
Ru atoms into the Pt and Pd crystals.[ls] The electronic states of Pt, Pd, and Ru in mesoporous PtPdRu
spheres were measured by X-ray photoelectron spectroscopy (XPS). The doublet peak located at 71.4 eV
and 74.4 eV can be assigned to the Pt’ 4/7/2 and Pt’ 4f5/2. The binding energy of Pd 3d5/2 and Pd 3d3/2
located at 335.3 eV and 340.6 eV are ascribed to metallic Pd’. The metallic Ru® d3/2 is located at 284.4 eV.

The result clearly revealed that the Pt, Pd, and Ru elements are successfully reduced into metallic state.
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Figure 5.1.2 (a) Low-angle XRD, (b) wide angle XRD patterns of trimetallic nanoporous PtPdRu sphere, (c) high-angle
annular dark-filed scanning TEM (HAADF-STEM), and (d-f) elemental mapping images of the trimetallic nanoporous
PtPdRu spheres. Inset image in the panel (b) shows the slow scanning XRD profile at 26= 80-85°. Inset image in the
panel (d-f) shows the cross-sectional compositional line profiles of Pt, Pd, Ru elements, respectively, in individual

sphere.
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The atomic ratios of Pt:Pd:Ru was measured to be 84:8:8 by the inductively coupled plasma atomic emission
spectrometry data (ICP-AES). In order to understand the distribution of Pt, Pd and Ru in the spheres,
elemental mapping was employed. Figure 5.1.2d-f shows that the Pd, Pt, and Ru are evenly distributed on the
entire of the sphere, although the Pd is slightly concentrated at the interior of the particle. The line-scanning
profiles (inset of Figure 5.1.2d-f) clearly reveal the distribution of Pt, Pd and Ru elements across an individual
particle, consisting with the higher Pt content and lower content Pd and Ru, which is in agreement with the ICP
data. Previous studies reveal that the reduction of multiple metal species cannot be interpreted simply in
terms of their standard reduction potentials in the presence of organic additives (e.g., surfactant molecules)
due to their complicated reduction kinetics and complexation effect.!'® In the present system, although the
standard reduction potential of Pd complexes ([PACL,]*/Pd: +0.59 V vs. SHE) is lower than that of Pt
complexes ([PtCl4]*/Pt: +0.76 V vs. SHE) and higher than that of Ru complexes(Ru3+/Ru: +0.39 V vs. SHE),
the Pd species are more easily and preferentially reduced and Pd element slightly concentrated at the interior

of sphere as shown in elemental mapping image.

Figure 5.1.3 SEM images of the samples prepared at different conditions: (a) in the absence of F127, (b) by replacing

AA with NaBHj, (¢) in the absence of HCI.

Hydrochloric acid, ascorbic acid, and surfactant (F127) were necessary for the synthesis of mesoporous
trimetallic PtPdRu spheres in this method. When no surfactant was used, non-porous aggregates are obtained,
revealing that the surfactants not only serves as pore directing agent, but also play a key role for preventing the
particle aggregations (Figure 5.1.3a)..'”) When the concentration of surfactant F127 is above critical micelle

concentration (CMC), it self-assembles into spherical micelles composed of a PEO shell and a PPO core that
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serves as a pore-directing agent to form the mesoporous structure. During deposition of the metals, the metal
precursors are incorporated in the PEO shell region of the micelles by the hydrogen bonding.!"*! The
spherical-like shapes are constructed through the close packing of hybrid of micelles and deposited metals.
Recent works have shown that the morphology and structure of metallic materials are strongly dependent on
reducing agents and reduction rates.!'” Therefore, I selected a mild reducing agent to give a slow reduction
rate. When ascorbic acid was replaced with stronger reducing agents (e.g., NaBH,), the reduction rate
increased significantly and yielded only small nanoparticles owing to uncontrollable metal deposition (Figure
5.1.3b). Additionally, when the reaction is carried out in the absence of HCI, non-porous spheres are obtained
(Figure 5.1.3¢). In this study, HCI can decrease the reduction capacity of ascorbic acid and further manipulate
reduction kinetics, according to the following equilibrium equation: C¢HgOg <> CsHOg + 2H" +2¢. Generally,
slow reaction rate can provide enough time for metal seeds to approach and adsorb on the surface of the
micelles template.*” During the further growth of metals, the micelles can effectively act as a template for the

formation of mesoporous structure.
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Figure 5.1.4 (a) Cyclic voltammograms (CVs), (b) chronoamperometric curves (recorded at 0.6 V) for methanol
oxidation reactions catalyzed by mesoporous trimetallic PtPdRu catalyst (black plots), mesoporous binary nanoporous

PtPd catalyst (red plots), and PtB catalyst (blue plots).

The as-prepared mesoporous trimetallic PtPdRu spheres are expected to have enhanced catalytic performance
compared with those of the bimetallic PtPd and Pt black (PtB) catalysts. The current densities were
normalized by the Pt mass activity. Figure 5.1.4a shows the cyclic voltammograms (CVs) of methanol

oxidation reaction catalyzed by the three different catalysts. The characteristic methanol oxidation peaks were
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identified in the forward and backward sweeps in 0.5 M H,SO,4 containing 0.5 M methanol solution at a scan
rate of 50 mV s'. It was evident that the mesoporous trimetallic PtPdRu sample shows a higher
electrochemical activity than bimetallic PtPd and PtB catalysts. The current density of mesoporous trimetallic
PtPdRu spheres was 294 mA mg™'_Pt, which was about ~1.3, and 4.9 times higher than bimetallic PtPd (225
mA mg”' Pt), and PtB (60 mA mg™' Pt) catalysts, respectively (Figure 5.1.4a). Furthermore, the mesoporous
trimetallic PtPdRu spheres exhibit a negatively shifted onset potential for electrochemical oxidation of
methanol compared to those of bimetallic PtPd, and PtB catalysts, indicating the mesoporous trimetallic
PtPdRu catalyst is capable to trigger the methanol oxidation efficiently (Figure 5.1.4b). In general, the ratio of
the forward peak current density and the backward peak current density (I¢/Ip) can be used to monitor the
tolerance of the catalysts for CO-poisoning.”"! The IyI, values are 0.97, 0.80, and 0.72 for the trimetallic
nanoporous PtPdRu, bimetallic PtPd catalyst and PtB catalyst, respectively. It is known that the incorporation
of Ru and/or Pd into the Pt catalyst improves the tolerance for CO poisoning.*? The tolerance to CO
poisoning of nanoporous PtPdRu can be partially attributed to neighboring Ru atoms, which can provide
oxygen-containing species for reaction intermediates to complete the oxidation'**! and the Pd atom, which
increases Pt d-band vacancies and modify the electronic structure.** Chronoamperometry, which is a useful
method for evaluating of electrocatalyst stability in fuel cells, was employed to investigate the stability of
different catalysts. Figure 5.1.4¢ reveals that the mesoporous trimetallic PtPdRu spheres exhibit slower current

decay and keep higher catalytic current owing to the mesoporous structure is less vulnerable to aggregation.

5.1.4. Conclusion

In summary, we have synthesized mesoporous trimetallic PtPdRu spheres via a facile and green method
without the need for any organic solvent, pre-formed seeds or high temperatures. The presence of HCI, F127
and ascorbic acid was essential for the formation of the mesoporous trimetallic PtPdRu materials. These
mesoporous trimetallic PtPdRu spheres show enhanced electrochemical activities toward methanol oxidation
reaction compared with bimetallic PtPd catalysts and PtB catalyst. This simple synthetic procedure should
offer a general approach to design other trimetallic nanoporous Pt-based catalysts with the appropriate

precursor solution to make other promising catalysts for fuel cells and other catalytic reactions.
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5.2.1. Introduction

Platinum (Pt) catalysts have attracted considerable attention because they are effective catalysts for both
anodic oxidation (e.g., methanol, hydrogen) and cathodic reduction (oxygen) in fuel cells."! However, the
commercialization of fuel cells has been seriously obstructed by the slow kinetics of cathodic reactions, the
poor stability, and the high cost of non-replaceable Pt.””) Considerable efforts have been made to develope
Pt-based catalysts with high performance while using a minimal amount of Pt.”) One of the promising
strategies is to introduce nonprecious metals into Pt catalyst to form multicomponent Pt-based composites,
such as random/intermetallic alloys or core-shell structures, owing to the modification of the electronic
structure and the rearrangement of surface atoms.” Recently, many studies have revealed that Pt-based
ternary catalysts with tuneable compositions have enhanced electrocatalytic activity toward fuel cells
compared to their unitary or binary counterparts. For instance, Qu et al. reported a two-step synthesis of
ternary Pt/PdCu nanoboxes by the hydrothermal method at relative high temperature. The catalytic activity of
ternary Pt/PdCu nanoboxes toward ethanol oxidation was 6 times enhanced in comparison with that of the
PdCu catalysts. The probable reason is the synergetic effect between the individual components in the ternary
system.[* Recently, ultrathin one-dimensional ternary PtPdTe nanowires synthesized by using Te wires as
template exhibited an enhanced Pt mass activity toward methanol oxidation reaction, which is 2.4 times higher
than that of binary PtTe catalyst."”! Similar results have been observed with other ternary catalysts such as
FePtAu, PtNiFe, PtAuRu, and so on.! Thus, developing novel Pt-based ternary catalysts is currently one of

the most effective strategies to enhance the usage efficiencies.

On the other hand, it has been well-established that the performances of catalysts can be affected depending on
their morphologies, sizes, compositions, and porous structures. Among these nanostructures,
three-dimensional (3D) nanoporous structures are proved to be effective constructions to achieve a high
catalytic performance.l’) This 3D nanoporous structure consists of interconnected metallic nanoparticles
embedded in the pore walls, offering large surface areas, abundant active sites, and facilitate the diffusion of
reactant/product species. In addition, self-standing nanoporous structures are less vulnerable to aggregation
and dissolution than nanoparticles during the catalytic progress. For instance, dendritic platinum
nanostructures favor high catalytic performance and utilization efficiency owing to their high surface areas
and lower densities."” Liu er al. reported a strategy for the synthesis of PtRh alloy with a 3D nanoporous

structure which have a better catalytic activity and durability than Pt black.[*! Despite great advances in 3D
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nanoporous structure, however, only a few facile methods for creating ternary metal catalysts with 3D
nanoporous structures have been reported so far because of the difficulties encountered in kinetic control of
nucleation/growth in the multiple metal precursors and the limitation in formation of concave metallic porous
structures.®! Therefore, the development of a facile and effective route for large-scale preparation of Pt-based

ternary catalyst with 3D porous nanostructure is still an urgent matter to be addressed.

In the present work, I report a facile strategy for synthesizing ternary PtPdCu spheres with a 3D nanoporous
structure by aqueous one-pot method. Unlike high temperature-based and organic solvent-based approaches,
our strategy is consistent with the requirements of green chemistry as only water is used as solvent. More
importantly, I combine the respective advantages of ternary hetero-structure and 3D nanoporous structure to
maximize the catalytic performance. Compared with binary nanoporous PtPd catalyst, dendritic Pt catalyst
and Pt black catalyst, the ternary nanoporous PtPdCu catalyst exhibited 1.7, 2.8 and 4.9 times higher

electrochemical activity, respectively.

5.2.2. Experimental Sections

5.2.2.1. Materials

All chemicals and solvents were used as received without further purification. H,PtClg, Na,PdCly, CuCl,,
ascorbic acid (AA), hydrochloric acid, sulfuric acid and methanol were purchased from Nacalai Tesque, Inc.
(Kyoto, Japan). Pluronic F127 and nonionic surfactant Brij58 were obtained from Sigma-Aldrich.
Commercial PB (HiISPEC®1000) was supplied by Johnson Matthey Company. All solutions were prepared

with deionized water treated with a Millipore water purification system (Millipore Corp.).
5.2.2.2. Preparation of Materials

Preparation of ternary nanoporous PtPdCu spheres

In a typical synthesis of ternary nanoporous PtPdCu spheres, 1.5 mL Na,PdCl, (20.0 mM), 1.5 mL H,PtCle
(20.0 mM), 1.5 mL CuCl; (20 mM), 0.2 mL HCI solution (6.0 M) and 50.0 mg Pluronic F127 were mixed.
After dissolving F127 under sonication, 2.0 mL ascorbic acid (0.1 M) was added to the aforementioned
solution, giving a 0.03 mmol of Na,PdCl4, H,PtCls and CuCl; in an equimolar ratio. Then, the mixed solution
was kept in an oil bath for 4 h at 95 °C. The residual Pluronic F127 was removed by several consecutive

washing/centrifugation cycles with ethanol and water. Finally, the sample was collected by centrifuging at
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14000 rpm for 20 min. The as-prepared sample was stored in ethanol until the time of use and then dried at

room temperature.

Preparation of bimetallic nanoporous PtPd spheres

The synthesis of nanoporous PtPd spheres was similar to the synthesis of nanoporous PtPdCu spheres except
without addition of CuCl,. 1.5 mL Na,PdCl, (20.0 mM), 1.5 mL H,PtClg (20.0 mM), 0.1 mL HCI solution (6.0
M) and 50.0 mg Pluronic F127 were mixed. After dissolving F127 under sonication, an aqueous solution of
2.0 mL ascorbic acid (0.1 M) was added to the aforementioned solution. Then, the mixed solution was kept in
an oil bath for 4 h at 95 °C. The residual Pluronic F127 was removed by several consecutive
washing/centrifugation cycles with ethanol and water. Finally, the sample was collected by centrifuging at
14000 rpm for 20 min. The as-prepared sample was stored in ethanol until the time of use and then dried at

room temperature.

Preparation of dendritic Pt nanoparticles

The dendritic Pt nanoparticles were prepared by a wet chemical reduction process reported previously.[g]
Firstly, an aqueous solution consisting of nonionic Brij58 surfactant was prepared under stirring. Then,
K,PtCly and ascorbic acid (AA) were added to the surfactant Brij58 solutions, making the final concentration
of K,PtCly and AA to be 5 mM and 12.5 mM, respectively. The final concentration of Brij58 in solution was
0.5 wt%. Then, the reaction solution was incubated without any external treatment for 12 h at room
temperature. Finally, the sample was collected by centrifugation at 14000 rpm for 20 min and the residual
Brij58 was removed by several consecutive washing/centrifugation cycles with ethanol and water. The

as-prepared sample was stored in ethanol and then dried at room temperature.

5.2.2.3. Characterization

Scanning electron microscope (SEM) observation was carried out using a Hitachi SU-8000 microscope
operated at 5.00 kV. Transmission electron microscope (TEM) and high-angle annular dark-field scanning
TEM (HAADF-STEM) observations were carried out using a JEOL JEM-2100F operated at 200 kV equipped
with an energy-dispersive spectrometer. The samples for TEM study were prepared by depositing a drop of
the diluted colloidal suspension on a carbon-coated copper grid. A wide-angle powder X-ray diffraction
(XRD) pattern was recorded with a Rigaku Rint 2500 diffractometer with monochromated Cu Ka radiation.
Low-angle XRD patterns were recorded by using a NANO VIEWER (Rigaku, Japan).
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5.2.2.4. Electrochemical Test

Both CV and chronoamperometric experiments were performed using a CHI 842B electrochemical analyzer
(CHI Instruments, USA). A conventional three-electrode cell was used, including an Ag/AgCl (containing
saturated KCl) electrode as a reference electrode, a platinum wire as a counter electrode, and a modified glassy
carbon electrode (GCE) as a working electrode. The modified GCE was coated with as-produced samples (5.0
pg) and dried at room temperature. Then, 5.0 pL of Nafion (0.05 wt %) was coated on the surface of the
modified GCE and dried before electrochemical experiments. Prior to electrochemical experiments, the GCEs
modified with the samples were activated electrochemically by cycling the electrode potential between -0.2 V
and +1.5 V (vs. Ag/AgCl) in 0.5 M H,SO4 until CVs that were characteristic for a clean Pt electrode were

obtained.

5.2.3. Results and Discussion

80 0 1% '1H_1_!|l 130 140 150" 160

Particic size (nm) 150 nm

Lo, ;.,,

Figure 5.2.1 (a) Low magnification SEM image and particle size distribution, (b) high magnification SEM
image, (c) TEM image, (d) HRTEM image of typical nanoporous PtPdCu spheres. The inset in pannel (c) is the

SAED pattern obtained from the single PtPdCu sphere.

The nanoporous structure of the obtained samples was firstly studied by scanning electron microscope (SEM).
Well dispersed nanoporous spheres with uniform size and a diameter of 115 + 15 nm can be observed over the
entire area (Figure 5.2.1a). The highly magnified SEM image (Figure 5.2.1b) shows that well-defined
nanopores are uniformly distributed over the particle surface. The structure of the samples is further
investigated by TEM. Figure 1c-d reveals that the pore walls are composed of a multitude of interconnected

small nanoparticles with an average size of 5 nm. Even at the particle center, sponge-like nanoporous
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structures are formed. It also be seen from diffraction spots with arcs in the selected-area electron diffraction

(SAED) that the sample is highly polycrystalline (Figure 5.2.1c¢ inset).

SEM and TEM observations are powerful tools for determining the nanoporous structures, even though these
data remain “local”. In order to get the average information from the entire sample, the PtPdCu spheres are
characterized by low-angle X-ray diffraction (XRD) patterns. A broad peak in the low-angle region (d =17.5
nm) was observed, corresponding to the periodicity (i.e., pore-to-pore distance) of the nanoporous structure in
the obtained sample (Figure 5.2.2a). The nitrogen isotherm of the ternary nanoporous PtPdCu spheres gave a

large surface area of 63.5 m” g'. This value is comparable or higher than those of most reported dendritic Pt
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Figure 5.2.2 (a) Low-angle and (b) wide-angle XRD patterns of the typical nanoporous PtPdCu spheres, (c) wide-angle
XRD patterns of the pure Pt, and ternary nanoporous PtPdCu spheres with different molar ratios of Cu, (d) the

relationship of the (111) diffraction angles vs. different molar ratios of Cu in ternary nanoporous PtPdCu.

The wide-angle XRD patterns (Figure 5.2.2b) of the typical sample is characteristic of a metallic
face-centered cubic (ffc) structure. No other diffraction peaks of monocomponent Cu, Pt, or Pd were observed,
indicating the probable formation of single-phase alloys. Compared with the standard diffraction patterns of
Pd and Pt, all the diffraction peaks of PtPdCu are slightly shifted to higher angles, suggesting the substitution
of the smaller Cu metal atoms.!"”) The average grain size can be calculated from the (200) diffraction peak

M returning a diameter of approximately 6.0 nm, supporting the averaged

based on the Scherrer equation,
nanoparticle size observed in Figure 5.2.1c-d. The Pt:Pd:Cu atomic ratio in the sphere measured by
inductively coupled plasma mass spectrometry (ICP-MS) is ca. 38:37:25. The quasi-equimolarity of Pt and Pd

suggests Pt and Pd precursors were completely reduced. On the other hand, the Cu species have not
113



Chapter 5.2.

completely reacted, which may be ascribed to the Cu” species having a lower reduction potential (Cu*'/Cu:
+0.34 V vs. Standard Hydrogen Electrode, SHE) than that of Pt and Pd species ([PdC1,]*/Pd: +0.62 V vs. SHE,
[PtCls]*/[PtCL]*: +0.73 V vs. SHE, and [PtCl3]*/Pt: +0.76 V vs. SHE).l'"¥ The Cu content in the samples can
be increased, by increasing the amount of Cu precursor in the synthesis. As a result, the XRD peaks shift
linearly towards higher angles with increasing the amount of amount of Cu precursor (Figure 5.2.2c).
According to Vegard's law, the diffraction peak of the metal alloy with the molar composition should locate

between the peaks of pure metals!'!

and a linear relation should exist between the crystal lattice parameter of
an alloy and the content of the constituent elements (Figure 5.2.2¢)."Y Therefore, I can confirm that the
as-prepared ternary PtPdCu spheres display an alloy phase. In addition, the ternary PtPdCu spheres with a
uniform porous structure could be well retained even after modifying the Cu content from 5.4% to 23.8%

(Figure 5.2.3).

Figure 5.2.3 SEM images of the ternary nanoporous PtPdCu spheres with different amount of Cu: (a) nanoporous

Pty4Pd44Cuy; spheres, (b) nanoporous Pt;sPd;;,Cuys spheres, and (c¢) nanoporous Pt3gPd,;Cuy; spheres.

The electronic states of Pd, Pt, and Cu in the nanoporous PtPdCu spheres were investigated by X-ray
photoelectron spectroscopy (XPS). As shown in Figure 5.2.4a, the Pt’ 4/ doublet located at 71.1 eV and 74.5
eV can be observed. Figure 5.2.4b shows that the binding energy of Cu 2p3/2 and Cu 2p1/2 located at 932.1
eV and 951.8 eV can be ascribed to metallic Cu’. It has been generally known that Cu is easily oxidized in air,
but the Cu atoms in the alloy state are stable. The binding energies at 335.2 eV and 340.5 eV are assigned to
the Pd 3d5/2 and Pd 3d3/2 (Figure 5.2.4¢). The Pt 4/ binding energy in ternary nanoporous PtPdCu spheres
negatively shift (around 0.2 eV) compared to that in the commercial Pt black, indicating that Pt atoms would
accept a partial charge transferred (Figure 5.2.4d).""” This change in the electronic state of Pt further confirms

the formation of an alloy phase. The peaks of these elements indicate that metallic state of Pt, Pd and Cu exist
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in the sample.
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Figure 5.2.4 High resolution XPS spectra of the typical nanoporous PtPdCu spheres ((a) Pt 4f, (b) Cu 2p, (c) Pd

3d, and (d) Comparison of the XPS spectra of the Pt 4f;,, for both PtPdCu spheres and pure Pt).
b Pt
! 50 nm

Figure 5.2.5 (a) High-angle annular dark-filed scanning TEM (HAADF-STEM) showing the nanoporous structure,

and (b-d) elemental mapping images of the typical nanoporous PtPdCu spheres.

Considering the standard reduction potentials of each precursor, it is expected that a Pt/Pd rich core is
preferentially formed, followed by the growth of a Cu-rich shell in the ternary PtPdCu spheres. In the present
system, however, Pd, Pt, and Cu are uniformly distributed, as shown in the elemental mapping images

(Figure 5.2.5). It was observed that the reduction of the Cu precursor only occurs when a second or third
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metal precursor was mixed with the Cu precursor (e.g., Pd/Cu, Pt/Cu, or Pd/Pt/Cu) (Figure 5.2.6).
These results indicate that the reduction of Cu precursor only takes place with the trigger of the preformed
noble metal nanocrystal seeds. At the initial stage, the noble metal nuclei are reduced and serve as seeds to
induce the formation of Cu atoms on the surface of noble metal nuclei.!'? Afterwards, the Cu atoms mixed

with the noble metal atoms through interdiffusion processes. 1]
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Figure 5.2.6 (a) Photographs of different precursors before and after reduction reaction, (b) XRD patterns of binary

PtCu, and binary PdCu nanostructure obtained in (a).
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Figure 5.2.7 TEM, SEM images and particle sizes distributions of the samples taken at different reaction times: (a) 3
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min, (b) 30 min, (¢) 60 min and (d) 90 min.

We further studied the time-dependent morphological change by SEM and TEM. In Figure 5.2.7a, the TEM
image shows that at the beginning of the reaction (3 min), small-sized particles (around 44 nm). At this time,
the nanoporous structure is not well developed on the particle surface. With increasing the reaction time, the
diameter of the particles expands up to ~55 nm (Figure 5.2.7b) (30 min) then to ~78 nm (Figure 5.2.7¢) (60
min). During the particle growth, the nanoporous structure becomes prominent as the particle size increases.
When the reaction time is further extended to 90 min, the size of nanoparticles reaches around 115 nm
(Figure 5.2.7d). It has been recognized that F127 can be served as both stabilizing agent and pore-shaping
agent during the synthesis of nanoporous oxide, nanoporous carbon, and nanoporous metals.!"*! Without the
addition of F127, only non-porous aggregates were obtained. When a smaller amount of F127 (3 mg) was used,
similar nanoporous structure was observed, but some particles were significantly aggregated. Thus, the
insufficient amount of F127 cannot inhibit particle aggregation effectively. When the amount of F127 was
increased up to 50 mg, the desired ternary PtPdCu spheres were found without any by-products. In the solution,
the dissolved metal species are coordinated by water molecules to form metal-aqua complexes. The
coordinated water molecules usually interact with ethylene oxide (EO) groups of the F127 micelles, as
demonstrated in our previous studies.["*! Therefore, the metal-aqua complexes dissolving in the solution are
incorporated in the PEO shell region of the micelles. The F127 micelles can directly act as a structural
directing agent. The above results reveal that the F127 play an important role in formation of both the

spherical shape and the nanoporous structure.
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Figure 5.2.8 (a) cyclic voltammograms, (b) linear-sweep voltammograms, and (c) chronoamperometric curves
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(recorded at 0.6 V) for methanol oxidation reactions catalyzed by (i) nanoporous PtPdCu catalyst, (ii) binary

nanoporous PtPd catalyst, (iii) dendritic Pt catalyst and (iv) Pt black catalyst.

To evaluate the performance of the ternary nanoporous PtPdCu spheres, the electrochemical catalytic
activity toward methanol oxidation reaction was investigated. Nanoporous PtPd spheres, dendritic Pt
nanoparticles, and Pt black were used for comparison. Figure 5.2.8a shows the typical cyclic
voltammograms (CVs) of methanol oxidation in 0.5 M H,SO, containing 0.5 M methanol solution at a scan
rate of 50 mV s on ternary nanoporous PtPdCu catalyst, binary nanoporous PtPd catalyst, dendritic Pt
catalyst and Pt black catalyst. All the current densities were normalized by the Pt mass (mass activity). All
the catalysts exhibited typical features of methanol oxidation performance on the Pt surface. The as-prepared
nanoporous ternary PtPdCu catalyst exhibit superior electrochemical activity as its current densities is 0.43
A mg' Pt, which is about 1.7, 2.8 and 4.9 times than that of binary nanoporous PtPd (0.252 A mg™' Pt),
dendritic Pt nanoparticles (0.153 A mg" Pt), and Pt (0.087 A mg™" Pt) black catalysts, respectively. This
result highly supports the assumption that ternary compositions in all-metal catalysts have higher catalytic
activity than unitary or binary counterparts due to the synergetic function of individual components.
Furthermore, our as-prepared ternary nanoporous PtPdCu spheres exhibited a negatively-shifted onset
potential for electrochemical oxidation of methanol compared to that of binary nanoporous PtPd, and Pt

black catalysts, indicating that the methanol oxidation reactions were facilitated (Figure 5.2.8b).

The origin of the enhancement in MOR for ternary nanoporous PtPdCu spheres with three-dimensional
nanoporous architectures can be explained by composition and porous structure effects. Firstly, in the PtPdCu
alloy system, the electronic structure modification (lowering d-band shift) of Pt surface by alloying with
heteroatoms (e.g., Cu or Pd), as demonstrated in the XPS analysis, can promote the catalytic activity,[10’19]
which has been commonly observed in Pt-based alloys.*” Second, the enhanced activity may be attributed to

the nanoporous structure with high surface area to facilitate the diffusion of reactant/product species.'!

Compared to previously reported Pt-based catalysts (Table 5.2.1), our prepared ternary nanoporous PtPdCu
catalyst exhibits higher current densities, showing the potential of this material for practical electrocatalytic
applications in methanol oxidation reaction. Figure 5.2.8¢ clearly reveals that both the ternary nanoporous
PtPdCu catalyst and binary PtPd have a higher durability toward methanol oxidation compared with

nanoparticles because the nanoporous structure provides a superior stability by preventing aggregation.

Table 5.2.1 Comparsion of the activity of ternary nanoporous PtPdCu spheres with previous reported Pt-based
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catalysts
Scan rate Mass activity
Sample names Electrolytes Reference
(mV s™) (Amg"! Pt)
Nanoporous PtPdCu
0.5 M H,S0O,+0.5 M CH;0H 50 0.43 Present work
nanoparticles
Dendritic Au@Pt nanoparticles 0.5 M H,SO,+0.5 M CH;0H 50 0.12 [22]
Core-shell Ag@Pt nanoparticles 0.5 M H,SO,4+0.5 M CH;0H 50 0.15 [23]
Nanodendrites PtCu 0.5 M H,SO,+1 M CH;0H 50 0.34 [17a]
Core-shell Pd@Pt 0.1 M HCIO,+0.5 M CH;0H 50 0.35 [24]
Hollow Pt-Ru 0.5 M H,S04+0.5 M CH;0H 50 0.38 [3b]
Nanoflower Pt;Co 0.1 M HCIO,+1.0 M CH;O0H 50 0.39 [25]
Concave PtPdCu 0.1 M HCIO,+1.0 M CH;OH 50 0.16 [19c¢]

5.2.4. Conclusion

In summary, we have demonstrated a facile aqueous-phase method for the fabrication of ternary PtPdCu
spheres with 3D nanoporous structure. F127 plays a critical role in formation of the porous structure and in
giving a spherical morphology. The electrocatalytic activity of this catalyst toward methanol oxidation was
also evaluated in comparsion with binary nanoporous PtPd and Pt black catalysts. Due to the porous effect, the
ternary nanoporous PtPdCu catalyst has a superior activity than the corresponding binary nanoporous PtPd,
dendritic Pt nanoparticles and Pt black catalysts. In addition, this facile and simple synthetic procedure can be

extended to the fabrication of many other ternary metal catalysts by selecting appropriate precursor solutions,

which will lead to favorable compositions.
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Chapter 6.1.

6.1.1. Introduction

‘Surfactant assembly’ provides a general way for preparing ordered mesoporous materials.!"

Many
mesoporous materials with different mesostructures and morphologies have been obtained by optimizing the
synthetic conditions, even a same surfactant can result in different mesopore arrangements by changing the
concentration. Among various morphologies, mesoporous films have sparked many keen interests in a wide
range of potential applications (e.g., catalysis, energy storage, photonic therapy) due to their high accessible
active surface, superior structural stability and unique functions.”” In general, the surfactant micelles tend to
orient parallel to the substrate in order to reduce the surface energy at the interface, resulting in mesochannels
inevitably oriented parallel to the substrate and making the internal mesopores inaccessible. Considering
practical applications, a precise control over the mesopore orientation is a critical issue to overcome in order to
fully exploit the internal pores. Perpendicularly oriented mesochannels in films are an ideal structure which
allows the diffusion of reagents from the exterior region to the inner parts, thus favoring the high utilization
efficiency brought by the mesopores.”] Although several strategies employing high magnetic field,™
electro-assisted self-assembly,[s] air ﬂow,[6] confined effect,m and optimal evaporation-induced self-assembly
(EISA)™ have been previously employed for achieving vertically oriented mesochannels, the compositions in

pore walls have been mostly limited to silica, carbons, organosilica, titania, and alumina. To the best of our

knowledge, there have been no reports on metal films with perpendicular mesochannels.

Mesoporous metal films possess a high surface area and their fairly stable metallic frameworks provide a large
number of catalytically active sites, thereby exhibiting fascinating catalytic properties.'”! Palladium (Pd) has
been well known as an exceptional catalyst for a rich variety of applications, including oxidation of fuels,
carbon-carbon coupling reactions and hydrogen storage/detections.!'” Therefore, mesoporous Pd films with
perpendicular mesochannels can bring out many superior electrochemical applications which cannot be
achieved by other previously reported mesoporous films.[*® Although several approaches using lyotropic
liquid crystals, surfactant micelles, hard-templates have been utilized for the preparation of mesoporous

metals,!"") mesoporous metal films with perpendicular mesochannels have never been achieved.

Herein, I report a sophisticated amperometric approach which reduces the Pd species decorated on the surface
of the micelles leading to the formation of continuous Pd films with vertically aligned mesochannels. The
resulting mesoporous Pd films distinctly fully exploit the ultra-high surface area ensued from the mesoporous

architecture and clearly exhibit linearly increasing electro-catalytic activities with increasing the film
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thickness. In this work, a solution containing cationic surfactant, cetylmethylammonium chloride (C;cTAC),
and Na,PdCl, was firstly prepared and used as electrolyte. Then, a conductive Au substrate was employed as a
working electrode for the electrodeposition of Pd at a constant potential for 600 s under optimized conditions.

After completely removing the surfactants, Pd films with perpendicular mesochannels were obtained.

6.1.2. Experimental Sections

6.1.2.1. Materials

Sodium tetrachloropalladate (Na,PdCls), 0.5 M sulfuric acid, and formic acid were purchased from Nacalai.
Co. Cetylmethylammonium chloride solution (25 wt% in water) was purchased from Sigma-Aldrich. All the

chemicals were used without further purification.

6.1.2.2. Preparation of Mesoporous Pd Films with Perpendicular Channels

The electrochemical fabrication of mesoporous Pd films was performed by using a CHI 842B electrochemical analyzer
(CH Instrument, U.S.) with a standard three-electrode cell system, including an Ag/AgCl (saturated KCI) electrode as
the reference electrode, a platinum wire as the counter electrode, and gold-coated silicon (Au-Si) substrate as the
working electrode. The Au-Si substrate was set in an aqueous solution (9.0 mL) containing 0.5 mL of
cetylmethylammonium chloride solution and 0.5 mL of 40 mM sodium tetrachloropalladate (Na,PdCl,) in a water bath
pre-heated at 50 °C. Due to the strong interaction between [C;,TA]" and [PdCl4]*, the precipitate was formed when the
Pd precursor was added to the surfactant solution. With the increase of bath temperature (over 50 °C), the mixture
becomes transparent. Therefore, here 50 °C was selected in the present work. A constant potential of 0.0 V vs. Ag/AgCl
was then used for electrodepositing the mesoporous Pd films with perpendicular channels. The obtained films were then
soaked in ethanol for 24 h to thoroughly remove the surfactants, and then dried with nitrogen gas for further
characterizations. The electrochemical surface area (ECSA) of the films was calculated according to the method
proposed by Woods. - Flectroanal: Chem- 1971, 31.291 At 3 potential of about 1.50 V vs. RHE, a Pd oxide monolayer would form
on the Pd surface. With the assumption of 424 pC-cm™ for the reduction of the Pd oxide, the ECSA of Pd can be
calculated. The geometric area of the mesoporous Pd electrode used in this experiment was 0.3 cm”. The nonporous Pd

films were also prepared following the same procedure, but without adding CTAC.

6.1.2.3. Characterization

Scanning electron microscopy (SEM) images were obtained using a Hitachi HR-SEM SU8000 microscope at an
accelerating voltage of 5 kV. Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images
were taken using a JEOL JEM-2100F microscope at an accelerating voltage of 200 kV. Small angle X-ray scattering
(SAXS) profiles were recorded by a Rigaku NANO-Viewer (Cu Ka radiation) with a camera length of 700 mm operated
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at 40 kV and 30 mA. Wide-angle film X-ray diffraction (XRD) profiles were recorded with a Rigaku SmartLab

3kW-BU diffractometer with monochromated Cu Ka radiation.

6.1.2.4. Electrochemical Test

Cyclic voltammograms (CVs) were performed with a CHI 842B electrochemical analyzer (CH Instrument,
USA). A conventional three-electrode cell was used, including an Ag/AgCl electrode as a reference electrode,
a platinum wire as a counter electrode, and the Pd films (mesoporous Pd, nonporous Pd or Pd black) as a
working electrode. In the case of the commercially available Pd black (PdB) catalyst, a glassy carbon
electrode (GCE) was used as the working electrode. Prior to the surface coating, the GCE was polished with
1.0 and 0.05 um alumina powder, rinsed with deionized water and dried under a nitrogen gas flow. 5.0 pg of
the PdB suspension was then coated on the surface of the GCE. After drying in atmospheric condition, a
Nafion solution (5.0 puL, 0.5 wt%) was subsequently coated on the surface and dried at room temperature
before further electrochemical measurements. All potential values were referenced to an Ag/AgCl (saturated
KClI) electrode. The formic acid oxidation reaction investigations were carried out in 0.5 M H,SO4 solution

containing 0.5 M formic acid.

6.1.3. Results and Discussion

The top surface and cross-section of the obtained films were studied by scanning electron microscope (SEM)
and transmission electron microscopy (TEM). From the top-view, uniformly sized mesopores are distinctly
distributed over the entire area of the film without any defects, cracks, or bumps (Figure 6. 1.1a-b). The size
of the mesopores is homogeneously distributed with a predominant pore size of 2.1+0.2 nm separated by pore
walls of 3.3£0.2 nm. Various mesoporous materials have been synthesized using cetylmethylammonium
chloride/bromide (C;sTAC/CsTAB) with the same hydrocarbon chain length as the pore directing agents. The
cross-sectional TEM image and the high-angle annular dark-field scanning TEM (HAADF-STEM) image
show that cylindrical channels are distributed perpendicular to the substrate (Figure 6.1.1c-e). In the
high-resolution TEM image, it can be observed that the framework is highly crystalized without any
amorphous domains, although the lattice fringes can be slightly distorted at certain locations (Figure 6.1.1d).
The clear lattice fringes with a constant d spacing of 0.225 nm can be ascribed to the (111) lattice planes of fcc

Pd crystals. A uniform thickness of 24 nm was distinctly grown on the Au surface (Figure 6.1.1c).
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Figure 6.1.1 (a, b) SEM images of the top-surface of the obtained Pd films. (c, d, €) Cross-sectional TEM images of the

obtained Pd films [(c) Bright-field TEM image, (d) high resolution TEM image, and (¢) HAADF-STEM image].

2D grazing-incidence small-angle X-ray scattering (GI-SAXS) was employed to further confirm the
orientation of mesochannels (Figure 6.1.2). The two intense spots correspond to the in-plane periodicity of the
obtained films (Figure 6.1.2a). The absence of out-of-plane periodicity can rule out any possibility of other
three-dimensional (3D) mesostructures.'? The intensity profile collected in the in-plane direction plotted
against g value (Figure 6.1.2¢) reveals a peak centered at g=1.17 nm’’ corresponding to a pore-to-pore
d-spacing of 5.4 nm. Considering the wall thickness (~3.3 nm) and the pore size (~2.1 nm), the GI-SAXS data
are in good agreement with the SEM results. The crystalline structure of Pd was examined by wide-angle
X-ray diffraction (XRD). The XRD patterns obtained from the electro-deposited films only gave two
diffraction peaks assigned to the (111) and (222) diffraction planes of face-centered cubic (fcc) Pd (JCPDS No.
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87-643) (Figure 6.1.2d), indicating that the Pd crystals have a preferential orientation according to the (111)
plane parallel to the substrate on the seed layer (Au). The Pd crystal growth along the [111] direction is

consistent with TEM result (Figure 6.1.2d).
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Figure 6.1.2 (a, b) 2D GI-SAXS patterns of the obtained Pd films with perpendicular mesochannels after different
deposition times of (a) 600 s and (b) 3600 s. (c¢) Intensity profile collected in the in-plane direction against g value. (d)
Wide-angle XRD patterns of bare Au substrate and the obtained Pd film with perpendicular mesochannels prepared for a

deposition time of 600 s.

Conceptually different from the evaporation-induced self-assembly (EISA) method which is generally utilized
for preparing mesoporous films,!'* the electrodeposition approach used in this work allows an easy control
over the film thickness by changing the deposition time. From cross-sectional images study, the film thickness
was determined to increase linearly with the deposition time, with an average growth rate of 0.076 nm s™
(Figure 6.1.3). The 2D GI-SAXS spots are unaffected by increasing the deposition time (Figure 6.1.2b-c),
suggesting that any film thicknesses can be obtained by choosing a suitable deposition time without any
interfering with the perpendicularly aligned mesoporous structures. No difference in the vertically aligned
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mesochannels is noticed even when the deposition time increases up to 7200 nm (i.e., The film thickness

increases up to 540 nm) (Figure 6.1.4).

1000 2000 3000 4000 5000 6000 7000
Deposition time | s

Figure 6.1.3 (a-¢) Cross-sectional SEM images of the obtained films with various deposition times. [(a) 1000 s, (b) 1500
s, (¢) 2000 s, (d) 3600 s, and (e) 7200 s]. (f) Relationship between the film thickness and the deposition time.

Figure 6.1.4 (al, bl) Top surface SEM images and (a2, b2) 2D GI-SAXS patterns of the as-prepared Pd films with
various thicknesses [(a) 270 nm and (b) 540 nm]. The deposition times are 3600 sec and 7200 sec, respectively.
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Figure 6.1.5 (a) SAXS patterns of (1) C;sTAC solution and (2) C;(TAC+Na,PdCly; mixture. The line (3) is the
theoretical curve calculated based on the form factor of mono-disperse hard sphere with the radius of 2.2 nm and the
structure factor for dispersed spheres. The structure factor is based on Ornstein-Zernike and Percus-Yevick
approximations” and is calculated with the parameters of hard-sphere interaction distance (Rhs = 5.9 nm) and the
miceller volume fraction (f = 0.24). (b) UV-vis spectra of various solutions (Na,PdCl, solution, C;sTAC solution,
C1sTAC+Na,PdCl, mixture). The photographs of Na,PdCl, solution before and after mixing with C;,TAC are shown in

the inset.

The surfactant assembly, which is usually concentration-dependent, is critical to determine the final
mesoporous structure. As the surfactant concentration increases, the surfactant assembly changes from free
surfactants to spherical and cylindrical micelles."* In our system, the concentration of C1sTAC is 43 mM,
which is higher than its critical micelle concentration (CMC, 16 mM), suggesting the formation of spherical
micelles in the electrolyte (Figure 6.1.5a) It has been known that the strongly charged anionic inorganic
species interacting with the cationic surfactants.!"” The interactions between the C;sTAC micelles and the Pd
precursors in the electrolyte were studied by UV-vis absorption (Figure 6.1.5b). The [PdCl4]* species exhibit
two absorption maxima at 210 and 235 nm.!"* After being mixed with C;sTAC micelle solution, a significant
change is observed with the newly formed absorption bands at 226 nm and 285 nm, which are attributed to the
interactions between the anionic [PdCls]* species and the cationic [CsTA]" surfactants.!'® From the
small-angle X-ray scattering (SAXS) measurement of the electrolyte after the addition of [PdCl4]* species, it
is found that the spherical micelles are still retained (Figure 6.1.5a). It is probably that the spherical micelles
decorated with [PdC14]* species approach the working electrode when an exterior potential is applied. The Pd
species are reduced initially on the working electrode surface. Due to its reduction, each [PdCl,]* releases four
chloride ions, which then probably binds to the surfactants more strongly and induce the spherical-to-rod
transition. The formed rod-like micelles can be well oriented perpendicular on its surface due to its stronger

affinity with the hydrophobic core than the hydrophilic shell of the micelles, although cylinder micelles and
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lamellar phases generally have a strong tendency to align parallel to the substrate surfaces due to their lower
energy.' The subsequent Pd deposition and re-assembly of surfactant molecules lead to a continuous growth
along the longitudinal direction of the cylindrical micelles perpendicularly orientated on the substrate (Figure

6.1.6).

roove GTA*
4 [PaCIy
- Pd

Initial deposition

Micelle transition
Pd Deposition

Further growth

Removal Surfactants

Figure 6.1.6 Scheme illustrating the formation of mesoporous Pd films with perpendicular mesochannels obtained from

dynamic transition of spherical micelle assemblies.

The retention of the ordered mesophases formed by the surfactant assembly is critical for designing the pore
walls. In the case of metals, their crystallized walls are formed simultaneously with the reduction of metal
species, unlike post-treated crystallized/graphitized pore walls. In the present system, the crystal growth can
be controlled by tuning the reduction conditions. Especially, electrochemical reduction is useful for strict
controls of the growth speed and the crystallinity of the deposited metals. Various constant potentials in the
range of -0.5 Vand 0.3 V (vs. Ag/AgCl) were employed for the electrodeposition of Pd films. The mesoporous
structures in the obtained films were studied by SEM and 2D GI-SAXS (Figure 6.1.7). During the formation
of mesoporous metals, the reduced metal atoms are primarily formed at the hydrophilic region of the micelles
where they agglomerate and coalesce until a thick wall is obtained, giving the structure enough mechanical
stability. A slow reduction reaction generally allows the surfactant templates to be distorted so large crystals
can grow."'® When a high potential is applied (e.g., 0.2 V, and 0.3 V (vs. Ag/AgC]) in the present work), the
reduction of the Pd precursors becomes slower and the mesoporous structures cannot be achieved (Figure
6.1.7). Therefore, an appropriate reduction rate is necessary for the preparation of mesoporous metals.
Well-ordered mesoporous structures can be obtained when a potential in the range of 0.1 V and -0.1 V (vs.

Ag/AgCl) is applied, as evidenced by the top-surface SEM images and the 2D GI-SAXS profiles (Figure
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6.1.7). When the reduction rate is further increased, the initially formed Pd crystals are larger and end up
exceeding the size of the hydrophilic volume of the micelles, destroying the ordering of the micelle assembly
(Figure 6.1.7).!"*" Through the above results, a moderate potential (i.e., -0.1 V, 0 V, and 0.1 V (vs. Ag/AgCl))

is essential to control the Pd reduction rate without interfering with the micelle assembly.

Figure 6.1.7 SEM and 2D GI-SAXS patterns of the mesoporous Pd films under various potentials [(a) 0.3 V (vs.
Ag/AgCl), (b) 0.2V (vs. Ag/AgCl), (¢) 0.1 V (vs. Ag/AgCl), (d) 0.0 V (vs. Ag/AgCl), (e) -0.1 V (vs. Ag/AgCl), (f)-0.2 V
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(vs. Ag/AgCl), (g) -0.3 V (vs. Ag/AgCl), and (h) -0.5 V (vs. Ag/AgCl), respectively.].
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Figure 6.1.8 (a) CVs in 0.5 M H,SO, of the obtained Pd films with perpendicular mesochennels with various film
thicknesses (The deposition times are 300 s, 600 s, 1000 s, 1500 s, 2000 s, respectively). (b) Relationship between the
ECSAs and the deposition times. The mesoporous Pd film (i) is compared to a nonporous Pd film (ii). (¢) CV curves and
(d) potential dependent steady-state current density for formic acid oxidation catalyzed by a Pd film with perpendicular
mesochannels (i), a nonporous Pd film (ii), and a commercially available PdB catalyst (iii). The formic acid oxidation

reaction is performed in 0.5 M H,SO, containing 0.5 M HCOOH.

Motived by the fact that the perpendicularly aligned mesochannels have naturally a superior mass
transportation than other architectures, electrochemical measurements were carried out. Here, cyclic
voltammograms (CVs) ina 0.5 M H,SOj4 solution were firstly performed on the obtained Pd films with various
thicknesses. A noticeable current increase in the hydrogen and oxygen adsorption/desorption regions was
observed (Figure 6.1.8a). The electrochemical surface area (ECSA) was calculated by using the method
proposed by Woods (see Supplementary Information for details). The ECSA was determined to increase
linearly with the film thickness (i.e., deposition time), unlike nonporous Pd films prepared without surfactants
(Figure 6.1.8b). The volume-normalized ECSA of Pd film with perpendicular mesochannels is calculated to

be 737 m*cm™, which is much higher than that of the mesoporous Pt films prepared from lyotropic liquid
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crystals (at most 460 m*-cm™).[" Thus, it is found that the perpendicularly oriented mesochannels are able to

make the whole inner porous structure accessible.

To gain deeper insights regarding the electrocatalytic properties of the Pd films with perpendicular
mesochannels, formic acid oxidation reaction was selected as a model reaction. The mesoporous Pd film was
evaluated and compared to a nonporous Pd film and a commercially available Pd black (PdB) catalyst. The
typical CV curves for HCOOH oxidation catalyzed by different catalysts are shown in Figure 6.1.8c. It can be
clearly observed that the Pd film with perpendicular mesochannels shows a higher current density of 934.6
mA mg' Pd, which is around 2.7 and 1.9 times higher than those of the nonporous Pd film (343.0 mA
mg ' Pd) and the PdB (485.8 mA mg"' Pd), respectively. In addition, the steady-state current densities
obtained on the three different catalysts are also compared (Figure 6.1.8d). At a given oxidation current
density, as indicated by dashed line in Figure 6.1.8d, the corresponding potential on the mesoporous Pd film is
much lower than that on the nonporous Pd film and the PdB. The potential on the mesoporous Pd film is
negatively shifted by ~80 mV and ~50 mV, compared with the nonporous Pd film and PdB catalyst,
respectively. Thus, the mesoporous Pd film with perpendicular mesochannels exhibits a strongly enhanced
catalytic activity (i.e., enhanced Pd utilization efficiency). This is probably attributed to a higher active surface

caused by the accessible mesochannels perpendicularly aligned to the substrate.

6.1.4. Conclusion

In this work, we demonstrated a novel approach for the successful preparation of Pd films with perpendicular
mesochannels. The pore size is uniform and straight mesochannels are evenly distributed in the entire area of
the obtained films regardless the substrate sizes. A highly enhanced electrocatalytic performance toward
formic acid oxidation was observed. The present approach is not only highly reliable and effective for creating
vertically aligned mesoporous electrocatalysts, but also paves the way for other metals and alloys towards

achieving a superior catalytic activity.
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6.2. Three-Dimensional Hyperbranched PdCu
Nanostructures with High Electrocatalytic Activity
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6.2.1. Introduction

In the past decades, fuel cells have been considered as promising devices for energy conversion owing to their
high efficiency, low operation temperatures, and low pollutant emissions.!"! Presently, platinum (Pt)
nanomaterials are still the most efficient electrocatalysts for both anodic and cathodic reactions. The
commercialization of fuel cells has been obstructed by the high cost of Pt and the limited reserves in nature.
Recent advances demonstrated that porous/dendritic Pt crystals,” core-shell nanoparticles with monolayer Pt
shell,”! and alloys with other transition metals'¥ can effectively decrease the usage of Pt while still
maintaining the possibility to enhance the performance. However, these approaches only reduce the usage of
Pt, and do not fully solve the problem of Pt requirements.” Therefore, the development of less expensive and
more abundant Pt-free electrocatalysts with improved catalytic activity and durability is still an urgent matter

to address.

Palladium (Pd) and Pd-based catalysts represent promising substitutes to Pt for catalyzing the oxidation of
small fuel molecules due to their relatively low cost and abundance. Especially, Pd has exhibited a superior
activity in catalyzing the formic acid oxidation (FAO) through a direct oxidation process (a direct
dehydrogenation pathway) without poisonous intermediates (carbon monoxide), which is distinctly different
from Pt-based catalysts.[”) However, it should be mentioned that the Pd atoms on the surface easily dissolve
and migrate during reactions taking place in acid solution, resulting in the aggregation of the nanoparticles and
in the loss of surface area and activity.!”! Recent experimental results indicated that three-dimensional (3D)
constructions composed of one-dimensional (1D) metallic nanostructures (e.g. nanorods, nanowires, and
nanodendrites/branches) can be considered as effective candidates to improve the activity and stability of fuel
cells.”™ Such kind of assembly not only retains the inherent anisotropic 1D morphology, which suffers less
from dissolution and Ostwald ripening/aggregation,’” but also has many unique structural characteristics such
as the porosity, the permeability, and interconnected open-pore structures, which can enhance the catalytic
activity and stability.'” For instance, Xia et al. reported that the interconnected 3D Pt nanowire assemblies
exhibited a significant enhanced electrocatalytic activity and durability for methanol oxidation reaction
compared with a commercial Pt/C catalyst because of their unique architecture.!'! Besides the structure,
embedding non-precious-metal atoms into Pd lattice to form the Pd-based alloy catalysts is another effective

strategy to enhance the activity and stability owing to the modulation of the electronic configuration.!'* The
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synthesis of mono-dispersed PdCo and PdCu nanoparticles with a controlled composition was reported by Ho
et al. The latter exhibits an enhanced Pd mass activity toward FAO, which is about 2 times higher than that of

Pd catalyst, owing to the effect of Cu on the electronic landscape of the PdCu alloy structure.!'

Despite the significant progress in the synthesis of bimetallic Pd-based alloy, produce branched Pd-based alloy
with 3D structures remains a challenge as the face-centered-cubic (fcc) Pd structure has no intrinsic driving
force towards the growth of anisotropic structure in a solution phase.!'¥ 3D branched PdCu nanostructures are
less vulnerable to aggregation and dissolution and can decrease the Pd consumption and increase the
utilization of Pd. Thus, it is essential to develop bimetallic Pd-based catalyst with 3D architectures composed

of 1D metallic nanostructure to maximize their performance and increase their catalytic stability.

Herein, I demonstrate a facile one-step method for the preparation of three-dimensional alloyed PdCu
nanostructures composed of 1D branches. The impact of the reagents on the formation of such 3D PdCu
nanostructure is investigated in detail. The results indicate that the slow reduction kinetics retarded by the
presence of hydrochloric acid (HCI) and the bromide ions (Br") adsorbing selectively on certain facets of the
PdCu seeds during the reduction a progress, are key factors for the successful formation of 3D branched PdCu
nanostructures. More importantly, because of the unique structural advantage and the incorporation of Cu
atoms, the as-prepared 3D branched PdCu nanostructures show enhanced catalytic activity compared with the

commercial Pd black (PdB) and 10 wt% Pd on carbon (PdC-10%).

In a typical synthesis of 3D branched PdCu nanostructures, 1.5 mL Na,PdCl, solution (20.0 mM), 1.5 mL
CuCl; solution (20.0 mM), 0.1 mL HCl solution (6.0 M), 80 mg KBr and 50.0 mg Pluronic F127 were mixed
and dissolved in the deionized water under sonication. An aqueous solution of 2.0 ml ascorbic acid (0.1 M)
was added to the solution which was then kept in an oil bath for 30 min at 90 °C. The residual Pluronic F127
was removed by several consecutive washing/centrifugation cycles with ethanol and water. Finally, the sample
was collected by centrifuging at 14000 rpm for 20 min. The as-prepared sample was stored in ethanol until the

time of use and then dried at room temperature.

6.2.2. Experimental Sections

6.2.2.1. Materials

All chemicals and solvents were used as received without further purification. Na,PdCl,, CuCl,, ascorbic acid
(AA), hydrochloric acid, sulfuric acid and methanol were purchased from Nacalai Tesque, Inc. (Kyoto, Japan).
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Pluronic F127, HCl and NaBr were obtained from Sigma-Aldrich. Commercial PB (HiSPEC®1000) was
supplied by Johnson Matthey Company. All solutions were prepared with deionized water treated with a

Millipore water purification system (Millipore Corp.).

6.2.2.2. Preparation of the Branched PdCu Nanostructures

In a typical synthesis of 3D branched PdCu nanostructures, 1.5 ml Na,PdCly solution (20.0 mM), 1.5 ml
CuCl, solution (20.0 mM), 0.1 ml HCI solution (6.0 M), 80 mg KBr and 50.0 mg Pluronic F127 were mixed
and dissolved under sonication. An aqueous solution of 2.0 ml ascorbic acid (0.1 M) was added to the
solution which was then kept in an oil bath for 30 min at 90 °C. The residual Pluronic F127 was removed by
several consecutive washing/centrifugation cycles with ethanol and water. Finally, the sample was collected
by centrifuging at 14000 rpm for 20 min. The as-prepared sample was stored in ethanol until the time of use

and then dried at room temperature.

6.2.2.3. Characterization

The scanning electron microscope images (SEM) were obtained with a Hitachi SU-8000 microscope operated
at 5 kV. The transmission electron microscopy (TEM) and high-angle annular dark-field scanning TEM
(HAADF-STEM) characterizations were carried out using a JEOL JEM-2100F operated at 200 kV equipped
with an energy-dispersive spectrometry analyzer. The samples for TEM and HRTEM characterizations were
prepared by depositing a drop of the diluted colloidal suspension on a grid. Wide-angle powder X-ray
diffraction (XRD) spectrum was acquired with a Rigaku Rint 2500 diffractometer with monochromated Cu K
radiation. Low-angle XRD profiles were obtained by using a NANO VIEWER (Rigaku, Japan) equipped with
a Micro Max-007 HF high-intensity micro-focus rotating anode X-ray generator. X-ray photoelectronic
spectroscopy (XPS) spectra was carried out at room temperature by using a JPS-9010TR (JEOL) instrument
with an Mg Ka X-ray source. All the binding energies were calibrated via referencing to C 1s binding energy

(284.6 eV).

6.2.2.4. Electrochemical Test

Cyclic voltammograms (CV) and chronoamperometric (CA) experiments were performed using a CHI 842B
electrochemical analyzer (CHI Instruments, USA). A conventional three-electrode cell was used, including an
Ag/AgCl (saturated KCl) reference electrode, a platinum wire as a counter electrode, and a modified glassy

carbon electrode (GCE) as a working electrode. The modified GCE was coated with the as-prepared samples
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(5.0 pg) and dried at room temperature. Then, 5.0 pL of Nafion (0.05 wt%) was coated on the surface of the
modified GCE and dried before the electrochemical measurements. Prior to electrochemical measurements,
the GCE modified with the as-prepared sample was activated electrochemically by cycling the electrode
potential between -0.2 V and +1.2 V (vs Ag/AgCl) in 0.5 M HCIO4. Formic acid electro-oxidation
measurements were performed in a solution of 0.5 M HClO,4 containing 0.5 M formic acid at a scan rate of 50
mV s”'. Mass current densities were normalized by the loaded Pd amount, which was determined by

inductively coupled plasma mass spectroscopy (ICP-MS).

6.2.3. Results and Discussion

a

-

&

| :
F¥id s 0.2150m

Figure 6.2.1 (a) Representative SEM and (b, ¢c) TEM images of the 3D branched PdCu nanostructures, d) HRTEM
image of a single-crystal PdCu branch, e, f) Magnified HRTEM images of the edge surface derived from the rectangle

areas marked in (d), respectively. The corresponding FFT patterns were shown as inset in panel (e, f).

The morphology of the obtained products is examined by scanning electron microscope (SEM) and
transmission electron microscopy (TEM). As shown in Figure 6.2.1a, the as-prepared products display highly
branched 3D multipods. The TEM images reveal that each PdCu nanostructure consists of 3-7 branches

(Figure 6.2.1b,¢). The width and length of the branches are in the range of 8-11 nm and 20-50 nm, respectively.
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The branches originating from a same center extend in different directions to form a 3D structure, as marked in
Figure 6.2.1b. The detailed structural features of the branches were characterized by high-resolution TEM
(HRTEM), as shown in Figure 6.2.1d. The lattice spacing of the 3D branched PdCu nanostructures (Figure
6.2.1e) was measured to be around 0.215 nm, which is between the {111} lattice spacing of pure Pd (0.223 nm)
and Cu (0.208 nm), indicating the successful incorporation of Cu atoms into the Pd lattice. The continuous
fringes running through the branches suggest that they are monocrystalline. Fast Fourier transform (FFT)
patterns of the atomic lattice fringes were identical, as displayed in the insets of Figure 6.2.1e and f, further

supporting the monocrystalline nature of the branched PdCu nanostructures.

Figure 6.2.2 (a) HAADF-STEM and (b-d) elemental mapping images of the 3D branched PdCu nanostructures.

The elemental mapping images (Figure 6.2.2a-d) confirm that the Pd and Cu are uniformly distributed
throughout the branch, which suggests the formation of a homogeneous PdCu alloy structure. In addition, the
energy dispersive X-ray spectroscopy (EDS) also returns a Pd:Cu atomic ratio of 80:20, although an equal
feeding molar ratio was utilized, in accordance to the inductively coupled plasma atomic emission
spectrometry data (ICP-AES), indicating that the reduction of the Cu species was incomplete. The possible
reason is that the Cu®" species (Cu®"/Cu=0.34 V vs. Standard Hydrogen Electrode, SHE) have a lower

reduction potential than that of [PdCl,** species ([PdC14]*/Pd: +0.62 V vs. SHE).!"”!
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Figure 6.2.3 (a) Wide-angle XRD pattern of the 3D branched PdCu nanostructures, high resolution XPS spectra for (b)

Pd 3d, (c) Cu 2p of the 3D branched PdCu nanostructures.

The crystalline structure of the typical 3D branched PdCu nanostructures was examined by wide-angle X-ray
diffraction (XRD). As shown in Figure 6.2.3a, the diffraction peaks of the PdCu sample at 40.5 °,47.1 °, 68.9
°, 83.2 °, 87.8 ° can be clearly assigned to the (111), (200), (220), (311), and (222) diffraction planes,
respectively. No other diffraction peaks were observed, indicating the formation of a single-phase PdCu alloy.
When compared to standard diffraction patterns of Pd, all the diffraction peaks of the 3D branched PdCu
nanostructures are shifted to higher angles, suggesting the partial substitution of large Pd atoms by smaller Cu
atoms.!"! The composition of the 3D branched PdCu nanostructures prepared in standard conditions was
confirmed by ICP-AES, from which the Cu content in the sample was measured to be 14 wt%. The electronic
structure was analyzed by X-ray photoelectron spectroscopy (XPS). Figure 6.2.3b shows the XPS spectra
centered on the Pd 3d region. The two peaks located at 335.3 and 340.6 eV can be assigned to the metallic Pd
3ds,; and Pd 3d;/,, whereas the peaks at 931.7 and 951.6 eV can be ascribed to the metallic Cu 2p;,, and Cu
2p1,» (Figure 6.2.3c). The slight shifts in the binding energies of the 3D PdCu alloy compared to pure Pd (Pd
3ds;: 335.0 eV) and Cu (Cu 2p32: 932.6 €V) suggest the presence of electronic interactions between Pd and

Cul'

Various control experiments were set in order to assess the role of the reagents during the synthesis. As shown
in Figure 6.2.4a, in the case where no KBr was used (in the presence of HCI, 0.6 mmol), irregular PdCu

nanoparticles were produced. By increasing the amount of KBr up to 10 mg, branched PdCu nanostructures
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start to appear (Figure 6.2.4b). The desired 3D branched PdCu nanostructures could only be obtained after
using more than 80 mg KBr (Figure 6.2.4c). An excess amount of KBr (150 mg) caused the branched
structure to overgrow, leading to the formation of PdCu nanostructures with much longer branches (Figure
6.2.4d). The results suggest that the Br™ ions have a significant influence on the PdCu nanoarchitecture. It is
well established that the Br™ ions preferentially adsorb on the (100) facets of fcc metals (e.g., palladium and
palladium alloy), which prevents growth along the <100> direction and is responsible for directing the
formation of the nanowire construction.!"® In addition, when KBr is replaced by KCI or KI (in an equivalent
molar ratio), irregular PdCu aggregates are obtained (Figure 6.2.4e-f). Consequently, only the use of Br™ ions
as structure-directing agent can lead to the formation of branched PdCu nanostructures. The possible reason is
that the binding strengths of halide ions to the Pd surface increase in the order of CI'<Br'<I'. As a result, weak
chemisorption (CIl') or strong chemisorption (I') on the Pd surface are not favorable to the formation of

branched structure.['*"”!

Figure 6.2.4 SEM images of the samples prepared with different amounts of KBr: (a) 0 mg, (b) 10 mg (c) 80 mg, and (d)

150 mg. and SEM images of the samples prepared by replacing KBr with (e) KCl and (f) KI.

The effect of HCI on the morphology of the PdACu nanostructures was also investigated. When the reaction was
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carried out in the absence of HCI, but in presence of 80 mg KBr, only irregular PdCu nanoparticles were
obtained, owing to the fast reduction kinetics (Figure 6.2.5a). When 0.3 or 0.6 mmol HCI is added to the
reaction system, the precursor is reduced at a much lower reduction rate, as HCI tends to decrease the
reduction capacity of ascorbic acid. In such case, the branched PdCu nanostructures can be obtained (Figure
6.2.5b,c). Further increasing the amount of HCI (up to 1.2 mmol) yielded sea-urchin PdCu nanostructures with
increased branch length (Figure 6.2.5d). The increased branch length can be attributed to the decrease the
number of seeds in the solution due to the slow reduction rate at initial stage. In addition, when HCl was
replaced by equal amount of other strong acids (e.g., HNO; or H,SOy), the 3D branched nanostructure could
be well retained, indicating that the slow reduction kinetics induced by the presence of H', instead of the
anions (e.g., CI, NO3", SO,%), takes the central role in the formation of 3D branched nanostructures (Figure

6.2.5¢,f).

Figure 6.2.5 SEM images of the samples prepared with different amounts of HCI: a) 0 mmol, b) 0.3 mmol c) 0.6

mmol, and d) 1.2 mmol and SEM images of the samples prepared by replacing HCI with (e) HNO; and (f) H,SO,.
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Figure 6.2.6 Cyclic voltammograms of the 3D branched PdCu nanostructures, commercial PdB and PdC-10% samples
in a) a 0.5 M HCIOj, solution and b) a mixture of 0.5 M HClO4 and 0.5 M HCOOH at a scanning rate of 50 mV s™. c)
Chronoamperometric curves for formic acid oxidation. The currents in panel a) are normalized by the electrode

geometric surface area.

While Pd-based nanostructures are known to be efficient electrocatalysts for oxidizing organic fuel molecules,
alloying them with 3d transition metals can greatly enhance their catalytic activity and stability. Herein, I
selected the electrocatalytic oxidation of formic acid as a probe reaction to characterize the activity of the 3D
branched PdCu nanostructures in acidic media. For comparison, commercial PdB and PdC-10% were selected
as references under the same conditions. The cyclic voltammograms were recorded in a 0.5 M HCIO4 aqueous
solution at a scanning rate of 50 mV 57! (Figure. 6.2.6a). The clear features of hydrogen desorption/adsorption
(from 0.1 to -0.2 V) is an indication of the cleanliness of the catalytic surface. It is well known that the
hydrogen atoms are essentially absorbed in the bulk Pd lattice by “dissolution adsorption mechanism”."*”! The
sharp peaks below 0 V is related to this dissolution adsorption process. The electrochemically active surface
area (ECSA) of the Pd-based electrocatalysts cannot be precisely calculated by measuring the total charge
passed in the “hydrogen region”. Thus, I calculated the ECSA of the samples by integrating the charges
associated with the PdO peak. The ECSA of the 3D branched PdCu nanostructures, commercial PdB and
PAC-10% are 76.9 m* g, 15.7 m? g, and 37.3 m? g, respectively. The results suggest that the 3D branched
PdCu nanostructures provide a much larger surface area and more catalytic active sites than other Pd-based

catalysts, as shown in Table 6.2.1. Figure 6.2.6b shows the catalytic activity of the 3D branched PdCu
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nanostructures, commercial PdB and PdC-10% catalyst toward FAO in a 0.5 M HCIO4 aqueous solution
containing 0.5 M HCOOH. The current density was normalized by the Pd mass activities. The measured
current density on the 3D branched PdCu nanostructures (1.84 A mg” Pd) is about 2.7 and 2.2 times more
than that of commercial PdB (0.69 A mg™ Pd) and PdC-10% catalyst (0.84 A mg™' Pd), respectively. The
enhanced catalytic activity of the branched PdCu nanostructures is attributed to the large surface area, which is
provided by the assembly of 3D constructions and the synergistically enhanced electronic properties resulting
from the alloy.*"! Compared to previously reported Pd-based catalysts (Table 6.2.1), our prepared 3D
branched PdCu nanostructures also exhibit a higher current density, showing the potential of this material for
practical electrocatalytic applications such as formic acid oxidation. As an effective catalyst, the stability is a
very important factor for fuel cells. Thus, the stability of catalysts was also investigated by
chronoamperometric measurement for 1000 s in a 0.5 M HCIO4 containing 0.5 M HCOOH. Figure 6.2.6¢
clearly reveals that the branched PdCu nanostructures exhibited a slower current decay and a higher catalytic
current intensity compared to the commercially available electrocatalysts. The high stability of the
as-prepared 3D branched PdCu catalyst mainly originates from the one-dimensional structures, which suffers

less from dissolution and aggregation.

Table 6.2.1. Comparsion of the surface area and the activity of 3D branched PdCu nanostructure with previous reported

Pd-based catalysts.

Surface area Scanrate  Mass activity

Sample name Condition Reference
2 -1
(m"g™) mvs')  (Amg' Pd)
0.5 M HCIO,+
3D branched PdCu alloy 76.9 50 1.84 Present work

0.5 M HCOOH
0.5 M H,S50,+ J. Am. Chem. Soc.,2015, 137,

Mesoporous Pd film -- 50 0.93
0.5 M HCOOH 11558
0.5 M H,SO,+ J. Power Sources, 2015, 280,

Pd/Graphite Oxide 41.8 50 0.90
0.5 M HCOOH 491
Single crystalline Pd tripods 20 0.5M H,SO4+ 50 0.49 Chem. Commun., 2015, 51,
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0.5 M HCOOH 7195
0.5 M H,SO,+
Branched Pd tertrapods - 50 0.37 Nanoscale, 2014, 6, 2776.
0.5 M HCOOH
0.5 M H,SO,+ Chem. Commun., 2014,
Pd-P nanoparticle networks 18.9 50 0.61
0.5 M HCOOH 50,13451.
0.5 M H,S0,+ J. Power Sources, 2015, 280,
Nanobranched porous Pd-Sn 18.6 50 0.98
0.5 M HCOOH 141.
Nanowire PdNi/Graphite 0.5 M H,SO4+ J. Mater. Chem. A, 2015, 3,
98.2 50 0.94
Oxide 0.5 M HCOOH 14001
0.5 M H,SO4+ Appl.  Catal. B,
PdCo nanoassemblies - 50 0.28
0.5 M HCOOH 2013, 138, 229.
Mono-dispersed PdCu 0.1 M H,SO4+ Chem. Asian J.,
- 50 0.35
nanoparticle 0.5 M HCOOH 2011, 6, 1515.

6.2.4. Conclusion

In summary, we successfully synthesized 3D branched PdCu nanostructures by a facile one-pot method. The
simultaneous presence of HCI and KBr reagents is essential for the formation of 3D PdCu nanostructure. The
as-prepared 3D branched PdCu nanostructures display an enhanced electrocatalytic activity and long-term
stability toward the FAO compared to PdB or PdC-10%, which is mainly attributed to the unique structural

features and the synergistic benefit from alloying Pd with Cu.
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7.1. Overview of the Achievements

Many synthetic methods have been developed for the fabrication of nanoporous noble metal materials, such
as platinum (Pt), palladium (Pd), and gold (Au) materials with well-controlled morphologies and pore
structures. Recently, a wide range of dendritic nanoporous structures were successfully fabricated by various
strategies, please refer to Table 7.1. Although great progress has been made in nanoporous metals, the
methods often require multiple steps and specialized synthetic techniques, making them challenging to scale
up. In addition, the porous architectures obtained in previous reports are mainly limited to dendritic pores,
possessing tiny and random interspaces. A soft-templating approach, specifically, one based on diluted
surfactant/polymer solutions, has been considered as a more versatile, flexible, and effective strategy. In
principle, the pore sizes are basically determined by the hydrophobic volume of the template molecules. By
using various template molecules with different hydrophobic chains, the pore structures can be easily
controlled. Generally, the use of nanoporous catalysts with large-sized pore for electrochemical applications
is expected for higher catalytic performance owing to the short diffusion path lengths for both electronic and
reagent transport. Accordingly, in my Ph.D. study, I have focused on the preparation of large-pore metals

with various compositions based on diluted surfactant and polymer solutions.

Table 7.1 A few examples of nanoporous metal particles prepared by different methods.

Product Method Morphology Reference

Dendritic Pt Soft template J. Am. Chem. Soc., 2009, 131, 9152.
Dendritic PtPd Seed-mediated growth Science, 2009, 324, 1302.
Mesoporous Pt Hard template J. Am. Chem. Soc., 2011, 131, 14526.

Mesoporous Pt-Au alloys Lyotropic liquid crystal J. Am. Chem. Soc., 2012, 134, 5100.

Porous Pd Seed-mediated growth Angew. Chem. Int. Ed. 2012, 51, 4872.
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[ g o

Porous PtRh Solvent thermal Adv. Funct. Mater., 2012, 22, 3570.
Porous Pd Soft template Angew. Chem. Int. Ed., 2013, 52, 2520.
Porous Pt;Ni Solvent thermal fﬁ‘i‘ﬁ‘% Adv. Mater., 2013, 25, 2974.
3 9
N
Nanoporous Au@PdPt Co-reduction method ACS Nano, 2013, 7, 7945.
Dendritic PtCu
Solvent thermal Small, 2013, 9, 3063.
nanoparticle
Bipyramid PtCu
Solvent thermal Angew. Chem. Int. Ed., 2015, 54, 108.
nanoframes

(I) Mesoporous Pt Nanospheres with Designed Pore Surface as Highly Active
Electrocatalyst (shown in Chapter 2)

In this chapter, I reported a novel strategy for the large-scale synthesis of shape- and size-controlled
mesoporous Pt nanospheres through a slow reduction reaction in the presence of a surfactant. In this route,
bromides ions are added to the precursor solution containing [PtCl¢]* salts and Pluronic F127 for reducing
the reduction rate. The presence of bromide ions can shift the redox potential of the Pt ions toward a more
negative potential through ligand exchange reactions to form [PtBrs]* with a redox potential is more negative
(0.61 V vs. SHE) than that of [PtCl¢]* (0.73 V vs. SHE). The slow reduction reaction exclusively results in
well-defined mesoporous architectures distinctly different from the dendritic constructions reported
previously. More importantly, abundant catalytically active sites are created on the highly accessible
mesoporous surfaces by the selective adsorption of bromide ions. The mesoporous Pt nanospheres prepared
using the new synthetic route not only show superior electrochemical performance toward methanol oxidation
reaction and oxygen reduction reaction but also exhibit extremely high structural thermostability, which

makes them promising catalysts for industrial applications.
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(II) Tunable-Sized Polymeric Micelles and Their Assembly for Preparation of Large
Mesoporous Pt Nanoparticles (shown in Chapter 3)

Different from the low-molecular-weight block polymers or surfactants (e.g., P123, F127, CTAB, and
CTAC), which usually lead to a small pore size because of the limitation of the chain length of hydrophobic
segments, high-molecular-weight block polymers have advantages for the preparation of large-sized
mesoporous metals. However, high-molecular-weight block polymers do not dissolve in water, leading to
difficulty in the formation of micelle structures in aqueous solution. In this study, I described a facile and
one-step polymeric micelle approach for the synthesis of Pt nanoparticles with continuously tunable porous
structures, which are highly accessible by the reagent due to the large-pore sizes. The key to successful
generation of the mesoporous structure is the use of high-molecular-weight diblock polymers poly(ethylene
oxide)-b-poly(methyl methacrylate) (PEO-b-PMMA) as pore-directing agent. By changing the solvent
compositions in the precursor solutions, the micelle sizes can be continuously tuned. With the increase in
micelles sizes, the resultant pore sizes are also linearly varied. Comprehensive studies on catalytic activity
based on the various mesoporous structures illuminate that all of the porous Pt materials exhibited enhanced
electrocatalytic activity toward methanol oxidation reaction in comparison with the commercially available
catalysts (Pt black and activated carbon with Pt nanoparticles (Pt/C)). This novel polymeric micelle approach
will surely provide a new concept for design of the next generation of metallic catalysts with superior catalytic

activity.

(III)  Multicomponent  Metallic  Mesoporous Pt-based  Spheres through

Surfactant-Directed Synthesis (shown in Chapters 4-5)

In view of strong social demand, the development of low-content Pt-based catalysts with high performance
is extremely important. Multicomponent metallic nanostructures with a large spectrum of compositions
represent an emerging class of catalysts, because their properties can be effectively adjusted by the
manipulation of compositions and/or nanostructural features. As described in Chapter 4, bimetallic Pd@Pt
nanostructures have been successfully synthesized by manipulating the reduction rates of the metal species
because the kinetic controlled reduction is an effective method for the preparation of mesoporous metals with
various morphologies. Owing to a combination of the high surface area of mesoporous architecture in
addition to the bimetallic synergetic effect, mesoporous Pd@Pt nanoparticles exhibited greatly enhanced

electrocatalytic performance toward methanol oxidation reaction.

I extend the above method to synthesize the trimetallic mesoporous PtPdRu and PtPdCu nanospheres

(Chapter 5). Because the neighboring Ru atoms can provide oxygen-containing species for reaction
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intermediates to complete, the PtPdRu alloy shows improvement of the tolerance for CO poisoning, thus
enhancing electrocatalytic performance compared to bimetallic PtPd and commercial available catalysts. By
replacing the Ru precursor with Cu precursor, the trimetallic PtPdCu nanospheres can be also obtained
without changing the porous structures and morphologies. Owing to the electronic effect arising from

d-band shift alloying with Cu, trimetallic PtPdCu nanospheres also exhibit enhanced catalytic activity.

(IV) Synthesis of Pt-free Electrocatalysts with Different Nanostructures (shown in

chapter 6)

In Chapters 2-5, I demonstrated that the mesoporous Pt, bimetallic core-shell Pd@Pt, and trimetallic
Pt-based alloys with high electrochemical performances. However, Pt is one of the most expensive and
rarest metals in the world. These approaches only reduce the usage of Pt and do not fully solve the problem
of Pt requirements. Therefore, the development of less expensive and more abundant Pt-free electrocatalysts
with improved catalytic activity and durability is still an urgent matter to be solved. This chapter shows a
demonstration of non-Pt electrocatalysts. Mesoporous Pd films with perpendicularly aligned mesochannels
are synthesized to provide fascinating electrocatalytic properties due to their low diffusion resistance and the
full utilization of their high surface area. To the best of my knowledge, there have been no studies on such
mesoporous metal films, because it is really difficult to align the molecular templates in perpendicular
direction to the substrate. The present approach is not only highly reliable and effective for creating vertically
aligned mesoporous Pd electrocatalysts, but also paves the way for other metals and alloys towards achieving
a superior catalytic activity. In order further obtain the higher electrocatalyst, another Pt-free electrocatalyst

branched PdCu alloy prepared by using kinetically controlled reduction is described.

7.2. Future Prospects

Currently, fuel cell technology is believed to play a key role in the next generation of environmentally friendly
energy systems. Over the past decade, significant progress has been made toward meeting the performance
and cost targets necessary for commercializing proton exchange membrane fuel cells (PEMFCs). One major
technical challenge in PEMFC technology is the development of anodes and cathodes with improved catalytic
activity. The current standard industrial catalyst, Pt nanoparticles supported on activated carbon, is still not
optimal. Recent reports have demonstrated that the catalytic properties of Pt catalysts can be improved by
further modifying their composition and morphology. The hollow structure, such as the frame, cage, is one of

the most promising designs that can achieve high electrocatalytic performance and utilization efficiency by
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exposing the interior surface and three-dimensional molecular accessibility. For electrocatalytic reactions,

the Pt nanocrystals with different facets exhibited various activities in electrochemical application. For
example, Pt octahedral nanocages with {111} bounded facets is more active than the Pt cubic nanocage with
{100} bounded facets. Thus, rational design of hollow Pt structures with {111} bounded facets are expected
to have good electrocatalytic activity toward the oxidation reduction reaction. Recently, considerable
improvements can also be observed in the catalytic properties of Pt catalysts by introducing additional metals
(e.g., Ru, Pd, and Ni). Based on these ideas, mesoporous multi-layered hollow particles consisting of different
metallic layers are believed to be a promising alternative that can provide a high surface area and high
catalytic activity due to the electronic landscape reconfiguration originating from the bimetallic
hetero-interfaces. Such a unique structure can be prepared through a layer-by-layer deposition of different
mesoporous metals on silica particles, carbon particles or metal particles followed by the removal of the
template, as shown in Figure 7.1a. Furthermore, hierarchical porosity can effectively improve the diffusion
rate of guest molecules and increase the catalytic performance, in which large-sized mesopores facilitate the
transport of reactants and products across the porous catalyst, while smaller pores (micropores and mesopores)

provide a highly active surface area. Different soft templates consist of different micelle sizes can be

Deposition Pt Removal of templates

employed to achieve such a hierarchical porosity, as shown in Figure 7.1b.

(a)
l Deposition metals

Templates Metals with templates Metals with templates Mesoporous multi-layered
(silica, carbon or metal particles) (hard and soft templates) (hard and soft templates) hollow particles

A\ o ;
- Deposition metal on micelles/ ™
F .“-‘\_' N\
« ° {
\‘\' .# -
g
/o~
“C PEO-b-PMMA &  CTAB micelles
\ GlABimicelles % PEO-b-PMMA micelles Meso/Micro-nanoparticle

Figure 7.1 Formation process of (a) mesoporous multi-layered hollow particles and (b) metal nanoparticles with

hierarchical porosity.
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