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Heterogeneous catalysis is a critical field for chemical industry processes, energy
applications, and transportation, to name a few. In all avenues, control over the activity
and selectivity towards specific products are of extreme importance. Generally, two
separate methods can be utilized for controlling the active surface areas; a below and
above the surface approach. In this dissertation, both approaches will be addressed, first
starting with controlling the active sites from a below approach and moving towards
control through sieving and gating effects above the surface.

For the first part half, the control of the product selectivity is controlled by finely
tuning the atomic structures of nanoparticle catalysts, mainly Au-Pd, Pd-Ni-Pt, and Pd-
NisPt octahedral and cubic nanoparticle catalysts. Through these shaped core-shell,
occasionally referred to as core@shell, particles the shape is maintained in order to
expose and study certain crystal facets in order to obtain a more open or closed series of
active sites. With the core shell particles, the interior core particle (Au and Pd) is used for
the overall shape but also to expansively/compressively strain the outer shell layer. By
straining the surface, the surface electronic structure is altered, by raising or lowering the
d-band structure, allowing for reactants to adsorb more or less strongly as well as adsorb
on different surface sites. For the below the surface projects, the synthesized nanoparticle
catalyst are used for electrochemical oxidation reactions, such as ethanol and methanol

oxidation, in order to study the effect of the core and shell layers on initial activity, metal



migration during cycling, as well as particle stability and activity using different crystal
structures. In particular, the use of core shell, alloyed, and intermetallic (ordered alloys)
particles are studied in more detail.

In the second half of this dissertation, control of the selectivity will be explored
from the top down approach; in particular the use of metal organic framework (MOF)
will be utilized. MOF, with its inherent size selective properties due to caging effects
from the chosen linkers and nodes, is used to coat the surface of catalysts for gas, liquid,
and electrochemical catalysis. By using nanoparticle catalyst, the use of MOF, more
explicitly the robust zirconium based UiO-66, as a crystalline capping agent is first
explored. By incorporating both the nanoparticle and UiO-66 amino functionalized
precursors in the synthesis, the nanoparticles are formed first and followed by coating in
UiO-66-NH,, where the amino group acts as an anchor, completely coating the particles.
The full coating is tested through size selective alkene hydrogenations with the NP
surface further tested by liquid phase selective aldehyde hydrogenations; the UiO-66-NH,
pores help to guide the reactant molecule in a particular orientation for the carbonyl to
interact rather than the unsaturated C=C bond. This approach is taken for more complex
hybrid structures for electrochemical proton exchange membrane fuel cell (PEMFC)
conditions. Through the gating effects, the UiO-66 blocks the Pt surface active sites from
poisonous sulfonate groups off of the ionomer membrane while simultaneously
preventing aggregation and leaching of Pt atoms during electrochemical working

conditions.
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“There is a tide in the affairs of men. Which, taken at the flood, leads on to fortune.”
- Julius Caesar
Act -1V, Scene 111
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Project Description

Heterogeneous catalysis has been a rising field for several years. By incorporating
catalysts of different phase than the adsorbed reactant species, reaction transformations
are able to take place with easier end catalyst/product separation and potential for catalyst
recyclability when compared to traditional homogenous catalysts. In this work,
heterogeneous catalysis is studied in the gas and liquid phase using batch reactors as well
as electrochemical cells.

First, the use of nanoparticle catalysts is studied. In chapter 2, the exploration of
Au core with Pd shell nanooctahedra catalysts through electrochemical means is probed.
Ethanol oxidation, a small molecule oxidation reaction, is used to follow catalyst
transformation throughout cycling as well as studying the stability of catalyst with
different thicknesses of the exterior shell. By synthesizing core-shell particles, the effects
of strain is studied. The Au core has a larger lattice parameter than that of the Pd shell
and by obtaining epitaxial overgrowth through a slow reduction, the Pd and Au interface
will align, compressively and expansively straining their crystal lattices, thus altering the
d-band and surface electronics of the Pd surface. By utilizing well define nanooctahedra,
migration effects for the [111] facet and the diffusion of Au to the surface are also
probed.

From the Au-Pd structure, more complex Pd-Ni-Pt core-sandwich-shell
nanoparticles are synthesized and studied in chapter 3. From the previous results, as well
as those presented in literature, strained Pt surfaces have increased catalytic performance

with a higher degree of stability due to less strongly binding adsorbates. The Pd core



serves as a nanoparticle substrate to influence and maintain the overall shape, the Ni
sandwich layer is added to influence the Pt surface through a high degree of strain from
the large lattice mismatch, and the Pt shell is the strained catalytic surface. During this
process, the degree of strain is tested by changing the overall particle size (i.e. smaller
particles are inherently more strained than larger) as well as the Ni layer thickness.
Finally, electrochemical atom migration is also touched upon by using both acid and
basic electrolyte during the methanol oxidation reaction.

Having synthesized and studied the strain effects on core-shell and core-
sandwich-shell particles and the degree of alloying that occurs due to working conditions
in the electrochemical cell, chapter 4 focuses on metal migration from external heating to
induce the formation of more stable intermetallic structures. Intermetallic structures are
ordered alloys which generally require high synthesis temperatures to achieve. As a
result, very little shape control has been found when forming these intermetallic catalyst,
however, due to their very ordered structure, catalyst selectivity and stability is increased.
For this system, two samples are synthesized using the same Pd-Ni-Pt system,
maintaining a 3:1 ration of Ni:Pt, one with thick Ni and Pt layers and the other a four
layer system with two thin Ni layers sandwiched by two thin Pt layers (annotated as Pd-
(Ni-Pt),. Several annealing temperatures are temperatures are tested to induce full Ni/Pt
mixing, where the Pd core only serves as a template due to the inability to mix with Ni
except for at temperatures much high than we are testing. The atom migration of the two
samples annealed at differing temperatures is probed through transmission electron

microscopy, x-ray diffraction, and electrochemical methanol oxidation. The diffusion



kinetics of the two samples, the thicker with one interface and the thinner with multiple
interfaces to allow for easier mixing, are also briefly investigated.

Chapter 5 and 6 focus on changing the selectivity and stability of heterogeneous
nanoparticle catalyst by using the “from above” approach. First, the use of metal organic
framework (MOF), a porous coordination material formed from metal nodes and organic
linkers, is studied as a crystalline capping agent. MOF materials have inherent size
selective sieving properties due to their porous coordinative nature. By changing the
metal nodes or organic linkers, the pore sizes and apertures can also be tuned. UiO-66, a
robust, zirconium based MOF is chosen due to its chemical and thermal stability as well
as linker tenability. For chapter 5, the amino functionalized linker, aminoterephthalic
acid, is chosen. The dangling amino group allows for the linker that anchor the in situ
forming nanoparticle catalyst and cap them, maintaining a separation of particles and a
cleaner surface when compared to more traditional approaches of synthesizing the
nanoparticle first with a capping agent to then be encapsulated or forming the MOF first
and using wetness impregnation approach which damages the MOF structure, potentially
causing fractures, decreasing the selectivity. The as synthesized nanoparticle within UiO-
66-NH, samples can have different composition and sized nanoparticles. They are also
tested for full encapsulation by size selective alkene hydrogenations and for product
selectivity by liquid phase aldehyde hydrogenation.

With the ability to coat nanoparticles with MOF, the system is expanded for use
in electrochemical reactions. For use in fuel cell type reactions, a conductive polymer is
typically incorporated to enhance the proton conduction from anode to cathode. Due to

this, the Pt surface found in both reactions can easily become poisoned from the dangling
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sulfonate groups in the ionomer; Nafion. UiO-66 is not particularly conductive, therefore
a conductive support for the Pt particles is used, carbon nanotubes (CNTs). Pt decorated
CNTs are coated in UiO-66 through three methods; a pre-hydrolysis of the nodes, an
aqueous phase, and a traditional organic phase method. From these methods, the
traditional method yields the best coverage of the Pt surface to ensure protection from
poisoning as well as a decreased incidence of Pt leaching and particle detachment from
the CNT support. The Pt/CNT@UiO-66 samples are then used to perform
electrochemical oxygen reduction under proton exchange membrane fuel cell (PEMFC)
conditions. Accelerated aging studies are performed to view catalyst stability when

compared to the traditional Pt/C system.



1.0 Introduction

Heterogeneous catalysis is the process by which a reaction, typical of needing a
catalyst, occurs using reactants of different phases than the catalyst itself. Generally
speaking, the vast majority of these reactions occur using solid catalysts with either gas
or liquid phase reactants." Heterogeneous catalysis is critical for the growth of
civilization in a vast number of areas”; industrial applications and reactions, clean energy
applications'”, and biomedical and pharmaceutical transformations>®, to name a few. In
particular, there has recently been a larger focus towards using heterogeneous catalysis in
the energy related space'*’. By utilizing a catalyst of a different phase from the reactant
species, the ability to more easily recycle the catalyst is key; similarly, the stability is also
increased by using supports® '’

In typical heterogeneous catalysis, an essential step is the process of adsorption
and desorption'. For the reaction to occur, the reactant must first interact with the catalyst
surface and adsorb, or bind, to the active sites. During this process of adsorption, the
reactant molecules binding strength is based on the electronic structure of the active
material; stronger adsorption meaning reactants bind more strongly whereas weaker
adsorption causes less reactant interaction. If molecules chemisorb too strongly, the

. . . . 11 .
active surface can become poisoned and ultimately deactivated . For example, a main

deactivation pathway for Pt catalysts is strongly bound CO adsorbed on the surface. The
5



adsorbed CO is unable to desorb and eventually adheres to all active sites, making the
catalyst useless'>'*. To change the adsorption and desorption behavior and maintain an
active surface, two general approaches can be taken; changing the electronic structure
(through strain, composition, and shape) of the catalyst thereby altering the reactant
binding strength2’14, or by using caging effect’®, in this instance, metal organic
framework, for an above the surface approach, to avoid the catalyst coming into contact

with poisoning species all together.

1.1 Metal Nanoparticles for Heterogeneous Catalysis

The field of heterogeneous is constantly growing as new catalysts and hybrid
catalyst materials are synthesized. In recent years, there has been a large growth in the
field through the incorporation of metal nanoparticles in these reactions. With the small
size and large surface area, the content of precious metals needed for reactions to reach
similar activity of bulk catalyst is further reduced. As the field has grown in the last
several years, nanoparticle catalysts have developed from monometallic species with no
defined shape, to complex multi-metallic materials utilizing high index facets to complete
complex catalysis achieving record high activities. As the field progresses, the activity
and selectivity will continue to grow with price reduction by incorporating lesser
expensive transition metals or metal-oxides and supports as well as forming better

defined structures with precisely tuned electronic band structures for the needed reaction.



1.1.1 Synthesis Methods for Metal Nanoparticles

In a general sense, metal nanoparticles are synthesized due to the burst nucleation
and subsequent growth in a solution through the reduction of metal ions. The production
of the particles is best described by the LaMer approach'® in which the metal ion
precursors are reduced, forming clusters which overcome the energetic barrier for
forming a new interface. After producing the burst of nucleation, a growth stage will take
place, using the remaining monomer ion concentration. This growth process can also
occur if a seed particle is placed within the growth solution, at which point, the ions will
reduce onto, or around the seed.

Due to the high degree of surface energy, the formed nanoparticles will aggregate
to micro-sized particles, ultimately precipitating out, unless the surface energy is
stabilized through external capping agents. Generally, these stabilizing agents will
interact with the particle surface creating a buffer between one particle and another. By
maintaining a distance of separation and electrostatic repulsion, they refrain from
aggregating and crashing out of solution, keeping them viable for further use.
Additionally, the use of capping agents, such as cetyltrimethylammonium halide salts,
incorporates halide groups which bind to the nanoparticle surface more or less strongly
depending on the exposed facet. By incorporating halides, growth of different facets is
induced or shut down, culminating in particles with differently exposed facets. Although
the initial reports of shape controlled nanoparticles were few and far between, the
production of shape-controlled nanocrystals has been growing after early advances,

particularly by El-Sayed et al, the Huang group, and Niu et al, with their works on Pt, Au,



and Pd'"". Currently, a wide variety of capping agents and shape controlling agents have
been used to form a library of shaped nanoparticles of different faceting and metal
compositions. Although nanoparticles show high activity towards catalytic reactions, the
desire for more robust, less expensive, and even more active nanoparticle catalysts led to
the design and realization of more complex nanoparticle motifs.

With the advent of shape controlled mono-metallic nanoparticles in the mid
1990’s"", the field of nanoparticle synthesis and research saw a huge degree of growth
and influx of new, more complex nanostructures. The newly implemented nanostructures
displayed novel reactivity and stability, opening a new realm of multi-metallic alloyed,
core-shell, and intermetallic catalysts, helping to propel the use of nanoparticles in more
heterogeneous reactions.

The trend in recent years has been to develop and improve these heterogeneous
nanoparticle catalysts by implementing an atomic level of control in the production of
nanoparticles in order to fine-tune the surface electronic structures available. In order to
obtain the level of tunability and control needed, several key mechanisms have been
proposed; the overarching goal of each is to shift the d-band center of the metal surface in
order to tune the binding strength and active sites reactant molecules interact with. These
methods include altering the electronic structures through ligand effect, by causing the
metal surface to be altered through direct electronic interactions of the surface metal to

underlying or adjacent, different metal atoms”*'

. Similarly, incorporating more than one
metal causes synergetic, or ensemble effects, in which specific active sites become

available due to the secondary metal®*. Finally, the use of lattice strain, or geometric

effects, in which the surface electronic structure is altered by the shifting of lattice
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parameters. Due to the difference in the lattice parameter of different atoms, or from
under coordinated sites, each will compress of expand in order to accommodate the
strain. There are several types of strain; due to size, shape, grain boundaries, core-shell
interactions, and alloys or intermetallic structures (Figure 1.1)*. The catalytic surface
that is experiencing the lattice strain also has a shift in its d-band center due to the change
in the overlap®*?®. With the ability to shift the d-band center, the surface electronic
structure of the synthesized particles, whether they be alloys (disordered crystals
structures of two or more metal types), core-shell (and interior core of one metal with
deposited shell of a secondary metal), or intermetallic (ordered alloys of two or more

metal types) as seen in Figure 1.2, the catalyst can be tuned for the particular reaction.

Figure 1.1: Typical forms of strain found in metal nanoparticles that cause a shift in the
electronic band structure(adapted from ref. 23) a. size, b. shape, c. twin boundaries, d.
core-shell, e. alloy or intermetallic

For each type of nanoparticle catalyst mentioned, certain complications arise from
the synthesis methods available. For alloyed particles, the reduction of the metal

precursors must be considered. In order to create alloys from wet chemical methods and



produce shaped samples, the reduction rate of the chosen metals must match. Alloys in
particular have been chosen due to the ability to incorporate non-precious metals with Pt,
thus decreasing the overall amount of Pt needed while increasing the activity due to the
ensemble and synergistic effects mentioned previously.

Other methods include the formation of core-shell and core-sandwich shell
nanoparticles. First the core particle is synthesized using traditional colloidal nanoparticle
syntheses and then the shell layer is reduced on the surface. In certain cases, a third or
fourth layer may also be deposited. Similarly, the production of core shell particles can
occur if the two metal precursors that are mixed together have vastly different reduction
potentials where one is reduced, followed by the second. The core and shell interact
through epitaxial growth of each metal atom on the other. When the lattices are
mismatched, a degree of strain is imparted altering the catalyst initial abilities. Similar to
alloyed particles, the reduction rate of each must be considered. Luckily, with the growth
of nanoparticle synthesis, an array of reducing agents can be used individually or in

combination to produce the desired reducing power (Table 1.1)

Reducing Agent Structure Standard Redox Potential
. . Iy ~-12V
sodium borohydride L) (stronger in base)
ammonia borane n it ~-12V
Wb (stronger in acid)

. L ~-12 V
Hydrazine (A (stronger in base)
ascorbic acid N ~-0.13V

W o (stronger in acid)
citric acid oAy ~-030 V
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Table 1.1: Standard reducing potentials of commonly used reducing agents in
nanoparticle synthesis

Finally, intermetallic compounds (IMC), are crystalline ordered alloys with very
specific stoichiometry and long range atomic ordering, have started to garner a lot of
attention. Bulk IMC materials have been more extensively studied due to their unique
properties and active surface. Because of the unique properties, research into IMC

272 For these

nanomaterials is gaining attention, particularly by the Schaak group
particles, three traditional synthesis methods are used 1) a top down approach using bulk
phase IMC synthesized through heating of mixed metallic powders followed by milling,

30312 direct synthesis using wet chemistry at

crushing or etching into nanoparticles
elevated temperatures™ ; and 3) using nanoparticle alloys or core shell structures are

precursor particles to then undergo annealing”™. In each of these instances, the

morphology of the nanoparticle may not be retained.

1.1.2 Metal Nanoparticle Motifs for Electrochemical Reactions

With the push towards “green chemistry” it is widely accepted that catalytic
processes and fuel processes need to be environmentally friendly. As the need for
alternative fuels rises, heterogeneous catalysis is available to step in. With the common
goal to decrease CO, emissions, fuel cell reactions are of particular interest. In these
reactions, the general catalyst at both the anode and cathode is Pt. Unfortunately, Pt can
easily be poised from the surface coming into contact with contaminates in the feed gas,
the polymer membranes used (proton exchange membrane (PEM) for PEM fuel cells), as

well as byproducts produced throughout the course of the reaction. Due to this, the d-
11



band structure of the Pt needs to be altered for the poisonous species to bind less strongly,
so the Pt does not deactivate.

Using the synthetic strategies from above; alloys, core-shell, and intermetallic
particles, a new degree of stability can be brought to the Pt catalyst through the “below
the surface approach”. It is worth mentioning, for electrochemistry, the reactions are very
dependent on the facet exposed. In 2014, Chen et al, synthesized Pt;Ni nanoframes that
showed superior activity and stability compared to the traditional Pt/C catalysts. Through
the incorporation of non-precious Ni, a synergetic effect was realized on the Pt surface
and the stability was increased. With the use of nanoframes, the surface area was also
drastically increased™. Indeed, several attempts have been made at utilizing these non-
precious alloys in PEMFC reactions. Unfortunately, although the initial activity and mass
activity is higher than traditional Pt/C catalysts, due to the nature of the alloys and the
harsh acidic environments of PEMFC, the non-precious metal within the alloy can leach
out dropping the stability and life time of the catalysts. Chen et al recently published a
paper in ACS Nano®* studying the effects of alloyed nanoframes and their stability by
using different etching methods. With the leaching from alloyed samples, the use of core-
shell nanoparticles for fuel cell electrocatalysis became more prominent.

With the use of core-shell particles, the strain from the lower layer would alter the
electronic structure of the Pt shell layer in a similar fashion as the alloyed samples; in this
case though, the stability would be increased due to the shell around the non-precious
metal or less stable core. Strasser et al, showed that the lattice strain imparted on the Pt
outer shell of a core-shell Pt-PtCu catalyst enhanced the activity in the cathodic oxygen

reduction reaction (ORR) for many fuel cells. By intentionally creating Pt skin layer, the
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Cu was protected throughout cycling from further etching and the lattice strain enhanced
the Pt catalytic activity’>. Similar results have been seen in other heterogeneous reactions
such as the oxidation of CO using Ru-Pt core shell particles as well**. Although lattice
strain does increase the activity, similar problems over long cycling times occur with

37, and

core-shell particles. Under running conditions, surface rearrangement is a concern
due to this, pin-prick holes in the Pt arrangement can have detrimental effects on the
interior core and leaching effects.

As synthesis capabilities increased, the use of intermetallic particles became more
prevalent. Due to their crystal structure, the nanoparticles are inherently more stable and
less likely to undergo restructuring during working conditions. In a Nature Materials
paper in 2013, intermetallic Pt-Co core-shell structures for ORR were presented with
enhanced activity and stability showing that the incorporation of the non-precious metal
into a stable crystal lattice ensured less leaching. Meanwhile a Pt skin was used as the
catalyst surface. From the strain imparted below the surface as well as the enhanced
stability, less surface poisoning occurred™.

Although by changing altering the d-band structure from below, the stability and
activity can be increased, the de-alloying is still a concern. For core-shell particles, the
strain imparted is ideal, but with fractures in the surface, the particles can still undergo
metal migration and changes in the faceting of the nanoparticles, whereas for
intermetallic particles, there is still less knowledge and synthetic strategy on shaped IMC

particles. Additionally, the characterization of such particles can be difficult. Although

the below the surface approach enhances the activity and in certain instances the stability,
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it is worth noting, a second method for catalyst stability and selectivity is possible; using

an “above the surface” approach through porous materials and selective sieving effects.

1.2 Metal Organic Frameworks for Heterogeneous Catalysis

Although metal nanoparticles have been explored as a possible solution towards
green energy and industrial processes, their propensity to deactivate due to surface
poisoning and aggregation is still a concern; even with below the surface electronic band
structure manipulations. As a result, core shell materials utilizing a nanoparticle core
encapsulated within a porous shell have gained attention. The porous shell material
allows for reactants to have accessibility to the particle surface while increasing its
durability and recyclability. Among common crystalline porous materials, metal organic

frames, in particular is a promising class of encapsulation material.

1.2.1 Synthesis Methods for Nanoparticles Encapsulated in Metal Organic

Framework

Metal-organic frameworks (MOFs) are porous, crystalline solids formed from the
three dimensional coordination of metal nodes and bridging organic ligands which
feature permanent microporosity upon solvent removal®. MOFs have record surface
areas up to few thousand m”g and high molecular selectivity, which make MOFs
attractive and promising materials for molecular storage and particularly separation®.
The highly selective behavior of a MOF is a function of its pore aperture structure and the

chemical groups exposed on its inner surface. MOF, formed through metal secondary
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building units or nodes, and organic linkers coordinate and self-assemble as porous
coordination polymers, containing pores and apertures depending on the metal node and
linker used. The various choices of metal node allow for metal binding sites with near
infinite tunability of organic linkers provided by synthetic organic chemistry.*' This
explosion in the number of degrees of freedom available to the synthetic chemist when
designing a MOF for a given application — thousands even across a MOF series of the
same underlying topology — is the material’s main attraction over other porous materials,

Figure 1.2.*

Organic Linkers
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or oxide clusters) ® © nmm)

_|_
pistiie ]

Figure 1.2: MOF Synthesis building blocks to form the porous coordination polymers.

Secondary building units creating the metal ion or cluster nodes and the organic linkers.**

MOF have proven the ability to regulate molecular diffusion through their
apertures and pores, the sorption properties, and the orientation and conformation through
which molecules pass through and interact with interior cages.”> Although MOF have

. . . 4 4 : 44.4
several unique properties, ie. gas storage®, separation®, and drug delivery***’

, a major
role is heterogeneous catalysis*®. Due to their porous nature, the incorporation of metal

nanoparticles within the interior pores of the MOF allows for new functionality,
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selectivity, and stability to the nanoparticle catalyst where the nanopores offer
confinement effects and enforce reactant selectivity based on size and adsorption

properties (Figure 1.3).
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Figure 1.3: Heterogeneous catalysis approach by protecting catalyst surface through
caging effects of MOF to act as molecular sieves for reactants to protect the nanoparticle
surface

For most MOF syntheses, the metal nodes are created from metal salts dissolved
within organic solvent. By incorporating the needed linker, the MOF coordinates to form
the 3D structure at high temperatures. With the very tunable nature of metal organic
frameworks, huge libraries of these materials have been created. Furukawa et al
published an extensive table of the many nodes and linkers currently employed in MOF
synthesis.*’

To generate hybrid nanoparticle within metal organic framework, several methods
can be used. The most traditional and wide spread method is post-synthetic wetness
impregnation®®>" where the as synthesized porous material is soaked in a solution of

metal salt precursors to allow the metal ions to diffuse into the pores; the metal salts are
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confined to the pores, using the MOF as a template. The ions are then reduced to form the
nanoparticle catalysts encapsulated within the pores. This method was used to create
hybrid Au nanoparticles within zeolitic imidazole framework (Au@ZIF-8), a zinc based
MOF with imidazole linkers*. Similarly, this method has been utilized to deposit highly
active Pt nanoparticles within MIL-101; a Cr based MOF that uses terephthalic acid

linkers® .

With this method, several different metal salts can be used to produce a wide
assortment of hybrid composites, however there are several key disadvantages. Because
the formation of the particles is dependent on the diffusion of metal ions into the MOF,
the control over the particle dispersity, composition, and morphology are lacking. By
soaking the MOF template, the particles also have a tendency to form on the exterior
surface and can fracture the MOF coating during the reduction step.”’

In order to tackle the drawbacks that arise from the wetness impregnation process
new methodologies have been developed to produce fully encapsulated particles. By
utilizing pre-formed colloidal nanoparticles with traditional capping agents, they can be
incorporated during the MOF synthesis steps.’>> The pre-synthesized nanoparticles are
introduced in the MOF precursor solutions and the coating is able to form around them
completely encapsulating their surfaces. By first synthesizing the nanoparticles, several
disadvantages from wetness impregnation can be combated; the size, composition, and
shape can all be controlled prior to use. Xu et al used polyvinyl pyrrolidone (PVP)
capped Pt nanoparticles and encapsulated them in UiO-66, a very robust Zr MOF with
terephthalic acid linkers, to show enhanced H,O, oxidation®®. There have even been
reports of using colloidal nanoparticle surfactants as structure directing agents in Pd and
Au nanoparticles within ZIF-8. As with wetness impregnation, there are a few
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drawbacks that must be considered, mainly the use of colloidal nanoparticle capping
agents are adhered to the nanoparticle surface, which can then block active sites for
catalysis.

A final approach is using MOF itself as the nanoparticle capping agent. This
method allows for a cleaner nanoparticle surface while still imparting the selectivity
inherent to the MOF, therefore controlling the catalytic selectivity. In order for this
method to work, the linkers or metal nodes need to coordinate with the dissolved
nanoparticle metal ions to act as a capping agent to avoid particle aggregation. As shown
by the Li group”’, capping agent free Pt nanoparticles were encapsulated in MOF through
in situ reduction of the Pt salt by the organic solvent and “capped” by the linker. This
chelating effect of the linker and forming metal nanoparticle lowers the particle surface
energy like a traditional colloidal capping agent would. In recent years, this method has
become more widely used to form these hybrid nanoparticle within MOF composites and
has opened the doors for new nanoparticle within MOF motifs with cleaner nanoparticle

surfaces for heterogeneous catalysis with enhanced selectivity and stability’®.

1.2.2 Metal Organic Frameworks for Heterogeneous Catalysis

Metal organic frameworks have been utilized in a variety of ways, with a focus
towards catalysis. With the incorporation of metal nanoparticles in MOF, the particles
inherit the selectivity from the MOF coating and its selective properties as well as
enhanced stability from aggregation and leaching during working conditions, and

enhanced chemical environments from functionalized linkers (Figure 1.4).

18



@
& ’x' = Pore size and structure control

%.... = Chemical property control

= Metal surface control

Figure 1.4: Illustration of the nanoparticle with and MOF interface with the tunable
properties highlighted. The pore size (green) by changing the linker length, the chemical
property (red) by functionalizing the linkers and the metal surface (blue) by incorporating
different metal nanoparticles

These hybrid catalyst systems are applicable to a wide variety of chemical
transformations in the gas and liquid phase as well as through electrochemical means. In
2014, Zhang et al, displayed the size selective hydrogenations of alkenes in liquid phase
reactions as well as the reduction of CO, in the gas phase using Pt nanoparticles
encapsulated within the very chemically and thermally stable Ui0-66. Ui0-66, with an
aperture size of 5 A, only allowed for the smaller reactant molecules to pass through to
interact with the nanoparticle catalyst inside. The larger molecules were excluded from
interacting with the nanoparticle. With the ability to tune the pore sizes and the aperture
size of MOF, the ability to use them toward selective molecular sieving has advanced.

As with the ability to selectively exclude molecules, MOF coatings can also be

used to confine reactants into certain orientations to only allow particular parts of
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molecules to come in contact with the encapsulated catalyst. As mentioned previously,
heterogeneous catalysis is an immensely important field for pharmaceutical and fine
chemicals. As presented in Nature in 2016, Pt nanoparticles incorporated under a layer of
MIL-101 was used to perform selective hydrogenation on aldehydes to form the desired
unsaturated alcohol products. Due to the nature of MIL-101 and the interaction the
reactant molecules had, not only with the confinement from the pores, but also with the
nodes, the desired product was produced. In comparison, for the same reaction run where
the particles were not encapsulated, an array of the hydrogenation products were
formed.®® Similar results were seen in an Au@ZIF-8 material used by Stephenson et al®'.
Additionally, MOF have shown the ability to selectively uptake certain gases over others
due to the chemical environments within the pores®.

Although MOFs play a role in size selective catalysis, they can also be used in
electrochemical reactions to provide stability to the electrochemical catalyst by reducing
aggregation and leaching during electrochemical cycling. In addition, MOF is able to
provide enhance proton conductivity when the linkers are functionalized. UiO-66, with
the composition ZrsO4(OH)4(1,4-bezenedicarboxylate)s,” has been shown to have proton
conductivity when linkers are functionalized.®*

The goal of this research is to utilize both methods to increase the activity,
selectivity, and stability of nanoscale heterogeneous catalyst. First, the use of lattice
strain to induce changes in the electronic band structure of nanoparticles will be
discussed in order to reduce the poisoning effect during electrochemical oxidations and
change the activity of the reaction. Beginning with simple core-shell structures and

moving to more complex core-sandwich-shell structures, the degree of lattice strain and
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incorporation of a non-precious metal are explored. Using the core-sandwich-shell motif,
intermetallic nanoparticles are then synthesized for increased activity in electrochemical
methanol oxidation. Finally, in the later part, the top down approach to increased
selectivity and stability is discussed. Through use of metal organic framework, mainly
Ui0O-66, nanoparticles are capped to show selective alkene and aldehyde hydrogenation
reactions. Lastly, a complex hybrid nanoparticle and MOF composite is used for increase

stability for electrochemical oxygen reduction.
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2.1 Abstract

Bimetallic nanoparticle catalysts provide enhanced activity, as combining metals
allows tuning of electronic and geometric structure, but the enhancement may vary
during the reaction because the nanoparticles can undergo metal migration under catalytic
reaction conditions. Using cyclic voltammetry to track the surface composition over time,
we carried out a detailed study of metal migration in a well-defined model Au-Pd core-

shell nanocatalyst. When subjected to electrochemical conditions, Au migration from the
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core to the shell was observed. The effect of Pd shell thickness and electrolyte identity on
the extent of migration was studied. Migration of metals during catalytic ethanol
oxidation was found to alter the particle's surface composition and electronic structure,
enhancing the core-shell particles' activity. We show that metal migration in core-shell
nanoparticles is a phenomenon common to numerous electrochemical systems and must

be considered when studying electrochemical catalysis.

2.2 Introduction

Bimetallic nanoparticles (NPs) often exhibit activity superior to their
monometallic counterparts, due to a combination of metal-metal interactions. Many
examples of increased catalytic activity on bimetallic core-shell or alloy NPs have been
published in the literature.'™ Electronic effects, also called ligand effects or charge
redistribution, alter the electronic structure of the metal surface through direct electron
interaction between the two metals. The resulting increase in activity can be explained by
the position of the surface metal's d-band center in relation to the Fermi level, affecting
how strongly reactive adsorbate molecules can bind to the metal surface.”'' The
geometric effect, or lattice strain, also alters catalytic activity by changing the position of
the d-band center. When two metals with different lattice sizes are brought into contact,
the crystal lattice near the boundary needs to restructure a small amount to reduce the
lattice mismatch. Expansive strain reduces orbital overlap, narrowing the d-band and
raising the d-band center, while compressive strain increases overlap, widening the d-

band and lowering the d-band center.””'*'* Synergy, or ensemble effects, involves the
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availability of specific metal active sites. Many catalytic reactions that take place on a
metal surface require a specific type of binding site to achieve the correct orientation, for
example, a 3-fold Pd site or a monomer Pt site, while the wrong site can lead to poisoning
of the surface or unwanted byproducts. Adding a second metal to an NP catalyst can alter
activity by preferentially tuning the types of active sites available to adsorbates.'>"”
While bimetallic and multi-metallic NPs often exhibit improved activity
compared to their monometallic counterparts, it is difficult to optimize activity by simply
manipulating composition and structure, because metal migration causes the influence of
electronic, geometric, and ensemble effects to change over time. Bimetallic nanoparticles
undergo metal migration when subjected to reaction conditions, caused by surface energy
differences and oxidizing or reducing agents in the system (Scheme 2.1). This has
attracted great attention in recent catalysis research.'® Using the popular core-shell
structure as an example, the core metal may have lower surface energy than the shell
metal, so when given enough energy, the core metal will migrate to the particle surface in
order to lower the overall surface energy. Experimental and computational work has been
done to study heat-induced metal migration. Computational studies modeled the high-
temperature melting of Au-Pt core-shell NPs, finding the migration of Au from core to
shell to be inhomogeneous and dependent on shell thickness.'”” A recent experimental
study used various calcination temperatures and gas environments to migrate Au in Au-Pt
core-shell NPs and manipulate the ratio of Pt to Au in the alloyed shell, finding that the
migration of Au from core to shell increased catalytic activity in electro-oxidations. They
attributed this result to electronic and synergetic effects: the Au in the shell both altered

Pt's electronic structure and manipulated the types of active sites available.? It has also
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been found that metal migration can occur under catalytic reaction conditions. In gas
phase heterogeneous catalysis, both the reaction temperature and the gases present in the
reaction mixture affect metal migration. It was shown that in Rh-Pt and Rh-Pd NPs, Rh
and Pd or Pt alternately and reversibly migrate to the surface as the gas environment is
changed. Metallic Pd and Pt have lower surface energies than Rh, so they move to the
surface under reducing conditions, but Rh forms more stable oxides, so it moves to the
surface under oxidizing conditions.”’ A similar finding was achieved with Au-Pd NPs
under a CO/O, atmosphere, in which the ratio of gases present determined the surface
composition of the particles.”” Migration has also been seen in sifu in electrocatalytic
reaction conditions, in the cases of Pt-Ni*> and Pt-Cu.** In many cases, the compositional
and structural changes resulting from metal migration can lead to higher activity, but may

also decrease durability.

Reactions { ¥

® Meta[ A

® Metal E

Scheme 2.1: Surface metal migration of core-shell nanoparticles. In the case of this
chapter, metal “A” is Pd while metal “B” is Au, where the migration occurs during
electrochemical cycling.

While the impact on catalysis of electrochemically induced metal migration has
been shown, such study is less extensive compared to work on synthetic routes and

catalysis for metal core-shell nanoparticles. Here, we study metal migration induced by
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reaction conditions in a well-defined model Au-Pd core-shell nanocatalyst; a system that

25-28

has been well studied synthetically. Pd is an important catalytic metal for a number of

29-33

energy- and industrially relevant reactions, and Au has been shown to increase Pd's

3435 50 this an important bimetallic system in which to study

activity in many cases,
migration. Au has a lower surface energy than Pd and is prone to outward migration from
core to shell.*® The structural and compositional changes resulting from metal migration
need to be studied in order to understand the stability of Au-Pd bimetallic catalysts, as
well as to elucidate the real active surface of the catalyst, which may be different from
that of the as-synthesized NPs. Migration in Au-Pd NPs has been studied theoretically via
high-temperature simulations®® and in gas phase heterogeneous catalysis,”’ but to our
knowledge it has not been studied under electrocatalytic conditions. In this work, well-
defined Au-Pd core-shell octahedral NPs were synthesized as a model catalyst and tested
under a number of different electrochemical conditions to understand the mechanism and
catalytic consequences of in situ metal migration. Octahedral particles were chosen
because the {111} crystal facet is the most stable and close-packed low-index facet, and a
30 nm particle size was chosen because the relatively large size allows good control over
shape and shell thickness. Different morphologies and sizes will be studied in the future;
for an initial study, the good stability and well-controlled structure of the 30 nm
octahedra provide an excellent model catalyst platform. We show that electrochemical
cycling during both voltammetric profiles and catalytic ethanol oxidation induces surface
composition changes, that the mechanism of change likely involves both Au migration
and Pd oxidative dissolution, and that the compositional changes affect catalytic activity

through a combination of bimetallic interactions.
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2.3 Experimental Methods

2.3.1 Chemicals

L-Ascorbic acid (C¢HgOs, 99 %), hydrochloric acid (HCI, 37 %), palladium(II)
chloride (PdCl,, 99 %), gold(IIl) chloride trihydrate (AuCls - 3H,O, ~50 % Au by wt),
sodium citrate tribasic dihydrate (Na;C¢HsO; - 2H,0, 99.5 %), and perchloric acid
(HCl1O4, 70 %) were all obtained from Sigma-Aldrich. Cetyltrimethylammonium bromide
(CTAB, 98 %) was obtained from Calbiochem. Cetyltrimethylammonium chloride
(CTAC, 99 %) was obtained from Fluka. Sulfuric acid (H,SO4, 95 %) and sodium
hydroxide (NaOH, 95 %) were obtained from BDH. Nitrogen gas (N, 99 %) was
obtained from Airgas. Ethanol (CH3;0H, 99.8 %) was obtained from Acros. Deionized
water (DI Water, 18.2 MQ) was used in all procedures. Hydrochloric acid was used to
prepare the acidic precursors for gold and palladium. Concentrated HCl was diluted,
added to a beaker containing the metal chloride salt, and stirred under gentle heating to

produce the 0.01 M stock solutions.

2.3.2 Synthesis of 30 nm Au Nanooctahedra

First, deionized water (97 mL) was added to a glass hydrothermal vessel that
contained CTAB (550 mg), and sonication was applied to dissolve the CTAB. Next, a
0.01 M solution of HAuCl, (2.500 mL) was added, along with a 0.1 M solution of sodium
citrate (0.500 mL). The hydrothermal vessel was placed in an oven at 110 °C for 24

hours. The final solution was centrifuged at 6000 rpm for 20 min. This process was
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repeated two more times to ensure that any excess surfactant was removed. Lastly, the
resulting clear supernatant was discarded, and the particles were redispersed in deionized

water (10 mL).

2.3.3 Synthesis of ~35 nm Au-Pd Core-Shell Nanooctahedra

First, deionized water (10 mL) was added to a 20 mL vial containing CTAB (50
mg), and sonication was applied to dissolve the CTAB. Then, a portion of 30 nm Au
octahedral seeds (0.500 mL) was added to the solution. Next, a portion of 0.01 M
solution of H,PdCly (15 or 50 uL) was added, along with a 0.04 M solution of ascorbic
acid (0.100 mL). A stir bar was added, and the capped vial was placed in a water bath at
40 °C for 24 hours with gentle stirring. These particles were washed by centrifugation at
6000 rpm for 10 minutes. This process was repeated two more times. The final clear
supernatant was discarded, and the particles were redispersed in deionized water (1 mL).
Synthesis with 15 pL of 0.01 M H,PdCls gave core-shell nanooctahedra with a ~1.5 nm
shell, while synthesis with 50 pL of 0.01 M H,PdCl, gave core-shell nanooctahedra with

a ~4.5 nm shell.

2.3.4 Characterization

Samples were prepared for TEM by washing several times with DI water and
placing 1.0 pL droplets of particle solutions on carbon-coated copper grids, which were
then allowed to dry in air. The instrument used for TEM was a JEOL JEM2010F operated

at 200 kV. High-resolution STEM and EDX mapping experiments were performed on a
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FEI Probe Cs corrected Titan operating at 200 kV. The high-angle annular dark field
(HAADF) images were acquired by a Fischione HAADF detector, and the EDX maps
were acquired by ChemiSTEM technology with four windowless SDD detectors. This
instrument incorporates the condenser spherical aberration corrector and X-FEG with
probe current 0.4 nA in a 0.31 nm spot and can achieve a resolution of 0.08 nm as well as

efficient X-ray collection rate.

2.3.5 Electrochemical Measurements

A concentrated particle solution (5 pl) was deposited onto the previously
alumina-polished surface of a glassy carbon working electrode (CH Instruments). A
typical three-electrode system was used to perform the electrochemical experiments: a
glassy carbon working electrode with deposited particles, a saturated calomel electrode
(SCE) reference electrode, and a platinum auxiliary electrode (both CH Instruments)
were connected to a potentiostat system (BioLogic VSP). The electrodes were put into a
three-neck flask containing aqueous electrolyte solutions that had been previously
bubbled with nitrogen gas. Voltammetric profiles were carried out in 0.5 M H,SOq4
scanning from -0.19 to 1.46 V at 50 mV/s; in 0.5 M HCIO4 from -0.19 to 1.46 V at 50
mV/s; and in 0.5 M KOH from -1.0 to 0.6 V at 50 mV/s. Ethanol oxidation was
performed in a 1 M KOH + 1 M ethanol solution, scanning from -0.8 to 0.3 V at a scan
rate of 50 mV/s. The current was normalized by Pd area, determined by measuring the

hydrogen adsorption/desorption charge in a sulfuric acid blank scan.
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2.4 Results and Discussion

2.4.1 Synthesis of Au-Pd Core-Shell Nanooctahedra Electrocatalysts

An aqueous phase, cetyltrimethylammonium bromide (CTAB)-capped synthetic
method similar to that employed in our recent work™® was used to create 30-35 nm Au-Pd
core-shell nanooctahedra. As an ionic capping agent, CTAB is relatively loosely
associated with the NP surface and can be removed by a combination of centrifugation in
water and potential cycling, so it is a suitable capping agent with which to study surface
structure and catalysis. Large, well-defined NPs with tunable shell thicknesses are
suitable model catalysts for the study of metal migration, so hydrothermally synthesized
Au octahedral NPs with a corner-to-corner length of 30 nm were chosen as seeds, as
reported in the literature.” Pd was grown epitaxially over the Au seeds, and by varying
the amount of Pd precursor in the growth solution, Pd shells of tunable thicknesses were
obtained. Adding 15 pL of 0.01 M H,PdCly to the growth solution yielded Pd shells
approximately 1.5 nm thick (thin shell), while adding 50 pL of 0.01 M H,PdCl, to the
growth solution yielded Pd shells approximately 4.5 nm thick (thick shell). Transmission
electron microscopy (TEM) images of the Au seeds and thin and thick shell Au-Pd
octahedra are shown in Figure 2.1. Figure 2.1d shows the continual lattice fringes from
the Au core to Pd shell phases, indicating epitaxial growth. Both particle types have well-
defined structures and good monodispersity, which allows us to perform the thorough

electrochemical study discussed below.
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Figure 2.1: TEM images of (a) Au nanooctahedra, (b) thin shell Au-Pd nanooctahedra,
and (c) thick shell Au-Pd nanooctahedra and (d) HR-TEM image of a thin shell
octahedron's Au-Pd interface, showing epitaxial growth. Insets in (b) and (c) show

magnified images of a single Au-Pd particle.

2.4.2 Au Migration through Electrochemical Blank Scans

Voltammetric profiles of the thin shell octahedra were performed in 0.5 M H,SO4
to characterize the surface composition of the particles over time. The charges associated
with characteristic peaks in the profile are proportional to Au and Pd surface areas: the
peaks for hydrogen adsorption and desorption on Pd (Pd-H) occur between -0.19 and

0.06 V, and the peak for oxide reduction on Au (Au-o0x) occurs on the cathodic scan
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between 1.0 and 0.8 V.%° Cycles 3, 10, and 20 of thin shell octahedra profiles are shown

in Figure 2.2a. The Pd-H peaks decrease and the Au-ox peaks increase in magnitude over

time, indicating increasing amounts of Au exposed on the surface. Quantitative surface

areas can be obtained by averaging the Pd-H adsorption and desorption peak charges and

dividing by 212 pC/em? , 40 and dividing the Au-ox peak charge by 340 pC/cm? to give

surface area in cm? (Figure 2.3 and in equation 2.1 and 2.2).%
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Figure 2.2: Voltammetric profiles of NPs in 0.5 M H,SO4 of (a) thin shell Au-Pd core-

shell octahedra, (b) a mixture of pure Pd and Au NPs, and (c) thick shell Au-Pd core-shell

octahedra. (d-f) Plots of Pd and Au surface areas calculated from voltammetric profile

charges versus cycle number for thin shell Au-Pd core-shell octahedra, the Pd/Au

mixture, and thick shell Au-Pd core-shell octahedra, respectively.
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Figure 2.3: Method of quantifying Pd and Au surface areas, shown on a voltammetric

profile of Au-Pd thin shell core-shell octahedra.
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These surface areas were calculated every five cycles and are plotted against cycle
number in Figure 2.2d. This plot shows that the Pd surface area steadily decreases while
the Au surface area steadily increases. This change in surface composition could occur
either by outward migration of Au from the core to the shell or by dissolution of Pd from
the particle surface into the electrolyte, or by a combination of both. As a control

experiment, a mixture of pure Au and Pd NPs was synthesized and tested under the same
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voltammetric profile conditions, shown in Figure 2.2b,e. After 20 cycles, little change in
the shape or magnitude of the Pd-H and Au-ox peaks can be seen, and accordingly, the
plot of surface area versus cycle number shows little change over time. The Pd surface
area actually increases slightly at first, likely due to the surface becoming cleaner: while
centrifugation removes excess solution CTAB, some CTAB molecules still remain
associated with the surface after centrifugation,*' and this portion is stripped away by
potential cycling. This CTAB cleaning effect is likely also present in the case of the thin
shell octahedra, but the Au migration is so rapid in this case that it dwarfs the cleaning
effect and Pd surface area immediately decreases. In addition, the same test was
performed on the thick shell octahedra, shown in Figure 2.2¢,f. The results are more
similar to that of the Au/Pd mix than that of the thin shell octahedra: the Pd area increases
slightly over the span of 20 cycles, likely due to surface cleaning. The near steady Pd
areas in Figure 2.2¢,f indicate that Pd dissolves relatively slowly into solution under these
conditions; it takes 15 cycles to initiate a slow surface area decrease of pure Pd NPs, as
compared with the immediate Pd surface area decrease in the case of the thin Pd shell,
which provides evidence that the observed thin shell surface changes are not solely
caused by Pd dissolution. The outward migration of the Au core atoms plays a more
important role here. The rapid decrease in Pd surface area observed in Figure 2.2d could
be due to Au atoms overtaking the surface, or that Au migration destabilizes Pd surface
atoms and thus initiates Pd dissolution. The Pd shell must be thin to facilitate these
changes; in Figure 2.2c,f the Pd shell is too thick to allow Au to migrate to the surface

and/or cause Pd to dissolve.
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The evolution in shape and peak placement of the voltammetric profiles in Figure
2.2 provides more information about the structural changes occurring during the
electrochemical cycling. The {100} and {I111} facet dominant surfaces of Pd NPs have
unique peak potentials, as the two facets adsorb hydrogen and form oxides at different
energies.”” In the hydrogen adsorption/desorption region (-0.19 to 0 V), {100} facets
exhibit peaks to the right of {111}; in the oxidized Pd formation region (0.6 to 0.9 V
anodic), {100} facets exhibit peaks to the left of {111}; and in the reduction of the
oxidized Pd region (0.2 to 0.6 V cathodic), {100} facets exhibit peaks to the right of
{111}. It can be seen in Figure 2.2a,b that with increased cycling a new peak grows in at
0.5 V on the cathodic scan. This peak corresponds to the reduction of oxidized Pd on a
{100} facet and grows in next to the peak at 0.35 V corresponding to the reduction of
oxidized Pd on a {111} facet. In addition, the Pd-H region peaks shift to the right with
increased cycling, and the oxidized Pd formation peaks shift to the left. Each of these
changes indicates that the fraction of exposed {111} facets decreases while the fraction of
exposed {100} facets increases. This structural change makes sense when considering Pd
dissolution under these electrochemical conditions. In an octahedral NP, the corners are
the most under coordinated, and thus of highest energy, and are likely to change more
easily than the more stable {111} faces, creating truncated cuboctahedral morphologies.
The change of corners exposes {100} facets and gives rise to the above-mentioned {100}
characteristic CV peaks. These changes in peak placement are seen to a lesser extent,
however, in the case of thick shell octahedra in Figure 2.2c, corroborating the results of
surface area measurements in Figure 2.2d,e,f that the lowest amount of Pd dissolution is

seen in the case of the thick shell octahedra.
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It is likely that the migration of Au from core to shell results from differences in
surface and cohesive energies. Pd has a larger cohesive energy than Au; it is more
favorable for Pd to be highly coordinated in the volume of a solid rather than under
coordinated on the edge, and this effect is stronger for Pd than for Au. In addition, Au has
a lower surface energy than Pd, which combined with the cohesive energy effect is a
strong driving force for Au atoms to diffuse preferentially to the NP surface and displace
Pd atoms.”” In one study, this energetic effect was found to induce irreversible Au
migration only in Au-Pd NPs with a sufficiently thin shell, which correlates with the
results in this work.* In a gas phase environment, the metal with lower surface energy
tends to migrate outward under reducing conditions, while the more easily oxidized metal
migrates outward under oxidative conditions.”' In an electrochemical environment, the
condition switches from oxidative to reducing between every scan, but the same
principles may apply; on the cathodic scans the lower surface energy Au migrates
outward, and on the anodic scans Pd would be expected to oxidize and migrate outward.
However, it has been found that the alloying of Au with Pd reduces the number of

unoccupied electronic states in Pd's d-band, inhibiting Pd oxidation.”"**

It is possible that
as Au migrates outward and the NP shell becomes alloyed, Pd can resist oxidation on the

anodic scans and Au is able to remain on the surface.

2.4.3 TEM/STEM-EDX Characterization of Au-Pd Nanooctahedra after

Electrochemical Blank Scans

TEM images were taken of the thin shell Au-Pd octahedra before and after 20

voltammetric profile cycles in 0.5 M H;SO4, shown in Figure 2.4. In order to have a
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tangible amount of material to collect off of the electrode after cycling, it was necessary
to load the NPs onto a conductive carbon Vulcan XC-72 support before deposition onto
the electrode. Figure 2.4b,c shows that the octahedral shape of the NPs is largely
maintained during cycling, although there may be some rounding of the corners into a
cuboctahedral shape due to dissolution at the corners as discussed above, and Figure 2.4c
may indicate the retention of a core-shell structure. TEM provides little contrast between
Au and Pd atoms, however, so the existence of a core-shell structure or alloyed shell
cannot be determined conclusively, and due to varied orientation on the three

dimensional carbon support, it is difficult to ascertain the exact NP shape.

Figure 2.4: TEM images of thin shell Au-Pd core-shell octahedra on a Vulcan XC-72

support (a) before and (b, c) after 20 voltammetric profile cycles in 0.5 M H,SO..

Scanning transmission electron microscopy (STEM) equipped with energy-
dispersive X-ray spectroscopy (EDX) was used to study the Au-Pd thin shell core- shell
octahedra before and after 20 cycles of voltammetric profile scanning in 0.5 M H,SO,.
The resulting line scans are shown in Figure 2.5, along with crystal models depicting
what we believe to be the Au-Pd structures before and after voltammetric profile

scanning. The Pd line scan (red) before cycling has a sharp peak at each end, indicative of
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a well-defined core-shell structure; the as-synthesized octahedra have a clear boundary
between the Au core and Pd shell. The Pd line scan after cycling, on the other hand, lacks
this characteristic feature and rather has a smooth bell curve shape similar to that of Au
(blue), indicating the presence of both metals in the shell due to Au migration. The
presence of both Au and Pd in the particle shell is corroborated by the presence of both
Au and Pd peaks in the voltammetric profiles. STEM elemental mapping was also
obtained of the Au-Pd octahedra, shown in Figure 2.6. The before and after maps appear
similar, but it is important to note that even after cycling there remains virtually no Pd in
the interior of the particle. This indicates that while Au migrates to the shell, there is little
to no migration of Pd toward the core. Therefore, one possible mechanism of
compositional change is that Au atoms migrate to the shell and displace Pd atoms, which
then dissolve into solution instead of dissolving back into the interior of the NP. Or, Pd
atoms first dissolve from the shell surface into solution, and Au atoms migrate into the
shell to fill the vacancies left behind. The latter may be more likely, because when Pd
atoms dissolve out of the shell, they leave high-energy, under coordinated sites and it
becomes energetically favorable for Au atoms to fill these sites. The results of
voltammetric profiles and surface area quantification (Figure 2.1) indicate that Pd does
not dissolve into the solution on its own, as little decrease in Pd area was seen for pure Pd
particles or a thick Pd shell. This implies that some modification or influence by the Au
core may be needed to induce Pd dissolution and that the processes of Au migration and

Pd dissolution are closely related.
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Figure 2.5: EDX line scans of Au-Pd thin shell core-shell octahedra on a Vulcan XC-72
support (a) as synthesized and (b) after 20 voltammetric profile cycles in 0.5 M H;SO,.
(c, d) Crystal models of what we believe the NPs look like before cycling (core-shell) and

after cycling (core-alloyed-shell). Pd is shown in red; Au in blue.
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Figure 2.6: STEM/EDX of elemental mapping and quantification mapping of Au-Pd thin
shell core-shell octahedra on Vulcan XC-72 support (a-d) as synthesized and (e-h) after
20 voltammetric profile cycles in 0.5 M H,SO4. Au is shown in red; Pd in blue. In the
quantification maps pink indicates a high concentration of the element while black

indicates a low concentration.

2.4.4 Electrolyte Effect on Au Migration during Electrochemical Blank Scans

Next, the effect of electrolyte on Au migration was studied by comparing
voltammetric profiles of thin shell Au-Pd octahedra in 0.5 M sulfuric acid, perchloric
acid, and potassium hydroxide, shown in Figure 2.7. These three electrolytes are the most
commonly used in electrochemical NP characterization and were thus tested in order to
gain a general understanding of metal migration behavior in voltammetric profiles, in
both acidic and alkaline solutions. In sulfuric acid, a drastic change in Pd-H and Au-ox
peaks can be seen between cycles 3 and 20; by cycle 20 the Pd-H peaks have diminished

to almost nothing and the Au-ox peak has grown large. In perchloric acid, on the other
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hand, the Pd-H and Au-ox peaks in cycles 3 and 20 differ minimally, and a drastic change
as seen in sulfuric acid is not seen until cycle 50. In KOH, no change is seen even after
50 cycles. A different voltage range is needed for the KOH scans, but it has been shown
that the characteristic peaks fall in the same relative positions;* thus the lack of change
in the Pd-H and Au-ox peaks still indicates little to no migration/ dissolution. In addition,
the changes in peak placement with repeated cycling discussed above are seen in Figure
2.7a,b but not ¢, again indicating little to no Pd dissolution in the KOH electrolyte. These
results indicate that Au is able to migrate the fastest, and/or Pd dissolves the fastest, in
sulfuric acid, slowly in perchloric acid, and not at all in an alkaline environment. The
difference in migration/dissolution between acid electrolytes likely results from the
different anions in solution. It has been reported that Pd's anodic oxidation and
dissolution occurs to a different extent depending on the electrolyte.*® The presence of
anions in solution may facilitate the formation of dissolution intermediates or products by
forming complexes with Pd cations, so the anion identity can affect the rate of
dissolution. ClO4 anions are known to promote Pd dissolution to a lesser extent,47 and to
adsorb to Pd surfaces to a lesser exten‘[,48 than HSO4/SO4 . Thus, the HCIO4 electrolyte
interacts less with the Pd surface and does not induce migration/dissolution as fast as

H,S0s.
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Figure 2.7: Voltammetric profiles of thin shell Au-Pd core-shell octahedra in (a) 0.5 M
H,SOy4, (b) 0.5 M HCIOy4, and (¢) 0.5 M KOH. A drastic change in surface composition is

seen in H,SO4, while less change is seen in HCIO4 and no change is seen in KOH.

As noted above, the potential range for the KOH profiles is different than that of
the acidic electrolytes, only scanning to 0.6 V, so it is possible that a higher anodic
potential is needed to induce Au migration and Pd dissolution, resulting in no
compositional change in the KOH profile. We also note that there is no sulfate anion
present in the KOH experiment, so the anion effect may also be at play in this system;
OH anions may not facilitate Pd dissolution to the same extent as C104 and HSO, /SO, *.
To further study the effect of pH on metal migration, voltammetric profiles of thin shell
Au-Pd octahedra were obtained in pH 4, 7, and 10 0.5 M SO~ electrolyte solutions,
shown in Figure 2.8. Migration is observed in the pH 4 profile, as evidenced by the
disappearance of the Pd-H peaks and the appearance of the Au-ox peak, while little to no
migration is observed in the profiles at pH 7 and 10. In addition, the migration at pH 4 is
observed to a lesser extent than that at pH 0 (0.5 M H,SO; in Figure 2.5a). Because the
characteristic Pd-H and Au-ox peaks occur at different potentials depending on the
electrolyte pH, slightly different potential windows were necessary for each experiment

(pH 0: -0.19 to 1.49 V, pH 4: -0.5 to 1.26 V, pH 7 and 10: -1.0 to 1.2 V). However, the
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anodic potentials are sufficiently high in each case to fully oxidize both Pd and Au, so the
trend observed is due to differences in pH rather than potential. It is known that Pd
dissolution occurs to a greater extent at lower pH,*” and it is likely that a sufficiently
acidic electrolyte is necessary in this system to induce Pd dissolution and Au migration.
To limit unwanted metal migration in bimetallic catalyst systems, therefore, it may be

beneficial to perform reactions in an alkaline environment when possible.
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Figure 2.8: Voltammetric profiles of thin shell Au-Pd core-shell octahedra in 0.5 M SO,
solutions at (a) pH 4, (b) pH 7, and (c¢) pH 10. Metal migration is observed in (a) by the
disappearance of the Pd-H peaks and the appearance of the Au-ox peak, while little to no

migration is observed in (b, c).

2.4.5 Au Migration During Electrochemical Ethanol Oxidation (EOR)

Next, the migration of Au was studied under catalytic conditions. Ethanol electro-
oxidation is an important fuel cell reaction and, as such, has become a popular
characterization method with which to test the activity of metal nanoparticles. While it is
a widely utilized reaction, the effect of metal migration on ethanol oxidation activity in
such a well-defined system is unstudied, making it a perfect model reaction for this work.

The ethanol oxidation reaction (EOR) in an alkaline electrolyte was performed on the
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thin and thick shell Au-Pd octahedral NPs to study both the effect of migration on
electrocatalysis and the effect of shell thickness on migration. In order to compare
activity of the two NP types, an electrochemically active surface area (ECSA)
measurement with which to normalize current is needed. CO stripping is generally the
best method for ECSA quantification, but did not give readable currents for these NPs.
Voltammetric profiles can also be used to calculate ECSA, but as discussed above, these
scans alter the NP surface. Instead, “half” blank scans, cycling from 0.19 to 0.3 V, were
performed, thus avoiding the highly anodic region that causes Au migration and/or Pd
dissolution. After 20 cycles of “half” blank scans, no change was seen, indicating no
surface modification (Figure 2.9). Pd ECSA was determined by averaging the Pd-H peaks
and dividing by 212 pC/cm?® as above. Two thousand cycles of ethanol oxidation were
performed, and cycles 2, 500, and 2000 for thin and thick shell Au-Pd octahedra are
shown in Figure 2.10. In the case of thin shell octahedra, two main peaks are present until
about cycle 400, at which point two new peaks appear. These peaks are labeled I-IV in
Figure 2.10a. Forward peak I and backward peak IV are in positions characteristic of
ethanol oxidation on Pd,* while forward peak II and backward peak III are characteristic
of ethanol oxidation on Au (Figure 2.11).”° The presence of Au peaks indicates again that
during electrochemical cycling Au migrates from the NP core to the shell. The
normalized current densities of these peaks were measured every one hundred cycles and
are plotted against cycle number in Figure 2.10c,d. For the thin shell octahedra, Pd's
current density peaks around cycle 400, near 80 mA/cm? , and begins to decrease steadily
as Au peaks appear. The Au peaks hit a maximum at about 800 cycles before beginning

to steadily decrease. The activity of all four peaks eventually flattens out near 10
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mA/cm?. The presence of Au peaks indicates migration of Au from core to shell, which
interestingly does not occur until cycle 400, while occurring in the first 10 cycles in
sulfuric acid voltammetric profiles. This may be due to the alkaline electrolyte or the low
anodic voltage (the scans cycle from -0.8 to 0.3 V). The case of thick shell Au-Pd
octahedra is strikingly different; Au peaks II and III never appear, indicating no migration
of Au from core to shell, and the Pd activity reaches a maximum at cycle 100 near 14
mA/cm” and decreases rapidly, flattening out near 1 mA/cm?” . Thus, the thick Pd shell
prevents Au migration, but the thin Pd shell provides a much higher overall current
density of 80 versus 14 mA/cm” at peak and 10 versus 1 mA/cm® after 2000 cycles. It is
also important to note that the thin shell octahedra increase in activity for the first 400
cycles; as Au moves toward the surface, it promotes Pd EOR activity, but when the Au

surface coverage is too high, activity decreases.

0.03

0.02

0.01 4

0.00 +

-0.01

I (mA)

N
- Vi

-0.02

LT

-0.03

-0.04

0654 ¥FFF—7—++
02 -0.1 0.0 0.1 02 0.3 0.4

E (V) vs. SCE

Figure 2.9: “Half” voltammetric profile blank scans of Au-Pd thin shell core-shell

octahedra, scanning from -0.19 V to 0.3 V at a scan rate of 50 mV/s.
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Figure 2.10: (a, b) Ethanol oxidation reaction (EOR) performed on thin and thick shell

Au-Pd core-shell octahedra, respectively, in I M KOH + 1 M ethanol. (c, d) Plots of EOR

current density versus cycle number for thin and thick shell octahedra, respectively, for

peaks I-IV as labeled in (a).
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Figure 2.11: Ethanol oxidation on pure Au octahedral NPs. To confirm that peaks II and
IIT observed in ethanol oxidation on Au-Pd thin shell core-shell octahedra was ethanol
oxidation on an Au surface, ethanol oxidation was performed on pure Au octahedral
particles as a control, shown here. The peaks observed on pure Au, near 0.1 V,
correspond to the position of peaks II and III in the thin shell octahedra case. This
confirms that those peaks belong to ethanol oxidation on Au and thus confirms that after

repeated cycling, Au is present in the particle shell.

2.4.6 Au-Pd Ethanol Oxidation Reaction Activiy Trends

These trends in activity can be explained by a combination of lattice strain,
ligand, and ensemble effects. Au has a larger lattice size than Pd and expands Pd's lattice,

raising its d-band center and increasing adsorbate bonding strength.”® This effect can only
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be seen for sufficiently thin Pd shells and thus increases EOR activity for thin shell but

not thick shell octahedra.>>”!

Ligand effects are likely also at play in this system. In
general, electron density transfers from the metal with the higher Fermi level (Pd in this
case) to the metal with the lower Fermi level (Au). However, in the special case of AuPd
alloys, the opposite occurs, and even though s and p orbital electron density is transferred
from Pd to Au, the catalytically important d orbital electron density is transferred from
Au to Pd, lowering Pd's d-band center and decreasing the bonding strength of
adsorbates.’” Thus, strain and ligand effects work in opposition here. In the thin shell core
shell system, ligand effects are not yet present, and strain effects promote EOR activity
by increasing chemisorption of ethanol. It is likely that in the first 400 cycles Au moves
closer toward the shell and strain effects increase, hence the increase in EOR activity.
After 400 cycles, however, Au is exposed on the surface; as evidenced by the appearance
of peaks II and III; and the surface becomes a AuPd alloy. Once the alloy is present,
ligand effects play a more important role and begin to weaken ethanol chemisorption,
decreasing EOR activity. One study notes that the AuPd alloy ligand effect is not seen in
Pd monolayers or thick shells, but requires Pd monomers surrounded by Au atoms,” and
becomes present once Au migrates to the shell in this case. In addition, as Au displaces
surface Pd atoms, the number of ensemble Pd active sites on which ethanol oxidation
takes place decreases, contributing along with ligand effects to the decrease in Pd EOR
activity. In the thick shell octahedra, on the other hand, neither strain nor ligand nor
ensemble effects are present, and the Pd shell acts much like a pure Pd catalyst. There is

no Au-induced lattice expansion to promote activity and activity remains low. Activity
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decreases with repeated cycling, possibly due to poisoning or oxidation of the Pd surface,

which is not protected by Au alloying as in the thin shell case.***

2.5 Conclusion

In this study, Au-Pd core-shell octahedral NPs with tunable thicknesses were
synthesized and tested electrochemically. It was found that under electrochemical
conditions Au migrates outward from the core to the shell, and the extent of migration
depends on the identity and pH of the electrolyte, as well as the potential range used.
STEM/EDX imaging and mapping of the octahedra post-electrochemical cycling and
voltammetric profiles of an Au/Pd mixture provide evidence for the compositional and
structural changes occurring by a combination of both Au migration and Pd dissolution
mechanisms. Lastly, thin and thick shell Au-Pd core-shell octahedra were compared as
EOR catalysts. It was found that migration was more prevalent in the thin shell particles,
at first promoting EOR activity by strain effects but then inhibiting activity by ligand and
ensemble effects. The thick octahedral shell prevented migration but also inhibited Au-
induced strain effects, resulting in overall low catalytic activity. These results are
interesting and instructive: in many reported bimetallic NP studies, scientists have
focused on the activity of the first few electrocatalytic cycles, which has contributed a
great understanding of ligand, strain, and ensemble effects. Yet, this study shows that
structure and composition, and therefore activity, change over time during
electrocatalysis. In addition, these results indicate that metal migration could be used to
our advantage, by subjecting particles to electrochemical conditions to achieve a specific

amount of migration, before using the particles as catalysts. Ligand, strain, and ensemble
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effects play different roles in tuning catalytic activity at different stages of migration;
thus, by selecting a number of electrochemical cycles we could manipulate migration to

optimize these bimetallic effects and achieve enhanced catalytic activity.
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3.1 Abstract

Shape-controlled metal nanoparticles (NPs) interfacing Pt and nonprecious metals
(M) are highly active energy conversion electrocatalysts; however, there are still few
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routes to shaped M-Pt core-shell NPs and fewer studies on the geometric effects of shape
and strain on catalysis by such structures. Here, well-defined cubic multilayered Pd-Ni-Pt
sandwich NPs are synthesized as a model platform to study the effects of the nonprecious
metal below the shaped Pt surface. The combination of shaped Pd substrates and mild
reduction conditions directs the Ni and Pt overgrowth in an oriented, layer-by-layer
fashion. Exposing a majority of Pt (100) facets, the catalytic performance in formic acid
and methanol electro-oxidations (FOR and MOR) is assessed for two different Ni layer
thicknesses and two different particle sizes of the ternary sandwich NPs. The strain
imparted to the Pt shell layer by the introduction of the Ni sandwich layer (Ni-Pt lattice
mismatch of ~11%) results in higher specific initial activities compared to core-shell Pd-
Pt bimetallic NPs in alkaline MOR. The trends in activity are the same for FOR and
MOR electrocatalysis in acidic electrolyte. However, restructuring due to metal migration
in acidic conditions suggests a more complex catalytic behavior from changes in
composition. Notably, we also show that cubic quaternary Au-Pd-Ni-Pt multi-shelled
NPs, and Pd-Ni-Pt nanooctahedra can be generated by the method, the latter of which

hold promise as potentially highly active oxygen reduction catalysts.

3.2 Introdution

There has been a growing interest in the preparation of shaped binary and ternary
metal nanoparticles (NPs) comprising nonprecious metals (M) as they achieve better
activity, stability, and efficiency as electrocatalysts for energy conversion chemistry.' In
particular, such shaped M-Pt NP oxygen reduction (ORR) electrocatalysts could advance

the commercial viability of automotive hydrogen fuel cells.'® The superior performance
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of shaped M-Pt NPs merits their study, but the many factors that influence catalytic
behavior in these complex systems (ligand, ensemble, geometric, and strain effects) are
difficult to parse out.'’ Often it remains that the most active and stable structures for these
catalysts are composed of layers of Pt atoms above an M-Pt core, and so the target

1012 1 addition, it is shown that

structure is re-envisioned as a core-shell NP architecture.
thin M-sandwich layers can exist due to restructuring during the reactions,"® and indeed
there is experimental and theoretical work which discusses the stability of various Pt-M-
Pt sandwich and multilayered Pt-skin structures.'>'*'® The aforementioned M-Pt NP
surfaces reconstruct to the Pt-skin motif due to dealloying (leaching) of the nonprecious
component from the surface during potential cycling in acidic conditions.'”'® Recent
work predicts M-Pt NPs comprising a Pd-Ni core and Pt-shell to be more stable and
highly active electrocatalysts for oxygen reduction.' All of this information suggests the
investigation of core-shell and multi-shelled M-Pt nanoarchitectures to be a promising
direction for fundamental catalysis research.

Despite the advancement of M-Pt NP electrocatalysts, such as Ni, there are few
established methods for creating core-shell M-Pt NPs with well-defined shape control.
Current strategies for producing Ni-Pt alloy NPs with shape control require Ni and Pt
ions to be co-reduced.”” Usually, this is accompanied by a variety of capping/shaping

20-22
agents.”’

Wu et al. have recently contributed a shape-controlled synthesis for Ni
octahedra,” and others have demonstrated control of shape for bimetallic systems with

core-shell Pd-Cu and Ag-Ni nanocubes.***> While these works are excellent examples of

the power in colloidal synthesis, the synthesis with rational structural control remains a
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challenge. Also, various cleaning methods are required due to the strong bonding capping
agents used in these organic phase syntheses.

h?**? to shape-

An aqueous,”® layer-by-layer epitaxial overgrowth approac
controlled M-Pt core-shell NPs would be desirable for the exploration of strained
nanoarchitectures, as well as for the opportunity to study strain effects on catalysis by
multi-shelled structures. Direct control of the size, overall shape, and the thickness of
each layer in a core-sandwich-shell nanostructure would provide a platform to gain better
understanding of lattice strain effects on catalytic activity and perhaps elucidate the limits
for these effects experimentally. Previous works show tuning the shell thickness and NP
size as a way to increase catalytic activity.'>> The activity changes observed with
expansive or compressive lattice strain (from the lattice mismatch at metal-metal
interfaces) have been attributed to subtle altering of the binding energies of adsorbates,
by way of perturbation of the surface d-band.'*”* The d-band model offers a
straightforward design principle to fine-tune Pt-based electrocatalysts,'' yet there is still
much debate over its validity as a general descriptor and predictor of catalytic
activity.*>*°

Herein, we present an aqueous, low temperature route to shape-controlled Pd-Ni-
Pt core-sandwich-shell NPs using cetyltrimethylammonium bromide (CTAB) as the
capping agent and hydrazine as the reducing agent. Scheme 3.1 demonstrates how Pd
cubes function as shaped crystal substrates which catalyze and direct the oriented

overgrowth of Ni. Pt ions are added after the Ni overgrowth to “trap” the metallic Ni

phase and complete the layer-by-layer synthesis of the shaped ternary metal NPs. This

63



method allows for control of the overall size, shape, and layer thickness by the choice of

substrate and amount of precursor salts added in the growth solution.

layer-by-layer

Pd nanocubes

Pd-Ni-Pt NPs

Scheme 3.1: Synthesis of cubic Pd-Ni-Pt core-sandwich-shell nanoparticles for use in
catalytic electrooxidation of small molecules, such as methanol and formic acid

The strategy presented here is attractive toward the end-goal of understanding the
impact of lattice strain on the catalytic performance of core-shell NPs. The cubic Pd-Ni-
Pt structures are investigated as formic acid oxidation (FOR) and methanol oxidation
(MOR) electrocatalysts, for which the Pt (100) facets are expected to have higher
activity.”” We discuss the findings of increased specific activity of the catalysts with a Ni-
sandwich layer as being due to strain on Pt by the Ni layers beneath the surface. The
durability of the different catalysts is assessed, and the smaller trimetallic Pd-Ni-Pt
nanoparticles retain the highest activity over time over both the larger ternary NPs and
the Pd-Pt control NPs for MOR in alkaline solutions. The trends in activity are similar in

acidic conditions; however, because of dealloying and restructuring from potential
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cycling in acid, their behavior may be more a result of a composition change at the
surface, rather than from strain. We further show that an octahedral morphology can be
produced by substituting Pd octahedra for the Pd nanocubes in the synthesis. These NPs
could be the subject of future studies in oxygen reduction catalysis. Finally, we use the
strategy to create quaternary, core-triple-shelled Au-Pd-Ni-Pt NPs with a cubic shape at a
size of ~20 nm. To our knowledge, the novel, shaped multi-shelled nanoparticles shown

here are unprecedented in the literature.

3.3 Experimental Methods

3.3.1 Chemicals

Nickel (II) chloride hexahydrate (NiCl, - 6H,0), potassium tetrachloroplatinate
(IT) (K,PtCly), L-ascorbic acid (AA (C¢HgOg), 99 %), potassium hydroxide (KOH), and
formic acid (HCOOH, 88%) were obtained from Sigma-Aldrich. Hydrazine monohydrate
(N,H4 - H,O, 98 %) and perchloric acid (HC1O4, 70 %) were obtained from Alfa Aesar.
Cetyltrimethylammonium bromide (CTAB, 99 %) was obtained from Calbiochem, and
sulfuric acid (H,SO4, 95 %) was obtained from BDH. Methanol (CH30H, 99.8 %) was
obtained from Acros. Deionized water (DI water, 18.2 MQ) was utilized in all

experiments. Nitrogen gas (N2, 99 %) was obtained from Airgas.

3.3.2 Synthesis of Cubic Pd-Ni-Pt Nanoparticles

Cubic Pd substrates of two sizes (~10 and ~30 nm) were first prepared according

to references.”” A solution containing 0.05 g of CTAB in 10 mL of DI water was then
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prepared by sonication in a 20 mL glass vial. Then, 500 pL of the concentrated Pd
nanocube solution (containing Pd cubes from eight reactions, redispersed in 10 mL DI
water) was added to the vial, which was gently mixed. Next, 100 uL. of 0.01 M NiCl, was
added as the source of Ni*" ions followed by 500 uL of 1.0 M hydrazine solution. Finally,
the vial was vortexed, capped, and left unstirred for ~2 hours in a water bath set to 50 °C.
A color change from brown to gray/black occurred indicating the completed overgrowth.
At this time, the vial was removed from the bath, briefly sonicated, uncapped, and 50 puL.
of 0.01 M K,PtCl, was injected followed by capping, gentle mixing, and brief sonication
(1-2 seconds). The solution was then returned to the water bath for ~1 hour at the same
temperature and the Pd-Ni-Pt core-sandwich-shell NPs were then collected via
centrifugation at 4000 rpm. The thickness of Ni and Pt could be changed by varying the
amount of precursor in the growth solution; however, larger amounts of Ni precursor (in

excess of 200 pL) led to precipitation of the particles before Pt ions were added.

3.3.3 Synthesis of Cubic Pd-Pt Nanoparticles

The Pd-Pt core-shell NPs were synthesized under the same conditions as the Pd-
Ni-Pt NPs, excepting that Ni ions were not added, and ascorbic acid was used as the
reducing agent, instead of hydrazine. Briefly, 250 puL of 0.01 M K,PtCl4 was added to an
aqueous CTAB solution containing the ~30 nm Pd nanocubes in a 20 mL scintillation
vial. The solution was mixed and heated for ~5 minutes at 50 °C with stirring, after
which 200 pL of 0.04 M ascorbic acid was added. The vial was left open, heating at this
temperature with stirring for ~2 hours. Finally, the vial was removed from heat and the

NPs were collected by centrifugation at 5000 rpm for 10 min.
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3.3.4 Synthesis of Cubic Au-Pd-Ni-Pt Nanoparticles

The ~10-12 nm cubic Au-Pd core-shell substrates were synthesized according to
a procedure from a ref 27 with modifications; mainly, the overgrowth of Pd on Au
cuboctahedral seeds was scaled up. Typically, the reagent amounts were increased by a
factor of 10 without a loss in quality of the cubic shape. A 250 mL beaker was used
instead of a scintillation vial, and this was sealed with a paraffin film for the duration of

the reaction. These were then collected as before for use in the Ni-Pt overgrowth.

3.3.5 Synthesis of Octahedral Pd-Ni-Pt Nanoparticles

The ~30 nm Pd-Ni-Pt octahedra were synthesized under the same conditions as
the cubic Pd-Ni-Pt NPs, except that 500 puL of concentrated ~30 nm Pd octahedra

solution, prepared according to ref 27, was used in place of the ~30 nm nanocubes

3.3.6 Characterization

For analysis by transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDX) and powder X-ray diffraction (XRD), samples were cleaned by three
cycles of centrifugation, removal of the supernatant, and redispersion in DI water. After
this, the final collection of particles was dispersed in ~50-100 pL of DI water. For TEM
characterization, 2 puL of the concentrated nanoparticle solution was placed directly on a
carbon-coated copper grid and allowed to dry. Alternatively, particles could be dropcast
in 20 pL aliquots on the copper grids. The instrument used was a JEOL JEM2010F

accompanied by an EDX attachment operated at 200 kV. For XRD, particles were
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concentrated in 20 pL of solution which was placed as a droplet on a thin glass slide and
allowed to dry. A Bruker AXS D2 Phaser diffractometer was used for the XRD

characterization.

3.3.7 STEM/EDX

High-resolution STEM and EDX mapping experiments were performed on a FEI
Probe Cs corrected Titan operating at 200 kV. The high angle annular dark field
(HAADF) images were obtained using a Fischione HAADF detector, and the EDX maps
were acquired with ChemiSTEM technology with four windowless SDD detectors. The
instrument incorporates the condenser spherical aberration corrector and X-FEG with
probe current 0.4 nA in 0.31 nm spot and can achieve the resolution 0.08 nm as well as

efficient X-ray collection rate.

3.3.8 Electrochemical Measurements

The Pd-Ni-Pt NP catalysts were loaded directly onto a glassy carbon working
electrode (CH Instruments) without the use of a support for cyclic voltammetry.
Typically, 2 pL droplets were placed on the electrode surface and allowed to dry. The
cyclic voltammetry (CV) and chronoamperometry (CA) was done using a BioLogic VSP
potentiostat in a three electrode system. A saturated calomel electrode was used as the
reference electrode and a platinum wire as the counter electrode (both also obtained from
CH Instruments). The acidic blank scans were carried out in 0.5 M sulfuric acid solution

purged with nitrogen and cycled from -0.2 to 1.0 V at a scan rate of 100 mV/s. These
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cycles were typically continued until stable voltammagrams were obtained (~30-50
cycles). The alkaline blank scans were carried out in 0.1 M potassium hydroxide solution
purged with nitrogen and cycled from -0.8 to 0.4 V at a scan rate of 100 mV/s.
Approximately 20-30 cycles were run in this way until stable curves were reached. The
electrochemically active surface area was determined by integration of the total charge
collected from the hydrogen desorption peak and dividing this value by the charge per
area required to remove the layer of hydrogen from the Pt surface (210 puC/cm2 ). The
alkaline electrooxdiation of methanol was done in 0.05 M methanol and 0.1 M KOH
solution. The scan rate was 100 mV/s and the cycles were run from -0.8 to 0.4 V. The
highest initial activity usually occurred within the first 20 cycles and the reaction was
stopped. The electrooxidation of formic acid was done in a solution which was 0.5 M in
HCOOH and 0.5 M in HCIO4. The scan rate was 100 mV/s and the range was -0.2 to 1.2
V. The highest initial activity usually occurred within the first ~20 cycles and the
reaction was stopped. Methanol oxidation reactions in acid were carried out in a solution,
which was 0.5 M in CH3OH and 0.5 M in H,SO,. The scan rate was 100 mV/s and the
range was 0-1.0 V. The highest initial activity was usually obtained within ~20 cycles
and the experiment was stopped. The CA curves for MOR in base and for FOR were
obtained under identical conditions as previously described, except that the voltage was
held constant at -0.1 and 0.4 V, respectively, and the current was measured over time.
These potentials were chosen because of good overlap with the potential where peak
current was obtained for each of the catalysts. The NP catalysts were put onto a Vulcan
carbon support for the CA studies. A 20% by weight catalyst/carbon loading was used.

For example, ~2 mg of the Vulcan XC-72 was added directly to a solution containing

69



~0.5 mg of dispersed NPs. This was then briefly sonicated, and the freshly prepared
catalyst/carbon dispersion was then loaded onto the working electrode in 2-3 puL droplets
and allowed to dry for the transient current density experiments. The catalysts were
cycled in the blank solution and until initial activity was reached prior to the CA run. A
blank scan was carried out just prior to the CA experiment in order to obtain a more

accurate surface area determination for normalization of the catalytic activity

34 Results and Discussion

3.4.1 Synthesis of Pd-Ni-Pt Sandwich Nanoparticles

In attempting to synthesize shaped Pd-Ni-Pt multi-layered NPs by a wet chemical
route, insights were gained from earlier works that successfully demonstrated control of
Ni at this size scale. Grzelczak et al. were able to produce Ni NPs of different sizes by
adjusting the Ni*" to reducing agent ratio in the growth solution and observed size-
dependent magnetic properties.”® Their synthesis was accomplished in water at low
temperatures using hydrazine as the reducing agent and CTAB surfactant. The authors
confirmed metallic Ni in their work using X-ray structural analysis; however, it was
speculated that the surface remained passivated by several oxide layers. Moreover, no
control of faceting was reported. This general strategy was utilized to make Ni

39-41

nanostructures in several of their works, while others have since published variations

of the Ni-reduction method.*** Recent syntheses vyield more complex Ni

45,4
nanostructures 5,46

and theoretical work proposes and describes the faceting of Ni
crystals.*’
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Liz-Marzéan's group showed that the Ni NPs could only be formed in this
synthesis system under certain conditions: (1) catalytic Pt nanoparticle seeds must be
introduced for the overgrowth of Ni; (2) the growth solution must be sealed to trap the H;
gas evolved during the synthesis, which promotes Ni reduction and limits surface
oxidation; and (3) the growth must occur without magnetic perturbations, such as a stir
bar in the growth solution, otherwise the particles may collect and precipitate
prematurely, or fuse into chains or wires. We hypothesized that we could make use of
this approach, by reducing Ni on shaped Pd substrates instead of small Pt seeds. Their use

of mild conditions with ionic surfactants resembled the conditions used for seed-mediated

27-2
h31,48,49 h. 7-29,50 It

growt of other metal NPs from our previous work with Au, Pd, and R
was feasible that combining the strategies would lead to a greater control of Ni faceting
in the overgrowth, which has not been attempted before.

In a typical synthesis of Pd-Ni-Pt nanoparticles, shaped Pd substrates (nanocubes)
were prepared following procedures in the literature,”” > and dispersed into an aqueous
solution of CTAB in a small glass vial. Nickel ions were then added in the form of
nickel(Il)- chloride hexahydrate (NiCl, - 6H,O), and an amount of hydrazine
monohydrate solution was added last. The vial was sealed and maintained in a water bath
at 50 °C for ~2 hours (without stirring) until a color change occurred indicating the Ni
overgrowth. Pt ions were then injected in the form of K,PtCly, and heating continued in
the water bath for ~1 hour. The ternary metal particles were then removed from heat and
collected by centrifugation at 4000 rpm, redispersed, and washed for characterization. In

other works, the problem of surface oxidation was avoided by alloying (co-reduction) or

by working in organic solvent; however, it is shown that oxides can still form on the
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. .. . . . 2451
surface of such structures in these conditions, especially in aqueous solutions.”™

Accordingly, we attempted to prevent oxide formation by “capping” of the Ni layer with
overgrowth of Pt in the same “pot”. This simultaneously addresses the issue of surface

oxidation and creates the desired shaped M-Pt core-shell motif desired for catalysis.

3.4.2 Characterization of Pd-Ni-Pt Sandwich Nanoparticles by TEM

The “trapped” metallic Ni phase in the Pd-Ni-Pt NPs can be observed by contrast
in transmission electron microscope (TEM) images shown in Figure 3.1. Three types of
NPs with different sizes and Ni layer thicknesses were synthesized. The NPs in Figure
3.1a-c were synthesized by introducing 100 and 50 pL of the Ni and Pt precursors,
respectively, to growth solutions containing ~30 nm Pd nanocubes. This resulted in ~2.5
nm of Ni and 1.6 nm of Pt layers. Particles in Figure 3.1d-f were synthesized similarly,
excepting for a doubling of the amounts of the Ni and Pt metal precursors. This led to 4.1
nm of Ni and 1.6 nm of Pt overgrowth. The NPs shown in Figure 3.1g-1 were created
using smaller, ~12 nm Pd nanocubes in place of the larger substrates, resulting in NPs
approximately ~20 nm in size. Nickel is observed in the TEM images as a lighter phase
“sandwiched” between a dark Pd core and a darker Pt surface layer. The difference in
contrast (z-contrast) is due to the increased electron scattering of the heavier 4d and 5d
metals. Recolored TEM images in Figure 3.1 highlight the different metal phases in the
structure. The final truncated cubic morphology is a result of the well-defined cubic
shape of the Pd substrates and the layer-by-layer overgrowth. The roughened appearance
of the surface is likely due to the lattice mismatch (~10-11% for these metals) and high

degree of strain and defects imparted by having the Ni “sandwiched” between the Pd and
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Pt layers. Core shell Pd-Pt NPs also shown in Figure 3.1 j-1 lack the Ni layer and are used
for comparison as a control in X-ray diffraction and electrochemical catalysis studies

presented later in this work; such structures have also shown enhanced performance in

28,52

the literature as electrocatalysts.

3
|

Figure 3.1: TEM and recolored TEM images of cubic Pd-Ni-Pt and Pd-Pt NPs. (a-c) Pd-
Ni-Pt NPs synthesized with ~2.5 nm Ni sandwich; (d-f) NPs synthesized with ~4.1 nm
Ni sandwich; (g-1) smaller ~20 nm Pd-Ni-Pt NPs; and (j-1) Pd-Pt core-shell NPs. The

original TEM images that were recolored are shown as insets in the upper right of images
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in the middle column. The Pd, Ni, and Pt regions are shown under green, blue, and red

transparencies, respectively, in the recolored images.

3.4.3 Analysis of Structure, Composition, and Strain in Pd-Ni-Pt Sandwich

Nanoparticles by STEM/EDX, HAADF, HRTEM Imaging, and XRD

To investigate the composition, conformal overgrowth, and to confirm the core-
sandwich-shell structure of the Pd-Ni-Pt NPs, X-ray elemental analysis was carried out.
Element maps from scanning transmission electron microscopy with energy dispersive X-
ray spectroscopy (STEM/EDX) and high angle annular dark field images (HAADF) are
given for the NPs in Figure 3.2a-f. There is a clear distinction between the lower mass Ni
phase and heavier Pd and Pt phases in the HAADF images in Figure 3.2a,b as was
observed in TEM. Here the Ni appears as a dark band between bright Pt and Pd regions.
The STEM/EDX maps for each metal are given in Figure 3.2c-e with the overlaid map in
Figure 3.2f confirming the double-shelled structure of the Pd-Ni-Pt NPs. The HRTEM
image in Figure 3.2g shows continuous epitaxy from the Pd core through the Ni phase to
the Pt shell. The size of the Ni-Pt shells is around ~4 nm, and this is composed by a ~2.5
nm layer of Ni. Measurements of the d-spacings in the HRTEM image in Figure 3.2¢g
agree with the proposed core-sandwich-shell structure in that the (200) d-spacing
becomes smaller traveling away from the Pd core from ~0.199 to ~0.193 nm in the Ni
layer, but then increases near the Pt surface back to ~0.200 nm. This suggests the Pt
atoms at the surface experience compression, and we speculate that thicker Ni layers
could impart more strain to the Pt surface, by increasing influence of Ni's smaller lattice

parameters. We also note that none of the measured d-spacings approach the larger bulk
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NiO (200) d-spacing of 0.208 nm, which indicates a metallic Ni layer. This is discussed

in more detail following the surface characterization by TEM.

t <100>

—»”—0‘199 nm

Figure 3.2: HAADF images, STEM/EDX elemental maps, and an HRTEM image of Pd-
Ni-Pt NPs with a ~2.5 nm Ni layer. (a and b) HAADF images; (c-e¢) STEM/EDX element

maps for Pd, Ni, and Pt, respectively, taken for the NP in (b); (f) the image containing the
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overlaid maps; and (g) HRTEM cross section of a NP showing the layer thickness and
measured 200 d-spacings. A structural model is given in the inset of (a).

The surface structure was probed by high resolution TEM (HRTEM) for
individual particles and orientations shown in Figure 3.3. The overall truncated cubic
morphology is apparent in Figure 3.3a,b with a model of the double-shelled particles
inset of (a). In Figure 3.3c, square lattice patterns can be observed for NPs lying on the
cube face ([100] zone axis). Figure 3.3d shows the rhombic (distorted hexagonal) lattice
images for NPs lying on the cube edge ([110] zone axis). Both sets of images allow for
examination of the proposed Pt(100) surface planes and epitaxy through the Ni and Pt
shells. From these images and observation of several other NPs we can conclude they are
primarily (100)-dominant in faceting, and that the Ni and Pt overgrowth occurs
epitaxially, with some “lifted” terraces and steps at the surface, and edge dislocations in
the shell produced by defects from the lattice misfit. In a lattice image of the corner of a
Pd-Ni-Pt NP on edge in Figure 3.3e, an approximately ~25° curvature is observed in the
atomic planes extending at different angles toward the surface, which we believe is also a
result of the highly strained interfaces meeting at the vertex of the cubes. A similar
observation of strain in Ni nanostructures has been described by Wang et al.*” They show
a nearly ~40° reversible “flip” in the unit cell of Ni nanowires induced by bending of the

nanostructure.
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Figure 3.3: TEM and HRTEM images of Pd-Ni-Pt NPs. (a and b) TEM images showing
the truncated cubic morphology with crystal model inset in (a). (c-e) HRTEM lattice
images showing the epitaxy and surface structure. For the image in (c), square 2D lattices
are obtained from viewing a NP down the 100 axis (cube lying on face), and for (d and
e), the lattices come from viewing in the 110 direction (cube lying on edge). The image in
(e) shows the lattice distortion in the shell brought about by the high interfacial mismatch
for the metal layers (~10-11%) meeting at a corner.

The questions of oxide content and strain within the Ni phase are addressed by
analysis of powder X-ray diffraction (XRD) of the Pd-Ni-Pt NPs and this is shown in

Figure 3.4a,b. It is first noted that no diffraction peaks corresponding to the bulk NiO
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positions can be observed for the samples. The spectrum for NPs with a ~2.5 nm Ni
sandwich layer shows a single fcc diffraction pattern similar to the bulk Pd reference.
Peaks were observed for the thicker NPs with a ~4.1 nm Ni sandwich layer close to the
metallic Ni position. This global information shows that little to no oxide is forming
during or after the synthesis and that metallic Ni resides within the sandwich layer. The
pattern also suggests that the Ni lattice parameters may come closer to the bulk values
with increasing thickness of the Ni sandwich layer (with decreasing influence of core and
shell lattices)

XRD data is a good qualitative tool to indicate the existence of lattice strain. Both
XRD spectra for the different shell thicknesses of Pd-Ni-Pt have peak “tails” in the
direction of higher 26 degrees. The magnification of the 111 region is displayed in Figure
3.4b. The tailing is a result of strain in the Ni layer, whereby the Ni lattice expands and
Pd and Pt lattices compress. This tailing feature does not appear in the Pd-Pt control, and
so corroborates with strain emanating from the introduction of the Ni sandwich layer.
There is a lack of the tailing feature in the smaller Pd-Ni-Pt NPs because of the smaller
domain size and broadening in the distribution. The maximum peak positions of all of the
Pd-Ni-Pt NPs are shifted to the right of the bulk Pd 20° and little area under the peaks lie
at the bulk Pt diffraction lines, especially for the higher angle 200 and 220 peaks. The
exact amount of strain is not straightforward to assess from these shifts because of the
differences between the spectra regarding the presence of broadening, the tailing feature,

and the appearance of the “Ni” peak in the larger-sized, thicker-shelled NPs.

78



= Pd-Ni-Pt small ~20 nm
H ——Pd-Ni-Pt ~5 nm shell u M
= Pd-Ni-Pt ~8 nm shell i
— Pd-Pt
Pd, Pt, Ni, & NIiO (bulk)
111
; = 220
1 311
© A 222
S puiany ——
la —.—_LA il -
=
Q
i
= h - - —
——AL“ ‘—LM

30 40 50 60 70 80 90 39 40 41 42
20° 20°

Figure 3.4: (a) Powder XRD spectra of the different Pd-Ni-Pt and Pd-Pt NPs with peak
positions of bulk Pd, Ni, Pt, and NiO for reference. Plot (b) magnifies the 111 region to

show the peak shift and tailing of the Pd-Ni-Pt NPs as compared to the Pd-Pt NPs.

3.4.4 Electrocatalysis by Pd-Ni-Pt Sandwich Nanoparticles

The catalytic properties of the cubic Pd-Ni-Pt NPs of different sizes and shell
thicknesses were studied in the electrooxidation of methanol and formic acid. It is
generally believed that both of these catalytic reactions readily occur on more open (100)
and (110) surfaces of Pt as opposed to the close-packed (111) facets.’’ Significant
improvements have been made to Pd and Pt MOR catalysts by addition of a transition
metal to the structure, including alloyed and core-shell structures.”>>® In our work,

different shell thicknesses and sizes of Pd-Ni-Pt NPs are compared alongside the Pd-Pt
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core-shell NP control. Cyclic voltammetric (CV) and chronoamperometric curves (CA)
were obtained for the catalysts of different sizes and Ni thicknesses to show both activity
and stability. Typical blank scans in acidic and alkaline electrolyte solutions are shown in
Figure 3.5a,b. Integration of the current collected from the hydrogen desorption peak was
used to determine the electrochemical surface area of the different catalysts. This surface
area was then used to normalize the catalytic activity for the electrooxidation reactions.
The CV plots of initial activity, bar plot summaries, and CA curves for alkaline MOR,

and for MOR and FOR in acidic conditions, are shown in Figures 3.6 and 3.7,

respectively.
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Figure 3.5: Typical a. acidic and b. alkaline blank scans for each catalyst. The Hydrogen
sorption peak was utilized to determine the electrochemically active surface in order to

normalize the activity.
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Figure 3.6: Cyclic voltammetry and chronoamperometry of multilayered Ni nanoparticles
showing the catalytic activity for methanol electrooxidation in alkaline conditions. (a) CV
cycles obtained in solutions which were 0.1 M in KOH and 0.05 M in CH3;OH, and (b)

bar graph of trends in catalyst specific activity showing the average peak current densities
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for multiple batches of each catalyst. (c) CA curves for the different NP catalysts for

MOR at -0.1 V vs SCE to show the transient current density.

Hs.o- HCOOH
7.0-
6.04
€ 5.0
2 4.0
£ 3.0-
= 2.0
1.0-
0.04

small Pd-Ni-Pt (~20 nm)
Pd-Ni-Pt ~8 nm shell
Pd-Ni-Pt ~5 nm shell
Pd-Pt

02 00 02 04 06 08 1.0 1.2

E (V) vs. SCE
u 1.0-
0s] CH:OH

o
-4
—

0ul \

0.24

J (mAlcm?)

4
=}
:

s
e
N

0.0 0.2 0.4 0.6 0.8 1.0
E (V) vs. SCE

@ For -
@ vor

-
N
T

-
o

8.0

e
)

6.0

4.0

2.0

MOR specific activity (mA/cm?) n

(;waryw) Ajagoe oyoads ¥OS

o
=)

Pd-Pt Pd-Ni-Pt Pd-Ni-Pt  small (~20 nm)
(control)  (~5 nm shell) (~8 nm shell) Pd-Ni-Pt

small Pd-Ni-Pt (~20 nm)

0.64 e Pd-Ni-Pt ~8 nm shell
..:E e Pd-Ni-Pt ~5 nm shell
S 04 e
<
E
S 0.2
0.04
0 10 20 30 40 50 60
time (s)

82



Figure 3.7: Cyclic voltammetry and chronoamperometry of multilayered Ni nanoparticles
showing the catalytic activity for electro-oxidations in acidic conditions. (a) CV cycles
obtained in solutions which were 0.5 M in both HCOOH and HCIlO4, (b) CV curves
obtained in solutions which were 0.5 M in both CH;OH and H,SOy, and (c) bar graph of
trends in specific activity for each reaction. Multiple batches of each catalyst were
synthesized and their peak current densities averaged. (d) CA curves for the different NP

catalysts for FOR at 0.4 V vs SCE.

FOR and MOR on Pt surfaces proceed by formation of intermediates, which are
oxidized and removed on the forward and reverse scans.”” We use the forward and
reverse scan peak current densities to discuss the initial activity of the various catalysts
for FOR and MOR in acidic and basic solutions. It has been reasoned that a sandwich
layer consisting of a single atomic monolayer of mismatching nonprecious metal would
impart little to no strain to a Pt monolayer surface in Pt-M-Pt structures; therefore, any
changes in catalytic behavior are predicted to arise primarily through ligand effects.!’ In
contrast, for the case of multiple sandwich layers and more than one monolayer of Pt
surface atoms (the case here), ligand effects are expected to be minimalized, and the
influence of lattice strain is expected to be the major contributor to catalysis, assuming
restructuring due to dealloying or leaching of the nonprecious component does not occur
to a significant extent because of the relatively thick Pt surface layer.'® As the Ni layer
thickness increases for the Pd-Ni-Pt NPs, we would expect the influence of the mismatch
to become greater, and so the perturbation to Pt surface atoms may be increased, resulting
in changes to catalytic activity.
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3.4.5 Electrocatalytic Oxidation of Methanol in Alkaline Electrolyte

To test the hypothesis of a strain influence on catalysis, CV scans were carried out
for MOR in alkaline solutions shown in Figure 3.6a. It was observed that the larger,
thicker Ni-layered NPs showed current density at ~0.8 mA/cm® . The catalysts with
thinner Ni layers and the Pd-Pt control showed similar peak activities around ~0.4
mA/cm? , at best, roughly half the activity of the Pd-Ni-Pt NPs with thicker shells. This
confirms a diminished strain effect for thin Ni sandwich layers and increasing strain from
larger Ni amounts. In addition, the ratio of the forward to reverse scan peak currents is
much higher with the sandwich catalysts compared to the control, which shows more
efficient oxidation and CO-tolerance for these catalysts.”*™ A bar plot summary in
Figure 3.6b for MOR in base demonstrates the average activity across different catalyst
batches to be consistent. Smaller Pd-Ni-Pt NPs had a much higher current density
compared to the other catalysts at ~1.6 mA/cm” , showing that the design could be
extended down to size ranges that are more relevant for industrial applications. Figure
3.6¢ gives CA curves for MOR in alkaline solution generated by holding the voltage at -
0.1 V vs SCE. This value was chosen because it overlapped with the position of the
forward oxidation peak. These transient current density curves follow similar trends in
activity, as for the CV experiments, with the Ni-sandwiched catalysts holding the highest

activity over time.
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3.4.6 Electrocatalytic Oxidation of Formic Acid and Methanol in Acidic

Electrolyte

Improvement of FOR and MOR electrocatalysis in acidic conditions was also
observed. For FOR catalysis shown in Figure 3.7a, it can be seen that the larger Pd-Ni-Pt
NPs again outperform the Pd-Pt control. Catalysts with thicker Ni layers show higher
current densities (nearly double) compared to the thinner-shelled NPs. The low forward
scan peak for each of the catalysts is indicative of the Pt indirect pathway,”” confirming
the surface composition. The smaller sized Pd-Ni-Pt NPs have the highest specific
activity at ~7 mA/cm” . These trends follow suit in MOR in acidic electrolyte shown in
Figure 3.7b, with the large Pd-Ni-Pt NPs with thicker Ni layers achieving ~0.4 mA/cm® .
Again the smaller sized Pd-Ni-Pt cubic NPs attained the highest activity at ~0.8 mA/cm®.
The similar trends in reactivity observed between the different catalytic oxidations could
be expected based on the similarity of the reaction pathways on Pt, following direct
oxidation to CO,, and indirect oxidation through adsorbed carbonaceous intermediates,
such as CO and formate.”” In fact, all of the Pd-Ni-Pt ternary metal NP structures
outperform the Pd-Pt control. A summary of the specific activities for both reactions in
acid electrolyte is given in the bar plot in Figure 3.7c, where initial activity for different
batches of each of the four catalysts were again averaged to show the consistency. We
note the higher activity for MOR catalysis in base is generally ascribed to adsorbed
hydroxyls assisting in the oxidation reaction.™

The CA studies given in Figure 3.7d show the catalyst durability for FOR at

constant 0.4 V; chosen due to the location of the oxidation peak. The catalysts retain their
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activity trends following Ni amounts in the sandwich layer and size of the Pd-Ni-Pt NPs.
Recent reports show that larger sized particles are more sensitive toward nonprecious
metal leaching in acidic conditions, making them unstable and less active over time.®
Since the particle size here is above the limit proposed, we would expect to see activity
changes over time due to this effect. Figure 3.8 shows the transient current density plot
over an extended time frame. An increase in the activity is observed for the Ni-containing
catalysts after the initial drop from 0 s, where they rise to reach a plateau before they
finally begin to decay. Markovic et al. have discussed a similar feature for Pt-Ru alloy
surfaces as being due to poisoning and removal of CO adsorbed after an initial period of
time by Ru sites, however this feature on the Pd-Ni-Pt catalysts is unexpected given the
conformal Pt-coating, unless dealloying is occurring.”® The reason for this and the

variation in activity for reaction in acidic media would become clear upon examination of

the catalyst structure after electrochemical experiments.
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Figure 3.8: Transient current density plots over extended time frame. After the initial
drop in activity, the Ni containing samples show a marked increase in activity prior to
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reaching a plateau. The same trend in activity still remains, however the likely increase is

due to either surface poisoning followed by removal or metal leaching/dealloying.

3.4.7 Re-examination of Pd-Ni-Pt Sandwich Nanoparticles after Electrocatalysis

Experiments

We initially assumed that the improved performance of the small Pd-Ni-Pt
catalysts and the difference in activity for higher Ni amounts in the sandwich layer were
lattice strain-related based on the catalytic trends, XRD peak shifts and tailing, and
HRTEM of the catalysts before the reactions; however, this assumes the NP surfaces
underwent no changes during the potential cycling in acid and base electrolyte. The
catalysts were re-examined in TEM after the electrochemical experiments were carried
out to confirm whether or not the layered NP structure remained intact. The images of the
highest-performing catalysts (small and large Pd-Ni-Pt NPs with the thickest Ni layer) on
the carbon support after CA experiments in acidic FOR and basic MOR are shown in
Figure 3.9. A stark difference is apparent in the NP catalysts after reaction in acidic
conditions in Figure 3.9e-h), whereas after reaction in base in Figure 3.9a-d, the structure
resembles that before electrochemistry is carried out. For FOR in perchloric acid and
blank scans in sulfuric acid, the core of the Pd-Ni-Pt NPs appears void, despite the Pt
coating. The Pd and Ni signals remaining in EDX of the sample indicate the metals are
not completely removed, however, and this suggests Pd and Ni sites remain in the

frameworks.
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Figure 3.9: TEM images of cubic Pd-Ni-Pt NPs on the carbon support after the
electrochemical experiments in acid and base electrolyte. Images of small Pd-Ni-Pt NPs
are given after reaction in basic conditions in (a and b) and acidic conditions in (e and f).
(c, d) and (g,h) The large Pd-Ni-Pt NPs after reaction in basic and acidic media,

respectively.
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Following from the TEM results, the case of MOR in KOH solution where
catalyst stability is higher, strain governs reactivity, whereas in acidic FOR and MOR
conditions, the NPs restructure so that a combination of strain, ligand, and ensemble
effects govern the reactivity trends. Before reaction, we believe the compressive strain on
the Pt surface may be highest in the small Pd-Ni-Pt NPs, due to the combined strain
effects from Ni sandwich layers and smaller size, followed by the larger NPs with ~4.1
nm Ni, the NPs with ~2.5 nm Ni, and the Pd-Pt control NPs. This would explain the
enhanced catalytic performance in basic MOR. The higher activity with increasing
amounts of Ni and decreasing overall NP size for both FOR and MOR in acidic
conditions is more likely a result of a combination of this effect and composition changes
from dealloying and restructuring. Notably, the hollow structures observed after cycling
in acid resemble recent displays of electrocatalysts with stable porous M-Pt nanosheets
and nanoframeworks,”*®* although formed by a different route. The Pt-Ni
nanoframeworks produced by C. Chen, Y. Kang et al. were formed from oxidative aging
of the particles in solution after the synthesis and still showed considerable enhancement
and stability for oxygen reduction catalysis. These examples support the finding of
increased activity of the catalysts after leaching of Pd and Ni. The post-cycling TEM also
suggests that even Pd in a core-shell configuration is susceptible to leaching effects from

potential cycling in acid, and examination of such Pd-containing electrocatalysts after

reaction should not be excluded from future studies.

&9



3.4.8 Synthesis of Quaternary, Multi-shelled Au-Pd-Ni-Pt Nanoparticles and Pd-

Ni-Pt Sandwich Nanooctahedra

Lastly, we demonstrate the synthesis affords differently shaped and more
sophisticated layered nanostructures. It was found that the Ni and Pt overgrowth could be
replicated on ~30 nm Pd octahedra and on cubic Au-Pd core-shell substrates. This was
accomplished by replacing the Pd nanocubes with Pd octahedra or Au-Pd core-shell
nanocubes in the growth solution. The resulting NP TEM images are shown in Figure 8.
The octahedral ternary metal NPs appear in Figure 3.10a-d and the cubic quaternary
metal NPs appear in Figure 3.10e-h. The octahedral Pd-Ni-Pt NPs are expected to be the
subject of future work as promising candidates for oxygen reduction catalysis (ORR) for
fuel cell cathodes. In the high magnification TEM image in Figure 3.10g, the four metal
phases in one of the quaternary cubic NPs can be resolved. A gold cuboctahedral seed is
established in the core as the darkest contrast, with a slightly brighter, distinct cubic Pd
shell encasing it. As before with the cubic ternary metal NPs, a thin layer of lighter
contrast Ni phase surrounds the Au-Pd cube followed by a thin, dark band of Pt at the
surface. This shows our method could be used to create NPs with as many as four
different and distinguishable metal layers while holding the particle size at or below ~20
nm. The shaped multi-shelled metal NPs displayed in this work are rare in the literature,
to our knowledge, though there is an excellent example of hollow ternary layered noble
metal NPs from Gonzélez et al.* A recolored TEM image of the Au-Pd-Ni-Pt NP is
given in Figure 3.11 to more clearly show the four metal phases along with EDX data to

confirm the metal composition in the NPs.
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Figure 3.10: (a-d) TEM and HRTEM images of ~30 nm Pd-Ni-Pt nanooctahedra; (e-h)
images of cubic multishelled Au-Pd-Ni-Pt quaternary metal NPs. (c and g) TEM images
of single particles are shown where each of the multiple metal phases can be resolved by

contrast, and HRTEM images of the respective NPs are given in (d and h).
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Figure 3.11: Respectively, a and b, show TEM image with colored overlay to more
clearly show the metal boundaries; Au (yellow), Pd (green), Ni (blue), and Pt (red) as

well as the EDX data confirming the metal composition within the nanoparticle

3.5 Conclusion

Shaped Pd-Ni-Pt core-sandwich-shell NPs are synthesized using cubic and
octahedral Pd substrates in the aqueous phase at low temperature with cationic surfactant
and hydrazine as the reducing agent. It has been demonstrated that the method produces
ternary and quaternary multilayered metal nanoparticles comprising Ni with control of
shape, size, and Ni layer thickness. Importantly, the one-pot, layer-by-layer overgrowth
strategy allows for “trapping” of the pristine, metallic Ni layer before surface oxidation
occurs. The novel NP structures are characterized and served as a platform to study the
activity of the catalysts in the electrocatalytic oxidation of methanol and formic acid.
Their stability is also assessed via chronoamperometry. The improved performance of the
Pd-Ni-Pt particles over the Pd-Pt control results from increased compressive strain on the
Pt surface. It was found that the smaller sized particles and larger Ni sandwich layers are

more active and stable over a longer period of time, suggesting a potentially effective
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catalyst design in future work. Further investigations are aimed at a systematic study of
the impact of different shapes and different Ni and Pt layer thicknesses on
electrocatalysis by the multishelled structures; in particular, the tuning of the Ni and Pt

shell thickness of octahedral Pd-Ni-Pt NPs to obtain a better-performing ORR catalyst.
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4.0  Synthesis of Shaped Ni;Pt Nanoframes through the Low-Temperature

Annealing of Pd-Ni-Pt Core-Sandwich-Shell Nanoparticles

4.1 Abstract

Intermetallic nanoparticles (NPs) have recently received great attention due to the precise
tunability of their geometric and electronic surface structure; however, achieving morphological
control of intermetallic NPs is challenging due to the high temperature required during synthesis
to achieve the stable intermetallic structure. Here, we present a synthetic strategy for the
formation of shape-controlled intermetallic nanoframes (NFs) using multilayered core-sandwich-
shell NPs as precursors. Our precursor structure consists of a cubic Pd core coated with
alternating Ni and Pt layers of varying thickness and number. The required annealing temperature
to form the intermetallic NF depends on a variety of factors. Thin, four-layered particles achieve
mixing at a lower temperature than their thick, two-layered counterparts due to higher defect
concentrations, shorter diffusion lengths, and higher interfacial energies. Using transmission
electron microscopy (TEM), a series of lattice measurements, and x-ray diffraction (XRD), the
crystal structure of the intermetallic NFs is studied. To probe the NF electronic structure, a series
of electrochemical small molecule oxidations is performed. The platform and insights presented
herein represent an important step toward the realization of shape-controlled intermetallic NPs

tailored to each potential application.
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4.2 Introduction

As demand grows for renewable and carbon neutral energy sources, nanomaterial
design has increasingly focused on developing highly active and stable catalysts for
chemical transformations' . Platinum group metals are particularly active for a diverse
set of reactions, but they are expensive and susceptible to surface poisoning, limiting
their applicability in new technologies like fuel cells. By incorporating nonprecious
metals in an alloyed or core-shell fashion, catalyst cost can be lowered and activity can be
increased’'?, but many alloyed and core-shell structures are unstable in acidic media or
other harsh environments. Nonprecious incorporation strategies have thus recently shifted
attention to their intermetallic counterparts™ °. Intermetallic compounds (IMCs) are
crystalline alloys composed of two or more metallic/metalloid elements with specific
stoichiometry and long-range atomic order. More robust and resilient to etching'®, these
atomically ordered structures offer unique properties, e.g. shape memory", hydrogen
storage'®, and superconductivity'’. Further, their tunable surface electronic structures'® "’
allow their sorption and desorption properties to be tailored to specific chemical
reactions.

In previous works, bulk IMCs have been extensively studied. More recent studies
have focused on IMC nanoparticles (NPs) for their tailorable geometries, electronic
surface structures and molecular adsorption properties’®”. IMC NPs are typically
synthesized via three approaches. In the top-down approach, bulk phase IMCs are

synthesized by annealing mixed powders of metallic elements and then crushing the bulk

material to form IMC NPs**. The size and shape of NPs synthesized by this top-down
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method cannot be well-controlled. In the bottom-up approach, IMC NPs are directly
synthesized by wet-chemistry methods. Shaped IMC NPs have been generated by using
this method*2¢; however, the need to precisely and simultaneously control the deposition
rates of the chosen metals makes the understanding of formation kinetics challenging.
Alternatively, a third approach has been proposed in which alloy NPs or heterostructured
bimetallic NPs (e.g., core-shell or dimer) are synthesized via wet-chemistry, and these
precursor NPs are converted into the IMC phase through metallic intermixing triggered
by thermal annealing®’.

Many of these direct synthesis methods have generated a variety of intermetallic
nanoparticles with unique properties and diverse crystal structures and compositions, but
the combination of ill-defined metal NP precursors and high annealing temperatures has
made precise morphological control difficult”’. The resulting indistinct particle shapes
can convolute catalytic results due to inconsistencies in size, shape/faceting, and surface
composition, making the fundamental study of the catalyst surface or active sites
difficult. In this work, we aim to optimize this third approach because we believe that
intermixing, taking place in well-controlled nanoscale geometries, offers the best
opportunity to understand the shape-dependent formation kinetics of IMC phases, leading
to a general synthesis scheme for shaped IMC NPs.

Since the greatest contributor to the need for high annealing temperatures is the

28-30

solid-solid interdiffusion of metal atoms™ ™", we focus on lowering the diffusion barriers

through the use of strained metallic layers of variable thickness. Previously, our group

developed defined overgrowth methods for well controlled core-shell NPs using mild

9-10, 31

aqueous phase systems . During these syntheses, such things as substrate size and
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shape, layer thickness and compositions, and layer number could be controlled. Notably,
our Pd-Ni-Pt system'’ stands out as an interesting candidate for the study of intermetallic
formation, as the incorporation of Ni into Pt NPs has been shown to increase catalytic
activity towards small molecule redox reactions’* '*?”. This well studied platform serves
as an ideal arena in which to study intermetallic formation, specifically the formation of
intermetallic PtNi NFs. Here in, we focus on the PtNi; system as it has the highest
loading of the non-precious metal, Ni, relative to the precious metal, Pt. To maintain a
bimetallic and more easily studied system, the core particle used to direct the shape of the
NPs must be inert to the layer above it. For this reason, the Pd core was chosen; Pd and
Ni are not known to mix below extreme temperatures far above our annealing
temperatures. By using defined, core-sandwich-shell structures as precursors to
intermetallic NFs, we can begin to construct a set of design parameters to be extended to

other IMC NP structures of various shapes and compositions.

4.3 Experimental Methods

4.3.1 Chemicals

Nickel (II) Chloride hexahydrate (NiCl,-6H,0), potassium tetrachloroplatinate
(I) (K;,PtCly), palladium (II) chloride (PdCl,), L-ascorbic acid (AA, (C¢HgOg), 99%),
sodium iodide (Nal, 99.5%), and potassium hydroxide (KOH) were all obtained from
Sigma-Aldrich Co., LLC. Hydrazine monohydrate (N,H4-H,0, 98%) was purchased from
Alfa Aesar. Cetyltrimethylammonium bromide (CTAB, 99%) was bought from
Calbiochem, and methanol (CH3;OH, 99.8%) was purchased through Acros Organics.
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Nanopure deionized water (DI water, 18.2 MQ) was utilized in all experiments. Nitrogen
gas (N,, UHP300) was obtained from Airgas. All reagents were used as received unless

otherwise stated.

4.3.2 Synthesis of cubic two layered Pd-Ni-Pt core-sandwich-shell nanoparticles

Cubic Pd substrates (~30 nm) were prepared according to our previous work. '
0.05 g of CTAB was dissolved in 10 mL of DI water via sonication in a 20 mL glass vial.
500 uL of a concentrated Pd nanocube solution (containing Pd cubes from eight
reactions, re-dispersed in 5 mL of water) was added to the vial, which was gently swirled.
300 pL of 0.01 M NiCl, were added as Ni*" ion source and 500 pL of 1.0 M hydrazine
were added as reducing agent. The vial was swirled, capped, and left unstirred for ~2
hours in an oil bath set to 50 °C. The appearance of small particulates in the reaction
solution indicated completed overgrowth. The vial was then removed from the bath and
briefly sonicated. 100 uL of 0.01 M K,PtCls were added as Pt*" ion source. The solution
was returned to the oil bath, still at 50 °C, and left unstirred for ~30 min. The Pd-Ni-Pt
nanoparticles were collected via centrifugation at 4000 rpm and washed three times with

water

4.3.3 Synthesis of Cubic Four Layered Pd-Ni-Pt Core-Sandwich-Shell

Nanoparticles

To create the Pd-(Ni-Pt), samples, the initial amount of Ni precursor added was

150 puL and that of Pt was 50 pL. Prior to centrifugation, the same procedure was
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performed as was used to reduce down the layer of Ni and subsequent layer of Pt. These
samples were then collected via centrifugation at 4000 rpm and washed three times with

water.

4.3.4 Deposition of Nanoparticle Catalysts on Vulcan Carbon Support and

Thermal Annealing

3.25 mg of carbon were added to the collected nanoparticles dispersed in ~1 mL
of DI water. The carbon and nanoparticle mixture was sonicated for about 5 min.
Sonicating for longer induced carbon coverage of the nanoparticle surface, decreasing
catalytic surface area. The vial was then capped with a rubber septum and moved to an
oil bath at 90 °C. The particles were dried overnight under nitrogen flow and removed
from the oil bath. The same method was used to form all both nanoparticle/carbon
composites (Pd-Ni-Pt/C and Pd-(Ni-Pt),/C).

The dried samples were added to a porcelain boat and calcined in a Lindberg/Blue
M TF55030A-1 tube furnace at a ramp rate of 5 °C/min under nitrogen flow. Once to
temperature (200-600 °C), the samples were held at the constant temperature for 1 hour
then allowed to cool immediately. Once cooled, the samples were ready for

electrochemical measurements.

4.3.5 Characterization

For analysis by transmission electron microscopy (TEM), the samples were

washed three times in water by centrifugation at 4,000 rotations per minute. Once washed
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three times, the samples were concentrated to ~500 pL. From this solution, 10 pL was
dropcast directly onto a carbon-coated copper grid (Ted Pella Inc., Formvar/Carbon 200
mesh, Cu); for the calcined samples the samples were dropcast onto silicon oxide-coated
gold grids (SPI Supplies, holey silicon oxide, Au). TEM characterization was run using a
JEOL JEM2010F accompanied with EDX attachment operated at 200 kV. For analysis
by x-ray diffraction (XRD), particles were concentrated in 20 pL of ink solution then
dropped on a thin glass slide and allowed to dry; for the calcined samples, a silicon chip
was used as the substrate. A Bruker AXS D2 Phaser diffractometer was used for the XRD

characterization.

4.3.6 ICP-OES

Analysis by inductively coupled plasma-optical emission spectroscopy (ICP-
OES) measurements were performed by the following. Multi-element standard solutions
for ICP-OES of 100 pg/mL of Pt and Pd were purchased from Inorganic Ventures. Trace
metal grade 37 % (w/w) hydrochloric acid. ICP-OES data were acquired using an Agilent
5100 VDV spectrometer equipped with an HF-resistant sample introduction system.
Concentrations were determined by external calibration with three points for ca. 1, 10,
and 100 pg/mL of each element. Multi-element standard solutions of 100 pug/mL of Pt,
Pd, and other elements in a 4.3 %(w/w) HCI matrix were used to prepare the 10 and 1

ug/mL standards volumetrically by dilution with identical matrices.
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4.3.7 Electrochemical Measurements

The Pd-Ni-Pt and Pd-(Ni-Pt), nanoparticle catalysts were loaded onto carbon
black (Vulcan XC-72) by adding ~ 3.25 mg directly to the nanoparticle ink solution,
sonicated briefly and then dried overnight. The nanoparticle on carbon samples were then
calcined at the appropriate temperature to be used for electrochemical measurements. For
the as synthesized samples, they were loaded on carbon and dried, then used. The carbon
black with nanoparticle loading was added to a vial and diluted to ~500 pL and 5 pL
dropped directly onto a glassy carbon working electrode (CH Instruments) allowed to dry
followed by a second 5 pL drop for cyclic voltammetry. The cyclic voltammetry (CV)
was performed using a BioLogic VSP potentiostat in a typical three electrode system; a
saturated calomel electrode was used as the reference electrode and a platinum wire as
the counter electrode (both also obtained from CH Instruments). Blank scans were run in
0.1 M KOH which was purged with nitrogen. The CV cycle was scanned from —1.0 to 0.6
V at a scan rate of 50 mV/s until stabilization of the hydrogen sorption/desorption peak
was reached, usually after ~20 cycles. The electrochemically active surface area was
determined by the total charge collected from the hydrogen peak divided by the charge
per area required to remove a layer of hydrogen from the Pt surface (210 pC/cm?). For
the alkaline electrooxidation of methanol, a 0.5M solution of methanol in 0.1M KOH was
purged with nitrogen. This solution was cycled from —0.8 to 0.6 V at a scan rate of 50
mV/s until a decrease in activity was observed. Electrochemical measurements on the Pd-

(Ni-Pt),/C catalysts were performed in the same manner.

106



4.4 Results and Discussion

4.4.1 Pd-Ni-Pt Layer Number and Thickness Control Study of Precursor

Nanoparticle Catalysts

To probe the intermetallic NF formation in the systems, a variety of
characterization techniques are utilized. To track the level of intermixing, TEM, powder
x-ray diffraction (PXRD), and lattice spacing measurements are used. To probe the
catalytic surface, small molecule electro-oxidations are performed. Once the stable phase
is reached, catalytic activity and stability should peak due to the highly active
intermetallic surface. By promoting the intermetallic formation at lower temperatures, the
non-equilibrium NP structure can be maintained. Representative transmission electron
microscopy (TEM) images can be seen in Figure 1 Pd-Ni-Pt (Figure 4.1a and c) and the
Pd-(Ni-Pt), (Figure 4.1b and d) core-sandwich-shell NP precursors. Each layer shows
epitaxial overgrowth, even with the high interfacial energy and strain associated with the
metal boundary between the highly mismatched (~10%) lattices of Ni and Pt. This
induced strain should contribute to a lower diffusion barrier and easier metal-metal
migration, particularly through the open (100) facet (which dominates the surface of our
cubic NPs), to the more stable intermetallic phase. Calculations for the expected
thickness of the metallic layers were performed based on atomic ratios obtained through
ICP-OES, and nanoparticle volume. The base cube was assumed to be 30 nm in edge
length. The final sandwich structure, either two- or four-layered, was assumed to be 35
nm in edge length, while lattice constants of 352.4 pm and 392.42 pm were used for Ni

and Pt, respectively. For the Pd-Ni-Pt particles, layers of 3.6 nm and 1.4 nm were found
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respectively for the Ni and Pt (3.52 and 1.43 were measured by TEM). The calculation
for the four layered particles further assumed that both shell layers were of equivalent
thickness for each metal. Based on this assumption, thicknesses of 1.7 nm and 0.8 nm
(1.78 nm and 0.77 nm were measured by TEM) were found for Ni and Pt, respectively.
This maintained ratio of metal atoms and the layered effect allows for the
thermodynamically favorable intermetallic phase of the PtNi; to be reached. By
comparing the mixing of these two structures, as seen in scheme 4.1, we will shed light

on the mechanism of formation of our IMC NFs.

Figure 4.1: TEM images of the as-synthesized (a) Pd-Ni-Pt samples at low magnification
with the inset showing a single precursor particle and (b) Pd-(Ni-Pt), samples at low
magnification with the inset showing a single precursor particle. (¢ and d) show high
magnification images of the Pd-Ni-Pt and Pd-(Ni-Pt), particles, respectively, with the

lighter Ni phase “sandwiched” between the darker Pd and Pt phases.
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Scheme 4.1: Schematic representation of the conversion process from shaped Pd-Ni-Pt
and Pd-(Ni-Pt), nanoparticle precursors to Pd-Nis;Pt intermetallic nanoframe structures

through atomic diffusion

4.4.2 Nanoframe Synthesis through Thermal Annealing of Precursor Pd-Ni-Pt

Nanoparticles

In order to synthesize the initial precursor Pd-Ni-Pt nanoparticles, the same
synthesis from previous works was utilized.'” Pd nanocubes were first synthesized to be

used to direct the shape followed by reduction of Ni*" ions onto the surface. Finally, the
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Ni layer was capped with a layer of Pt. In order to form the four layered structures, this
Ni and Pt reduction step was performed again. During the initial synthesis of the
precursor core-sandwich-shell NPs the target ratio was 1:3 for Pt:Ni, matching the stable
intermetallic PtNi; phase. This ratio was achieved using nominal loading and
concentration control. The composition was then confirmed using inductively coupled
plasma optical emission spectroscopy (ICP-OES), revealing the ratios to be Pd-Nis ;-Pt
for the two layered samples and Pd-(Ni; 3-Ptys), for the four layered samples, as can be
seen in Table 4.1. These values are close to the expected values from the nominal
concentration loading. Each sample was then loaded on Vulcan XC-72 carbon and dried
under nitrogen for 24 hours. Once dry, the samples were annealed under a nitrogen
atmosphere. The temperature was raised at a ramp rate of 5 'C/min, and the final
temperature was held for one hour before immediate cooling. A series of temperatures
and holding times were chosen to study the conversion from core-sandwich-shell

nanoparticles to fully mixed nanoframes.

Sample Ni Pt
Pd-Ni-Pt 3.2 1
Pd-(Ni-Pt), 2.6 1

Table 4.1: ICP-OES analysis data of the different catalyst samples prepared prior to
calcinations. The values given are calculated molar ratios. For the Pd-Ni-Pt samples, the
Ni and Pt content are for the single layers. For the Pd-(Ni-Pt), samples, the Ni and Pt

content are from the altering sandwich layers.
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4.4.3 Electrochemical Alkaline Methanol Oxidation Before and After Thermal

Annealing

Each sample was tested for the alkaline methanol electro-oxidation reaction
(MOR), a typical small molecule oxidation reaction with potential in fuel cell
applications. Electrochemical measurements illuminate the surface electronic structure of
the catalyst by testing its ability to perform desired transformations. Intermetallic
compounds display high activity, through the homogeneity of surface sites, and high
stability, through decreased interaction with poisoning species. The performance and
durability of MOR catalysts can be negatively impacted by the (often irreversible)
adsorption of a CO intermediate, but it has been shown that intermetallic structures are
less prone to CO poisoning>>. They are also more resistant to etching in acidic media,
showcasing higher stability as a result. The electrochemical conversions were performed
using a standard three electrode system: Pt wire as the counter electrode, saturated
calomel electrode as the reference electrode, and a glassy carbon electrode loaded with 5
puL of the synthesized nanocatalysts supported on Vulcan carbon as the working
electrode. From Figure 4.2, a comparison of each sample (two- and four-layered) at the
designated temperatures can be seen. At 200 °C, the four-layered sample outperforms the
two-layered sample due to its increased lattice strain, but both samples perform
nominally the same as that of the as-synthesized samples. The same trend is seen at 300
°C, where each sample has a slight increase in activity. By 400 °C, the four-layered
sample has a significant jump in activity. This is thought to be from the complete mixing,

as can be seen in the lattice spacing measurements (Figure 4.3), of the Ni and Pt metal
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atoms to form the intermetallic NF, yielding a more active surface. However, at the same
temperature, the two-layered sample has an activity drastically lower and on par with the
four layered sample at 300 °C. At this point, it is hypothesized there is some mixing of
the Ni and Pt, but the stable intermetallic phase has not been reached. We thus moved to
higher temperatures to see if we could induce the same degree of migration in the two-
layered sample as seen in the four-layered. By 500 °C, a larger jump in activity is
observed. The four-layered sample, meanwhile, decreases in activity. This deactivation of
the four-layered catalyst is attributed to phase segregation or aggregation at such high
annealing temperatures. To test whether the two-layered structure would follow suit at
higher temperatures, an annealing temperature of 600 °C was used; the same dip in
activity was observed. It should be noted that we are not concerned with the mixing of
the Pd and Ni atoms due to the extreme temperatures, in excess of 1000 °C, that must be
reached for this mixing to occur in the solid state. Each sample and temperature profile
was run in triplicate, leading to the errors bars depicted based on standard error. It is
worth addressing the larger error bars at higher temperatures. As previously stated, we
attribute the decrease in activity to phase segregation of the Ni and Pt metals, as well as
potential aggregation, at such high temperatures. These processes are neither
homogeneous nor highly repeatable; that is to say, it is not surprising that they would
occur to different degrees in different samples, yielding large errors. Moreover, the
change in the surface structure also causes breaks in the consistency of the active sites,

which would also lead to a higher degree of error.
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Figure 4.3: Lattice measurements throughout the catalyst (top measurements from the Pt
surface down to the Pd core) samples based off of high resolution transmission electron
microscopy images. As the samples are calcined, the metal atoms are able to diffuse to
their intermetallic structure. The lattice values will change as the atoms mix due to the
different lattice parameters of each atom. The lattice tracking of a-c.) Pd-Ni-Pt samples
and d-f.) Pd-(Ni-Pt), samples with a,d. at 200 °C; b,e. at 300 °C; and c,f. at 400 °C. Red
indicated Pd, grey indicates Ni, yellow indicates Pt, and purple indicates the mixed lattice

for Ni and Pt

4.4.4 Electrochemical Alkaline Methanol Oxidation After Thermal Annealing

Held for Differing Time Periods

The specifics of the annealing procedure outlined in Figure 4.2 beg two questions:
Firstly, is the annealing time of one-hour ideal for the mixing process? Perhaps a longer
annealing time at a lower temperature could prevent aggregation and preserve fidelity to
the initial cubic NP shape. Secondly, can the Pd-Ni-Pt NPs achieve an activity
comparable to the Pd-(Ni-Pt), NPs if given more time to mix? These questions were
addressed using extended time studies, annealing the NPs for longer times at each
temperature, as shown in Figure 4.4. Annealing for longer than one hour at 200 °C
appears to have little effect on the catalytic activity, for both the Pd-Ni-Pt and Pd-(Ni-Pt),
NPs, implying that the low annealing temperature is unable to overcome the kinetic
barriers associated with mixing, irrespective of the annealing time. This experiment
supports the need to increase annealing temperatures in order to induce metallic mixing.

The extended annealing at 400 °C shows two distinct effects of the Pd-Ni-Pt and Pd-(Ni-
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Pt), NPs. For Pd-(Ni-Pt),, extending the annealing time serves to decrease the activity,
corroborating our hypothesis that high temperatures lead to phase segregation if the NPs
are exposed to them for too long. For Pd-Ni-Pt, activity continues to increase up to a five-
hour annealing time. This result suggests that, given enough time, the thicker Ni and Pt
layers can achieve mixing similar to the thinner layers in Pd-(Ni-Pt),. After more than

five hours, the activity decreases, which we again attribute to phase segregation.

[ Pd-Ni-Pt
201 I P (Ni-Po),

Activity (J (mA/em?))
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Annealing Time (hours at 200°C)

Activity (J {m)\,-’um:))

2 3 4 5 6

Annealing Time (hours at 400°C)

115



Figure 4.4: Electrochemical activity for methanol oxidation catalyzed by Pd-Ni-Pt and
Pd-(Ni-Pt), NPs annealed at (a) 200 °C or (b) 400 °C for various amounts of time. Grey
bars represent the two-layered Pd-Ni-Pt and blue bars represent the four-layered Pd-(Ni-

Pt),.

4.4.5 Pd-Ni;Pt Formation and TEM Study After Thermal Annealing

A schematic representation of the layered approach can be seen in Scheme 4.1
and is central to understanding why the two- and four-layered core-shell-sandwich NPs
behave differently. Using interfacial free-energy calculations, the intermixing barriers
between the Ni and Pt layers can be studied for various numbers of metallic layers. Based
on these calculations, the formation of the intermetallic phase is easier with more
alternating thin layers, and thus much lower annealing temperatures are required to reach
the intermetallic state. With multiple Ni and Pt layers, the metal atoms can diffuse in
multiple directions, reducing the diffusion length needed for mixing. Moreover, the
thinness of the shell layers increases strain, interfacial energies, and defect
concentrations. It is thus reasonable that the thicker, two-layered particles would require a
higher annealing temperature to undergo the same phase transition as the thinner, four-
layered particles. In both cases, the Ni and Pt layers serve as metal atom reservoirs where
vacancies allow diffusion and intermixing, but the additional two layers in the four-
layered NPs further lower the barrier to mixing. This understanding agrees well with our
catalytic results.

TEM was used to study the crystal structures of our NFs after annealing at various

temperatures. By comparing a and b to d and e in Figure 4.5, the differing degree to
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which the Ni and Pt atoms have intermixed can be noted. At lower temperatures, the two-
layered particles in Figure 4.5a and b continue to show a lighter Ni phase contrasted by
the darker Pd core and Pt outer shell. From 200 °C to 300 °C the lighter Ni phase thins as
the higher temperature begins to overcome the diffusion barrier. In comparison, Figure
4.5d and e represent the four layered particles at the same temperatures. In this case, the
distinct Ni and Pt phases cannot readily be identified via Z-contrast differences between
the lighter and heavier atoms. This indicates Ni/Pt intercalation at the lower temperatures.
At 400 °C (Figure 4.5¢ and f), both samples have a degree of Pt and Ni intermixing,
causing the atomic layers to appear less distinct. To more quantitatively track the degree
of mixing for each temperature, high resolution TEM (HRTEM) images were taken to
study the lattice parameters and the changes that occur. Figure 4.6 shows representative
HRTEM images taken of each sample at three different temperatures in the [200]
direction. For pristine Pd, Ni, and Pt, the d-spacing measurements in the [200] direction
are 0.1945 nm, 0.1760 nm, 0.1960 nm, respectively. With the migration of the metal
atoms, the lattice spacing is expected to change due to the different lattice constants. The
larger Pt lattice will compress due to the incorporation of Ni while Ni will expand. Once
completely mixed and stable, the lattice measurements throughout the intermetallic shell
should be the same (~0.1875 nm). Figure 4.3 showing a graphical representation of the
changes in the lattice parameters from the Pt shell down to the Pd core. From the lattice
spacing measurements taken, the four-layered sample appears to begin mixing after
annealing at 200 °C and is completely mixed after annealing at 400 °C. In comparison,

the two-layered particles do not have consistent metal mixing until temperatures above
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400 °C. Again, these observations agree well with our MOR results and theoretical

understanding.

Figure 4.5: TEM images of (a-c) Pd-Ni-Pt and (d-f) Pd-(Ni-Pt), sample annealed at (a,d)

200 °C, (b,e) 300 °C, and (c,f) 400 °C

Figure 4.6: TEM images of a-c) Pd-Ni-Pt and d-f) Pd-(Ni-Pt), lattice images after

annealing at different temperatures; a,d) 200 °C, b,e) 300 °C, and c,f) 400 °C
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4.4.6 X-ray Diffraction Characterization of Pd-Ni-Pt Nanoparticle Catalyst Before

and After Thermal Annealing

X-ray diffraction (XRD) was used to investigate long-range order in our NP
crystal structure, before and after annealing. In order to perform XRD, NPs from four to
five individual syntheses were combined and drop cast on a glass slide for room
temperature studies or a silicon chip for the annealed samples. Annealing was performed
under nitrogen, with the temperature ramped up at a rate of 5 °C/min and held at the
desired point for one hour, then immediately cooled to room temperature. Typically, the
x-ray diffraction angles are based off of the d-spacing in the consistent lattice for the
metal being studied. With slight differences in d-spacing, the diffraction angle shifts
accordingly. For typical face-centered cubic (fcc) metals, such as Pd, Ni, and Pt, certain
diffraction peaks are characteristic of the metallic species, with the largest peak being that
of the (111) plane. With most intermetallic systems currently under study, there is a
complete crystal structure change once the nonprecious and precious metal mix. For
instance, when Pt and Fe mix, the crystal structure changes from the fcc Pt and Fe
structures to a completely different, face-centered tetragonal structure. With this
transition, XRD becomes a powerful tool to characterize the formation of an intermetallic
structure, as relatively large shifts and even new peaks are observed. In our system,
however, fcc Pt and fcc Ni are mixing to form fcc Pt;Ni, limiting the potential differences
in our pre- and post-annealing spectra. Since the small crystallite size in our NPs yields

broad peaks, the Pt3Ni peak around 42° lies within the tail of the strong Pd peak at 40°
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(Figure 4.7). Post-annealing, the Pd peaks seem to demonstrate greater tailing near 42°,
which may be attributed to a broad intermetallic peak.

Despite these challenges, useful information can be found in the XRD results.
Between the pre- and post-annealing samples, a key difference can be seen in the metallic
Ni peak near 44°. In both the two- and four-layered as-synthesized samples, a distinct Ni
peak is observed (Figure 4.7 (b) shows a zoomed in region of the four layered sample
where the Ni peak is clearly visible). Post-annealing, this peak is no longer visible. The
disappearance of the Ni peak shows that the Ni lattice is being incorporated with the Pt

layer, in agreement with our lattice measurements (Figure 4.3).
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Figure 4.7: Powder X-Ray diffraction spectra of: (a) (1) The Pd simulated spectra (2) the
Ni simulated spectra (3) Pd-Ni-Pt as-synthesized; (4) Pd-Ni-Pt annealed at 500 °C; (5)
Pd-(Ni-Pt), as-synthesized; (6) Pd-(Ni-Pt), annealed at 400 °C. (b) A zoomed in portion

of the showing the disappearance of the Ni peak after annealing.
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4.5 Conclusion

In conclusion, we have successfully synthesized shape-controlled PtNi;
intermetallic NFs through low-temperature annealing using a shaped multilayered core-
shell platform. By performing a layer-by-layer synthesis with shaped Pd substrates, core-
sandwich-shell NPs were produced, with varying shape, layer number, and layer
thickness. From TEM, XRD, and electrochemical measurements, the impact of different
starting structures on the temperature needed to reach the stable intermetallic phase was
found, with results in agreement with previously performed interfacial free energy
calculations of diffusion barriers. Electrochemically, the activity was tracked for each
annealing temperature, with the highest activity attributed to the 400 °C five layered
sample. Our multilayered core-sandwich-shell platform can be extended to the synthesis
of other intermetallic structures, with widely varied compositions, simply by changing
the metals found in the core and outer layers. The mechanistic insights of our study can
be applied as we move toward the tailoring of IMC NPs and NFs to varied applications,

particularly in the area of catalysis.
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5.0 One-pot Metal Nanoparticle Encapsulation Utilizing Metal Organic

Framework as Crystalline Capping Agent for Selective Catalysis

Portions of this chapter may be seen in Lien-Yang Chou’s 2016 dissertation titled,
“Design and Synthesis of Nanopore-Modulated Heterogeneous Catalysts”. I thank him

for the use of this material as a co-researcher for this work.

5.1 Abstract

The encapsulation of metal nanoparticles (NPs) within MOF pores serves as a
platform for catalytic reactions where the encapsulated NPs are fixed within the MOF,
gaining the intrinsic selectivity of the MOF coating. The uniformly sized pores and
apertures as well as affinity to particular molecules based on the functionalization of the
linking species helps to impart this selectivity. In a typical NP@MOF synthesis, the
nanoparticles are either preformed and coated by capping agents or the MOF is
preformed and the metal precursors diffuse in and are reduced. In both cases, many
challenges need to be addressed such as the ill-defined structure and surface of NPs. In
this work, metal NPs are reduced to form colloidal NPs followed by MOF coating to be
used as a crystalline capping agent. The complete separation, encapsulation and
compositional control of alloyed (Pd/Pt) NPs as well as differently sized NPs are shown
by using size exclusion catalysis and ethylene hydrogenation. The catalytic activity of the
differing compositions is also compared. The tunable nature and cleaner surface NP
encapsulation approach could be applied to other metal-MOF composites for future
catalysis and surface studies.
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5.2 Introduction

Metal-organic frameworks (MOFs) synthesized via metal secondary building
units (SBU) and organic linking species, have become new, promising crystalline porous
materials'™ for several applications, such as, gas storage’, chemical separation’®, drug
delivery’®, and heterogeneous catalysis’'’. The tailorable chemistry of the pores and
cavities has made MOFs suitable for the encapsulation of functional guest species for a
variety of applications. By altering the sizes of the pores and functionalizing a MOFs’
interior cavities and apertures, the composite material can act as a form of molecular
sieve, allowing only reactants of a particular size or affinity to pass through to interact
with the encapsulated guest'' . This approach allows for the exclusion of undesired
molecules and protection of the encapsulated guest. In particular, the encapsulation of
metal nanoparticles (NPs) in MOFs (NPs@MOF) has attracted a lot of attention due to
synergetic physical and chemical properties the NPs@MOF composites possess'*".
With the encapsulation of NPs, an abundance of new applications becomes available'',
including, surface plasmon resonance (SPR)'®", biological imaging®’, and catalysis'*".
In this paper, we focus on NP@MOF composites for catalysis using their activities as a
probe to determine the encapsulation capabilities of the as synthesized MOF motif and
the properties of the controlled alloyed and sized particles. This composite material gains
the advantages of the catalytic properties of the NPs and the selectivity'' and relative
stability from aggregation®' of the MOF coating. Currently, there are two common

14-15.

approaches to form these materials'*"”: post-synthetic wetness impregnation® >’

and the

use of pre-formed colloidal nanoparticles which are then encapsulated'>'®"*2%2® While
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both of these routes allow for the formation of novel composite materials, new routes
could impart additional benefits such as NP composition and size control, as well as
MOF structures which have maintained their crystalline nature and integrity, allowing for
the use of their intrinsic selectivity

The first widely used approach involves MOFs serving as a template to provide
confined spaces for the reduction of metal salts to form NPs within the pores. The second
approach involves the synthesis of monodispersed metal NPs prior to their incorporation
into MOF synthesis conditions for encapsulation. While both methods prove useful, in
the first, the effective control over the dispersity, size and composition of metal NPs
within MOFs, as well as the MOF morphology, and size, due to damages from ion
diffusion® can still present challenges causing a decrease in catalytic selectivity. Great

15,29

efforts have been made to tackle these drawbacks ™", yet very few examples are

available that can completely confine the NPs within the MOF crystals, without forming

NP aggregates on the MOF exterior™**">

. In the latter method for forming these
composites, pre-synthesized NPs formed by traditional colloidal syntheses are used; these
require the use of strongly binding organic capping agents, such as surfactants and
polymers. For example, polyvinylpyrrolidone (PVP) is a commonly used capping agent
on NP surfaces as well as encapsulation agents™. The organic capping agents act as a
protective barrier maintaining the separation of the NPs and initiating and attracting MOF
growth on their surface. Due to the high binding affinity to the metal surface, catalytic

active sites can be blocked, lowering overall catalytic activity” "

. The strong binding
affinity also makes their removal to form a cleaner metal surface more difficult. The use

of non-traditional, easily removable capping agents to leave a cleaner more open
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nanoparticle surface could remedy this. Therefore, a suitable approach of forming tunable
(composition and size) metal NPs@MOF composites without the use of such capping
agents is desired.

The MOF linker is able to interact with the metal NP surface acting as an anchor,
leading to the MOF coating around them. Li and coworkers first synthesized capping
agent free Pt NPs coated with ZIF-8%. Recently, a second Li’s group, in China, used a
one pot method that allows for the NPs to be reduced and capped by the forming MOF in
situ’®>’. These afford a great possibility for new methods of forming these NP@MOF
motifs with cleaner surfaces, while still opening a challenge for better control over the
NP (size and composition) as well as the MOF morphology and defects. By
functionalizing the linker used during synthesis with functional groups that are known to
show affinity/chelating effects towards metals, such as amines™® or thiols’”*’, the NP
encapsulation and separation may be retained, while instilling them with the intrinsic size
selectivity for catalysis. Specifically, the amine group functionalized linkers help to
tether the growing MOF to the metal surface, initially acting as a form of capping agent,
reducing the NP surface energy. Unlike traditional capping agents, the amine-metal
binding is weaker, allowing for the surface to be washed by mild methods. This was
shown using IR spectroscopy as seen in Figure S4. The NPs are then able to form within
the crystalline MOF, ultimately forming the final capping agent. The use of MOF as a
crystalline capping agent can bring about at higher degree of selective catalysis by having
a cleaner metal surface, freeing up important active sites and creating a diffusion pathway

of reactants to the NP surfaces. Furthermore, the addition of MOF to NPs shows an
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increased robustness from aggregation and sintering of the NPs, thus an increased
robustness of the catalytic system towards thermal/chemical stability.

Here, we report a one-pot method to synthesize NPs@MOF composites without
the aid of organic/polymer capping agents with a more simplified system with no
additional reducing agents; the solvent acts as the reducing agent. Specifically we show
the introduction of UiO-66-NH,;, a very robust zirconium based MOF with high thermal
and chemical stability as the NP capping agent*'. In order to encapsulate capping agent
free metal NPs into MOF, a strong interaction with the ability to be removed once
formed, and quick MOF coating are required to prevent their aggregation. By using an
amine group functionalized MOF linker to tether to the NPs surface, the colloidal NPs are
monodispersed and fully encapsulated into the MOF pores. While other methods have
shown the encapsulation of NPs within MOFs, the ability to have full encapsulation on
the interior rather than the surface is still difficult. This method shows the complete
encapsulation of NPs within the MOF rather than on the surface, maintaining the size

selectivity of the MOF material.

5.3 Experimental Methods

5.3.1 Chemicals

Zirconium(IV) chloride (ZrCly, Aldrich, 99.5%), terephthalic acid (Aldrich, 98%),
2-aminoterephthalic acid (Aldrich, 99%), acetic acid (Sigma-Aldrich, 99.7%), N,N-
dimethylformamide (Sigma-Aldrich, 99.8%), palladium(II) 2,4-pentanedione (Pd(acac),,
Alfa Aesar, Pd 34.7%), platinum(Il) acetylacetonate (Pt(acac),, STREM CHEMICALS,
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98%), Chloroplatinic acid hydrate (H,PtCls, Sigma-Aldrich, 99.995%), Palladium(II)
chloride (PdCl,, Aldrich, 99%), ammonium tetrachloroplatinate(II) ((NH4),PtCly, Sigma-
Aldrich, 99%), cyclohexene (Sigma-Aldrich, 99%), cis-cyclooctene (Sigma-Aldrich,
95%), sodium hydroxide (NaOH, Sigma-Aldrich, 98%), polyvinylpyrrolidone (PVP,
Mw~40,000, Aldrich), tetramethylammonium bromide (N+(CH3)4Br', Sigma-Aldrich,
99%), ethylene glycol (Sigma-Aldrich, >99%), crotonaldehyde (Sigma-Aldrich, >99%),
tetradecene (TCI, >99.0% ), deuterated chloroform (Cambridge Isotope Laboratories Inc,
D, 99.0%) were purchased from the indicated sources and used without further
purification. Hydrogen (Airgas, 99.999%), ethylene (Airgas, 99.995%) and helium

(Airgas, 99.999%) were used for heterogeneous gas phase catalysis.

5.3.2 Synthesis of UiO-66 and UiO-66-NH,

In a typical synthesis reaction for UiO-66, 18.6 mg (0.08 mmol) ZrCl, and 13.3
mg (0.08 mmol) terephthalic acid were dissolved in 8.622 mL DMF, then 1.378 mL
acetic acid was added into the solution to make the final volume to 10 mL. The solution
was transferred into a 20mL scintillation vial and heated for 24 hours in a 120 °C oil bath.
After cooling down, the formed UiO-66 was collected by centrifugation. To form the
UiO-66-NH,, the same reaction parameters were followed, just with the use of 14.5 mg
(0.08 mmol) 2-aminoterephthalic acid to obtain the functionalized MOF. The isolated
samples were washed three times in methanol and dried in a vacuum oven at 150 °C

overnight.
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5.3.3 Synthesis of NP@UiO-66-NH; and NP/UiO-66 Composites

A typical synthesis reaction for Pd@UiO-66-NH, or Pt@UiO-66-NH, composite
follows a similar procedure as the synthesis of UiO-66-NH;; 8 x 10~ mmol Pd(acac), (for
Pt, H,PtCls was used) was dissolved in the DMF prior to the heating step. The reaction
was then run for 24 hours at 120 °C and collected by centrifugation. To form the Pd/UiO-
66 composite, the same reaction parameters were followed, just with the use of
terephthalic acid instead of 2-aminoterephthalic acid. The isolated samples were washed
three times in methanol and dried in a vacuum oven at 150 °C overnight. Similarly, in
order to synthesize the PdPt@UiO-66-NH, samples, differing nominal loadings of
potassium tetrachloropalladate (K,PdCls) or potassium tetrachloroplatinate (K,PtCly)
were dissolved in the DMF prior to the heating step. The total metal loading was
maintained at 8 x 10~ mmol, while the stoichiometry was changed to form differently
alloyed nanoparticle compositions. These reactions were then run for 24 hours at 120 °C.

They were collected, centrifuged and dried in the same manner.

5.3.4 Synthesis of Size Controlled Pd@UiO-66-NH; and Pt@UiO-66-NH;

Composites

8 x 10~ mmol Pd(acac), and 14.5 mg (0.08 mmol) 2-aminoterephthalic acid was
dissolved in 2 mL DMF as solution A. The solution A was stirred and heated to the
desired temperature (90, 120 and 150°C) in an oil bath for 2 hours. In the meantime, 18.6
mg (0.08 mmol) ZrCly was dissolved in 6.622 mL DMF, then 1.378 mL acetic acid was
added into the solution to make the final volume to 8 mL as solution B. Solution B was
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preheated to 120°C in an oil bath. Solution A was then added into the solution B and
heated for 24 hours in a 120 °C oil bath. To form size controlled Pt@UiO-66-NH,
composite, the same reaction parameters were followed, just with the use of 8 x 107
mmol H,PtClg and another 0.5 mL (200 proof ) ethanol was added into the solution to
make the final volume to 2 mL as solution A. The isolated samples were washed three

times in methanol and dried in a vacuum oven at 150 °C overnight.

5.3.5 Synthesis of PVP Capped 5 nm Pt and Pd Nanocrystals and Corresponding

PVP Coated Snm Pt NPs@UiO-66-NH; and Pt NPs/UiO-66-NH,; Composites

A total of 0.025 mmol of Pt ions (NHy),PtCly, 0.75 mmol of
tetramethylammonium bromide, and 0.5 mmol of poly(vinylpyr-rolidone) (in terms of the
repeating unit;Mw 40 000) were dissolved into 5 mL of ethylene glycol in a 25 mL
round-bottom flask at room temperature. The mixed solution was stirring and heated to
200°C in an oil bath for 20 minutes. For Pd nanocrystals synthesis, the same reaction
parameters were followed, just with the use of Pd ions precursor PdCl, instead of Pt
ions.” Once synthesized, a similar procedure as the synthesis of UiO-66-NH, was
followed. 1 mL of 0.25 mg/mL of the DMF solution of PVP capped Pt particles was
added the UiO-66-NH, synthetic solution to make the final volume to 10 mL. The
solution was transferred into a 20 mL scintillation vial and heated for 24 hours in a 120
°C oil bath. The isolated samples were washed three times in methanol and dried in a
vacuum oven at 150 °C overnight. For the samples with the Pt NPs coated in PVP on the

outer surface of the MOF, pre-synthesized UiO-66-NH,, was dispersed in DMF while 1
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mL of the 0.25 mg/mL of the Pt PVP capped particles was added to the vial, stirred from

24 hours and then centrifuged down, and washed.

5.3.6 Synthesis of Pt@UiO-66-NH; through Wetness Impregnation

These samples were synthesized utilizing the same method in the 2014 Huang
group ACS Catalysis paper’”. UiO-66-NH, was first synthesized (200 mg) and soaked in
12 mL of deionized water. 4.3 mg of K,PtCly in 2 mL was then added dropwise and
stirred overnight. The sample was then collected and washed three times, oven dried at
120 °C and then under vacuum for 12 hours. Finally, the embedded Pt salt was reduced
under a flow of hydrogen gas at 200 °C for 1 hour. The sample was then collected and

used in the aldehyde hydrogenation step.

5.3.7 Catalysts Preparation and Gas Phase Hydrogenation Study

All nanostructures were homogeneously diluted with mesoporous silica (MCF-17)
by mixing them together as a solution in ethanol, with stirring and then drying the
mixture in the vacuum oven overnight for heterogeneous catalysis. To prepare the
samples of Pd nanocrystals deposited directly on the surface of UiO-66-NH,, the desired
amount of solution containing Pd nanocrystals was mixed with UiO-66-NH, in DMF
(methanol for PVP capped particles) with stirring. After the mixture gradually settled
down, the precipitate was collected by centrifugation. The mixture was dried in the
vacuum oven overnight. Once prepared, 6.8 mg 0.5 wt% Pd@UiO-66-NH,, 10.2 mg 0.5

wt% Pd/UiO-66, and 6.4 mg 0.5 wt% Pd (PVP) on UiO-66-NH, samples were diluted
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with low surface area quartz and loaded into glass reactors for size selective alkene
hydrogenations. 10 mg metal@UiO-66-NH, (0.01 wt% Pd, Pt and Pd,Pt; alloy) samples
were diluted with low surface area quartz and loaded into glass reactors for ethylene
hydrogenations activity measurement. Temperature was controlled by a furnace
(Carbolite) and PID controller (Diqi-Sense) with a type-K thermocouple. Gas flows,
including helium, hydrogen gas and ethylene were regulated using calibrated mass flow
controllers. The desired partial pressure of cyclohexene and cis-cyclooctene were
achieved by bubbling helium through the liquid and assuming saturation.’* For all
reactions, gas composition was analyzed with a mass spectroscope (MKS special
V2000P). The turnover frequency of ethylene hydrogenation is normalized by using the
percentage of surface atoms following the palladium cluster diameter.”’” Liquid phase
catalytic hydrogenation of crotonaldehyde

5.0 mg of 0.7-0.8wt% samples of Pt@UiO-66-NH,, Pt(PVP)@UiO-66-NH,,
Pt(PVP)/UiO-66-NH,, and Pt(wetness)@UiO-66-NH, were placed in 20 mL glass
scintillation vials. Isopropanol (1.0 mL) was added to each followed by 30 seconds of
sonication. Each sample was then pipetted into its own individual glass 3 mL ampule. An
additional 1.0 mL of isopropanol was added to each scintillation vial, sonicated 30
seconds and added to the appropriate ampule. Similarly, 0.1 mL of crotonaldehyde and
0.1 mL of tetradecene (a standard) was added followed by 0.3 mL of isopropanol; for a
total volume in each ampule of 2.5 mL. The ampules were placed in a small parr reactor,
sealed and flushed with hydrogen before pressurizing to 30 barr at 30 °C and allowed to

react for 18 hours. After 18 hours, the pressure was slowly released and from each
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sample and aliquot of the supernatant was tested under 'H nuclear magnetic resonance

spectroscopy (NMR)

5.3.8 'H NMR Characterization of Crotonaldehyde Hydrogenation Products

NMR measurements were performed on the supernatant from the crotonaldehyde
reactions. Sample was added to deuterated chloroform in an NMR tube and run using a
Varian NMR Inc 600 MHz instrument. The peaks were then analyzed and integrated,
crotonaldehyde at 9.42-9.48 ppm, butyraldehyde at 9.72 ppm, butanol at 3.58-3.6 ppm,

and 2-butene-1-ol at 6.81-6.88 ppm to determine the conversion and selectivity.

5.3.9 Characterization

Transmission electron microscope (TEM) images were obtained on JEOL
JEM2010F operated at 200 kV. Scanning transmission electron microscope (STEM) and
Energy-dispersive X-ray spectroscopy (EDX) mapping experiments were performed on a
FEI Probe Cs corrected Titan operating at 200 kV. Scanning electron microscope (SEM)
images were obtained on a JEOL JSM6340F. The powder x-ray diffraction patterns
(pXRD) were collected on a Bruker AXS diffractometer with Cu Ka radiation (A= 1.5418
A). The infrared spectrum (IR) data were collected on a Bruker Alpha ATR FT-IR
Spectrometer. The nuclear magnetic resonance spectrums (‘'H-NMR) were obtained on a

Varian NMR Inc. 600 MHz.
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5.4 Results and Discussion

5.4.1 One-pot Synthesis of Pd and Pt Nanoparticles in UiO-66-NH,

In typical experimental conditions, a one-pot method was utilized by directly
mixing metal precursor salts of Pd(acac), and the MOF precursors zirconium
tetrachloride,Zr(Cl)4, and 2-aminoterephthalic acid, BDC-NH,, with acetic acid in an
N,N-dimethylformamide (DMF) solvent system. The system is kept at 120 °C for 24
hours without stirring (Scheme 5.1). It was found that Pd NPs formed within the first 15
minutes of heating followed by the formation of UiO-66-NHy; this was tracked via a time
study of the NP and UiO-66-NH, growth solution with TEM monitoring (Figure 5.1).
The UiO-66-NH, formed at the surface of Pd NPs due to the amino group interaction.
The initial encapsulation resulted in the stopped growth of the Pd NPs. Finally the

uniformly sized, crystalline Pd@UiO-66NH, nanocrystals was produced (Figure 5.2 a, b

and d).
?.\\ )\/\
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Scheme 5.1: Schematic representation of the de movo encapsulation approach (1)

compared to the utilization of UiO-66-NH, as the nanoparticle capping agent (2)
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Figure 5.1: Time study of UiO-66-NH; capping of palladium nanoparticles: (a) time at

0.25 hours, (b) time at 0.75 hours, (c) time at 1.25 hours, and (d) time at 6.5 hours.
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Figure 5.2: TEM images of and UiO-66-NH, composites (a-b) Pd@UiO-66-NH; using
the amine functionalized BDC linker showing encapsulation (¢) Pt@UiO-66-NH, (d)
SEM image of Pd@Ui0O-66-NH, uniformity (¢) TEM images of Pd,7Pt;@UiO-66-NH,.
(HSTEM/EDX line mapping of Pdy;Pt;@UiO-66-NH, Green trace corresponds to Pd

and red trace corresponds to Pt

To provide evidence of the mechanism of encapsulation via the interaction of the

amine group functionalized MOF linker with the surface of the metal NPs, a control
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experiment was performed using terephthalic acid (BDC) in the same experimental
conditions rather than the BDC-NH,; as the MOF linker (Figure 5.3a-d and Figure 5.4).
Depending on the metal salt precursor used, both Pd and Pt formed a series of aggregates
outside of the MOF crystal, implying that the absence of the amine group on the non-
functionalized UiO-66 causes a lack of chelating interactions so the particles cannot be
fully encapsulated. Fourier transform infrared spectroscopy (FTIR) was performed to

demonstrate the surface interaction (Figure 5.3¢ and 5.5).
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Figure 5.3: TEM images and FTIR spectra of NP and UiO-66-NH, composites (A)

Pt@UiO-66-NH, using the amine functionalized BDC linker showing encapsulation (B)
Pt/U10-66 composite using the normal BDC linker showing lack of encapsulation. (C)
Pd@UiO-66-NH; using the amine functionalized BDC linker showing encapsulation. (D)

Pd/UiO-66 composite using the normal BDC linker showing lack of encapsulation. (E)
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FTIR spectra of (1) Pd@UiO-66-NH, Rinsed with DMF (2) Pd@UiO-66-NH2 Rinsed
with MeOH (3) as-synthesized Pd@UiO-66-NH, (4) UiO-66-NH, (5) BDC-NH,; (6) Pd-
BDC-NH,. Red, blue and green dash line represent peak positions of sample (4), (5) and

(6).

Figure 5.4 : TEM images of NP and UiO-66-NH, composites (a) Pt@UiO-66-NH; using
the amine functionalized BDC linker showing encapsulation (b) Pt/UiO-66 composite

using the normal BDC linker showing lack of encapsulation.
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Figure 5.5: IR data showing the surface interaction of BDC-NH, with the nanoparticle
metal surface. (a) amines stretches of BDC-NH; (b) Physical mixture of solid BDC-NH,;
with Pd nanoparticle (c) amines stretches of BDC-NH, interaction with Pd (d) the

sample (c) after 3 times methanol washing.

5.4.2 Probing the NP@UiO-66-NH; Surface through Fourier-transform Infrared

Spectroscopy (FTIR)

FTIR was used to measure the N-H stretching mode of BDC-NH, (Figure 5.3e),
the linker of UiO-66-NH,. N-H stretching peaks (anti-symmetric and symmetric
stretching) are shifted to different positions due to the local chemical environment
changes. We hypothesize that there are four possible chemical environments after Pd
encapsulation; the N-H stretching mode of (a) free BDC-NH, (b) BDC-NH; in MOF with

the carboxyl group bound to Zr metal centers (c¢) free BDC-NH, interacting with Pd
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within the MOF cavities and (d) BDC-NH; in MOF with the NH, group interacting with
Pd and the carboxyl group bound to the Zr metal centers. The N-H stretching of
Pd@UiO-66-NH, may be the combination of these four aforementioned chemical
environments. In the study, BDC-NH, (Figure 5.3e-5) was used as a control to represent
the peak positions of free linker environment (a) N-H stretching of BDC-NH,; While
UiO-66-NH, (Figure 5.3e-4) was used to represent peak positions of the linker in the
MOF environment (b) N-H stretching of BDC-NH, in MOF. Environments (c¢) and (d)
may be more difficult to de-convolute the stretching peaks and hard to see the difference
by FTIR. However, bound Pd-BDC-NH, (Figure 5.3e-6) was used as a representative
peak positions for N-H stretching of BDC-NH; interacting with Pd NPs. The difference
of environment (c) and (d) could be indirectly differentiated by detecting the decrease of
peak intensity after washing procedures.

Three separate control samples are used so that each sample only contains one
possible chemical environment. Comparing FTIR spectra of the three control samples, we
observed various symmetric stretching peak positions of pure UiO-66-NH, (~3397 cm™,
red dashed line), BDC-NH, (~3390 cm™, blue dashed line), and Pd-BDC-NH, (~3368
cm™, green dashed line) (Figure 5.3¢). As-synthesized Pd@UiO-66-NH, (Figure 5.3e-3
and 5.5-3) may contain a combination of NH; group stretching environments, including
free BDC-NH, as well as NH, peaks from incorporated linkers within MOF, but not
bound to Pd particles. It is possible the peak contains three peaks when de-convoluted,
(4) UiO-66-NH,, (5) BDC-NH; and (6) N-H interacting with Pd. After MeOH washing
(Figure 5.3e-2 and 5.5-2), free BDC-NH, was removed causing the peak shift to right.
After DMF washing (Figure 5.3e-1 and 5.5-1), the Pd surface bound BDC-NH, was
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washed so the peak shifted back to left. The results demonstrate that the interaction
between the Pd surface and amine group of the linker can be reduced by using DMF
washing steps to create a cleaner Pd surface. Ethylene hydrogenation was performed to
compare activities of sample (1)-(3). The higher activity after DMF washing implies

cleaner surfaces of Pd NPs which are consistence with the observation of FTIR results.

5.4.3 Composition and Size Control of the NP@UiO-66-NH,; Composites using a

One-pot and Two-pot Method

The formation of NP aggregates outside the MOF crystal isn’t the only challenge
involved with wetness impregnation; control of the metal NP composition and size is also
a complication. In our method however, metal NPs reduce down first so the composition
and size of the NPs is tunable. In addition to single metal NP@UiO-66-NH,, we have
shown our one-pot approach can also be applied to alloyed systems. In many previous

424
reports >+

, alloyed systems have shown an increase in catalytic activity due to a
synergetic relationship between the types of metal atoms present. The alteration of their
d-bands due to lattice mis-match and the metal/metal bonds formed, changes their
sorption and desorption properties from the altered electronic properties, helping to
maximize their catalytic activity. The two commonly used methods for forming these
types of composites, as stated, have the drawback of a lack in composition control of the
encapsulated NPs. By being able to reduce the NPs in sifu while simultaneously
encapsulating them, we are able to co-reduce the two metals salts to form alloys maintain

the cleaner surface. In a typical synthesis for the alloyed NPs@UiO-66-NH,, the metal

concentration was maintained at the same ratio as the monometallic composites. To form
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alloys of different compositions (Pt and Pd), precursor amounts of each metal was varied
by nominal loading. By altering the ratio of Pd to Pt metal precursor, several different
PdPt alloys were formed (three different alloys along with the two monometallic forms,
Table 5.1), and encapsulated using the same one-pot synthesis method. To help verify the
formation of alloyed particles, the samples were synthesized in the one-pot method,
followed by the digestion of the UiO-66-NH, coating in strong base, allowing for the use
of scanning transmission electron microscopy combined with energy dispersive
spectroscopy (STEM/EDX) (Figure 5.6). The elemental mapping from the STEM/EDX
results show both Pd and Pt in the NP sample in an alloyed fashion, by showing an equal
distribution of both metals throughout the particle (Figure 5.1 and 5.6). The transmission
electron microscopy (TEM) images of Pt, Pd, and Pd;;Pt;@UiO-66-NH, composites
(Figure 5.1 a, c, and e), show the versatility of this approach. The morphology of
NPs@MOF composites show high similarity to pure UiO-66-NH; nanocrystals indicating

the metal precursors and encapsulation process does not affect the MOF synthesis.

Sample  Pd(ppm)  Pt(ppm)  \fole ratio (Pd:Pt)

Pd 2.36 0.002 --
Pd; Pt 1.61 0.92 3.22
Pd,; sPt; 1.29 1.77 1.34
Pd, 7Pt 0.58 1.47 0.72

Pt 0.027 2.23 --

Table 5.1: Summary of ICP data of UiO-66-NH, with various compositions of Pd and Pt
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Figure 5.6: STEM/EDX line mapping of (a) Pdy 7Pt;@UiO-66-NH, (b) Pd; ,Pt@UiO-66-

NH,;. Green color represents Pd and red color represents Pt.

Comparing the synthesized NP@MOF composites with the native MOF powder
x-ray diffraction (pXRD) patterns, there does not appear to be a loss in structural
integrity, as the long range order peaks remain (Figure 5.7). During the synthesis
conditions, there is the possibility of NP etching occurring due to the use of acetic acid
and the chloride ions present in the precursor salts. A control experiment was run using
the same synthesis conditions with all components except for the zirconium precursor and
incorporating NaCl to reach the same chloride ion concentration as in the typical
synthesis. This was then heated and stirred for 24 hours and the particles were viewed
under TEM to see if any visible etching occurred; none was observed. Similarly, the
process was repeated using PVP capped NPs and no etching was observed (Figure 5.8 c,

d).
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Figure 5.7: pXRD patterns of UiO-66-NH, for pure, palladium nanoparticles capped with

[

Ui0-66-NH; and platinum nanoparticles capped with UiO-66-NH,.
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Figure 5.8: TEM of Pt@UiO-66-NH; synthesized at (a) 120 °C, (b) 90 °C with presence

of EtOH, (c) Pt NPs loaded on support in DMF with 2.4 M acetic acid and 3.2 mM
sodium chloride at 120 °C for 24 hrs, (d) PVP coated 5nm Pt NPs@UiO-66-NH,

synthesized with 2.4 M acetic acid at 120 °C.

In a similar fashion, the one pot method can be used to allow for control of the
size of NP via temperature alterations. In wetness impregnation, the size control of the
encapsulated NPs is very difficult to control due to the diffusion barrier causing a lack in
mono-dispersity. In order to control particle size within the MOF, we adjust the synthesis
temperatures of the metal NPs prior to MOF coating, altering the nucleation and growth
rates of the nanoparticles. At higher temperatures, the nucleation rate is high, so more
nuclei are formed. With more nuclei, the particles size is smaller, while with lower
temperatures larger sizes are formed. Figure 5.9 shows a smaller average size of Pd NPs
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corresponding to higher temperatures. The size distribution derived from the TEM image
by counting ca. 80—100 NPs is plotted in Fig. 5.9d-f. Pd NP sizes can be tuned from 3.6 +
1.0 nm to 9.9 £ 1.8 nm by simply decreasing the synthesis temperatures from 150 °C to

90 °C (Figure 5.9). Similar results are found when using Pt precursors to form the Pt NP

motif.

m 150°C 120°C 90°C
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Figure 5.9: TEM images of Pd@UiO-66-NH, synthesized at (a) 150 °C, (b) 120 °C and

(¢) 90 °C. (d-f) size distribution of Pd NPs at various synthetic temperatures.
5.4.4 Size Selective Alkene Hydrogenations Over Encapsulated NP@UiO-66-NH

Scanning electron microscopy (SEM) images (Figure 5.1c and 5.10) and TEM
images of Pt and Pd@UiO-66-NH, show well dispersed metal NPs encapsulated into
uniform octahedral UiO-66-NH, nanocrystals. Each nanocrystal contains multiple metal

NPs fully encapsulated and separated. Size selective hydrogenations of alkenes were
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carried out to confirm that the metal NPs were fully encapsulated within the MOF
nanocrystals. The Pd@UiO-66-NH, composites were compared with a control sample
containing the same metal loading of Pd NPs deposited on the external surface of UiO-
66-NH, crystals (Figure 5.11a). Both samples show activity in ethylene and cyclohexene
hydrogenations; both ethylene and cyclohexene molecules have small enough diameters
to diffuse through the pore aperture of UiO-66-NH, (5 A), while little to no activity was
observed for cyclooctene hydrogenation over the Pd@UiO-66-NH,; yet appreciable
activity was observed over the control sample. The size of the cyclooctene molecules is
larger compared to the aperture size of UiO-66-NH, , thus showing the size selectivity
the MOF coating provides to the encapsulated catalysts. The selective hydrogenation
results suggest that the metal nanocrystals are fully encapsulated within MOF
nanocrystals and that no fractures or fragmentations exist in the single crystalline UiO-
66-NH, shell. Similar experiments were performed to PdA/MOF composites synthesized
from BDC as a MOF ligand (Figure 5.3d). Appreciable activity of cyclooctene
hydrogenation was observed over the sample with confirmed aggregated and poly-

dispersed Pd NPs formed outside the MOF crystal (Figure 5.12).
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Figure 5.10: SEM image of (a-b) Pd@Ui0O-66-NH; and (c-d) pure UiO-66-NH,.
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Figure 5.11: Alkene hydrogenation catalysis (a) Size selective alkene hydrogenation over

Pd@UiO-66-NH; and Pd (PVP) on UiO-66-NH,. Ethylene hydrogenation is performed at

0 °C, Cyclohexene
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composite. Ethylene hydrogenation is run at 0 °C and Cyclooctene hydrogenation is run

at 40 °C.

5.4.5 Composition Effect on Ethylene Hydrogenation Activity

Along with selectivity controls to confirm the incorporation of NPs solely within

the UiO-66-NH,, ethylene hydrogenation was run for each of the prepared alloyed
samples to compare their activities. It was expected that the alloyed compositions would
cause an increase in the catalytic activity toward ethylene hydrogenations compared to
the pure Pt and Pd counterparts. This is due to interactions of the Pt and Pd atoms altering
the d-band of the metals in turn changing their de/sorption properties of reactant and
product molecules. By forming a series of differently alloyed compositions, a volcano

curve, following the Sabatier principle, where there is a specific ratio of the Pd/Pt
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composition for the highest activity, was expected. In order to prevent the interference of
particle size effects, the activities are normalized by surface atoms, and ICP
measurements were taken to normalize by the exact Pd to Pt ratio for catalysis. It was
found after performing the hydrogenations over each sample the highest activity was for
the alloyed sample containing a molar ratio of Pd, ;Pt; and a decay in activity was seen
with both increased Pt and Pd content (Figure 5.11b).Control experiments were
performed by using a mixture of pure Pt and Pd catalyst showing no such synergistic
effects (Figure 5.13). Furthermore, the ethylene hydrogenation activities can be further
used to confirm a cleaner metal surface than traditional capping agent. PVP capped NPs
were encapsulated in UiO-66-NH, for a fair comparison (Figure 5.14). The Pt NPs
synthesized by our one pot method show more than double the activity (Figure 5.14)

implying a higher active site surface than the PVP capped NP.

240-
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Figure 5.13: Ethylene hydrogenation catalysis with the various mixtures of Pd and Pt NPs
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5.4.6 Liquid Phase Hydrogenation of Crotonaldehyde

Additionally, hydrogenation of crotonaldehyde was performed in order to further
study the effects of PVP on the NP surface compared to that of the cleaner, surfactant
free, sample. During the hydrogenation of crotonaldehyde, the structure can give rise to
multiple different hydrogenated products: butanol, butryaldehyde, or 2-buten-1-ol. To test
the hypothesis that the one pot encapsulated NPs coated in MOF have a cleaner surface
than particles that are capped in polymer (PVP) or other surfactants, the selectivity of the
hydrogenated products are compared in Table 5.2. Three separate samples are
synthesized in order to directly compare the MOF coated samples; the one-pot Pt NP
MOF coated sample, the PVP coated NPs encapsulated in MOF, and the PVP coated NPs

on the MOF surface.
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Both samples that contained PVP as a capping agent, the PVP capped Pt NPs
within UiO-66-NH; and those on the surface of the MOF material, showed selectivity
different compared to the sample not containing PVP. The crotonaldehyde hydrogenation
when performed using both samples containing PVP produce a mixture of butyraldehyde
and butanol with no conversion to 2-buten-1-ol (unsaturated alcohol product) seen under
'H NMR. In comparison, the same hydrogenation reaction was performed using the
samples synthesized by the one-pot Pt NP encapsulation method produces a mixture of
all three potential products with a higher selectivity towards the desired unsaturated
alcohol. The cleaner surface particles as synthesized by our one pot encapsulation method
are able to produce the more desirable unsaturated alcohol product. From these reactions,
it can be observed that the surface of the Pt NP plays a key role in the selectivity of the
products formed due to the altered interaction of the incoming reactants with the Pt active
surface. For polymer coated samples, the distribution of products is different when
compared to the cleaner particle surface. We attribute the distribution of all three
potential products to the small size of crotonaldehyde and the flexibility of the MOF

structure.
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Cat.30b
/\/\0 _Lat. 30 bar _ /\/\OH + /\/\OH + /\/\O

30°C,18h
A R C
Conversion Crotonaldehyde Unsaturated Alcohol
(%) (Reactant) (Target product) butyraldehyde  butanol
Pt@UiO 55.2 18.9+3.3 15.8+6.6 10.1+0.2
Pt(PVP)@UiO 73.3 0 14.5+4.3 12.2+0.6
Pt(PVP) on UiO 60.5 0 28.7£10.8 10.7£3.5

Table 5.2: Summary of crotonaldehyde hydrogenation products over various nanoparticle

and MOF composite materials utilizing different metal catalyst surfaces

5.5 Conclusion

In summary, we were able to use a one-pot synthesis method to encapsulate metal
nanoparticles using crystalline UiO-66-NH; as a capping agent. The use of MOF allowed
for a higher relative stability of the nanoparticles due to the more robust nature of the
MOF material when compared to traditional capping agents. Using the one-pot method of
the in situ production of NPs followed by encapsulation, a broader control over the
composition, differently alloyed via nominal loading, and the size, by changing the
reduction parameters (temperature), was seen. Size exclusion catalysis was performed to
ensure the complete encapsulation while ethylene hydrogenation was used as a tool to
determine the effect of the alloyed particles compared to the pure counterparts. A volcano
type curve was seen with the introduction of the bimetallic systems with a heightened

activity with the Pd; ;Pt; particle composite.
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6.0  Hybrid Pt/CNT@uio-66 Electrocatalyst for Increased Stability in the Oxygen

Reduction Reaction

6.1 Abstract

Proton exchange membrane fuel cells (PEMFCs) along with solar cells have made
several advances in recent years due to the impending energy crisis. PEMFCs are of
particular interest due to the input fuels, hydrogen and oxygen, and the byproduct, water,
being earth abundant and clean. The use of Nafion in such fuel cells is common practice
in order to promote and enhance the proton conductivity to help increase reaction
kinetics, though with its introduction, certain limitations arise: high Pt loading, poor
stability during working conditions, and subsequent poisoning due to sulfonate groups
present in Nafion. This work demonstrates the use metal-organic frameworks (MOFs), in
particular UiO-66, as a protector barrier for the Pt catalysts to help prevent the
deactivation. A hybrid system is synthesized in which Pt nanoparticles are deposited on
carbon nanotubes followed by the selective growth of UiO-66 on the Pt particles; forming
the final Pt/CNT@UiO-66 hybrid material. Size selective alkene hydrogenations were
run as well as electrochemical measurements to demonstrated the full coverage of Pt
particles with UiO-66 while maintaining catalytic activity. Finally, the hybrid materials
were utilized to perform the oxygen reduction reaction (ORR) to simulate the catalyst
stability for the sluggish cathodic side of the PEMFC reaction. . The Pt/CNT@UiO-66
showed a better stability under ORR condition when compared to Pt/CNT (i.e. without

coating) as well as decreased poisoning during the accelerated aging process suggesting
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the MOF coating is a promising and efficient means to protect the Pt catalysts from

deactivation and aggregation.

6.2 Introduction

With the looming energy crisis, there has been a large push for research and
development into more renewable resources such as solar and fuel cells'”. In particular,
proton exchange membrane fuel cells (PEMFC) have been studied for years for the main
application in transportation needs due to key advantages of lower working temperatures
and pressures4. PEMFC utilize more earth abundant reactants, H, and O,, to undergo
electrochemical transformations with the by-product being water. As the push to reduce
carbon emissions has increased over the past several years, new, more stable PEMFC
catalysts are needed. In a typical PEMFC cell, two Pt-based catalysts, for the anodic and
cathodic reactions, are separated by a proton permeable/exchange membrane (PEM)’.
Starting with the anodic process, H; is oxidized to form two protons which then cross the
membrane to interact with the O, on the cathodic side, forming water. Though the
process seems ideal, there are disadvantages that have hindered the greater use of
PEMEFCs. First, the catalyst for both sides of the reaction is Pt, driving the cost up®.
Similarly, a large quantity is needed in order to be used in vehicles and other industrial
applications®. Second, though Pt is an active catalyst for both reactions, the surface can
casily be poisoned through the sulfonate groups off of Nafion’, a sulfonated
tetrafluoroethylene polymer, used in the PEM layer to help with proton transfer, as well
as poisoned by thiols within feed gas®’. Sulfonate groups are able to coordinate and bind

tightly with the Pt surface, in turn deactivating the catalyst®. Finally, although the
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working temperatures and pressures are lower in PEMFCs than other fuel cells, the
conditions are still harsh for Pt nanoparticles; they will either leach into solution through
the course of the reaction or aggregate together decreasing the active surface area'™'".

To address these issues, several approaches have been taken. A common method
taken is incorporating less expensive, transition metal catalysts to replace Pt'*'*. For
instance, in Li’s group, they synthesized single atom Fe and Co catalysts on N-doped
carbon NPs to replace the Pt/C used for the cathodic oxygen reduction'’. With the
incorporation of less-precious transition metals, there are benefits in price reduction, but
they also have their own limitations with activity and stability'®'’. Other attempts have
been made at reducing or completely eliminating the need for Nafion within the PEM
layer'®". Sun ef al used a mixture of SO;H functionalized UiO-66 and graphene oxide to
promote proton conductivity'®. By eliminating the potential poisons, the Pt catalysts will
maintain their activity rather than undergoing surface deactivation. Although, completely
eliminating the need for Nafion would be ideal, it is still necessary within the PEM layer
due to its superior proton conduction”’. An additional approach is to protect the surface of
the Pt catalyst by a barrier” . For this to work, the barrier must be porous in order to
allow reactants and products to move freely to and from the catalyst surface, but also be
able to block the poisoning sulfonate groups from interacting with the surface.

Metal-organic frameworks (MOFs) are crystalline solids formed from the three
dimensional coordination of metal nodes (formed from metal ions or clusters) and bridging
organic linkers**>’. MOF features a permanent microporosity upon the removal of solvent™.
MOFs have record surface areas up to few thousand m*/g and high molecular selectivity, which

31,32

make them attractive and promising materials for gas storage™°, drug delivery’'”*, sensors®,
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337 and particularly separation®~*. The highly selective behavior of a MOF is a function

catalysis
of its pore aperture structure and the chemical environment due to the functional groups off of the
linkers. MOF material are also highly tunable by changing the metal in the nodes of the linkers
and their functional groups making them ideal candidates for highly selective reactions and
separation’®. The mild synthetic conditions of MOFs allow for their integration with other
inorganic nanomaterials possible. From these hybrid MOF materials, the MOF is able to impart
their unique functions to the other incorporated materials generating potential solutions for many
current technology issues in regards to separation, i.e. the separation of poisoning species from
the catalyst surface.

Here in, we report a new methodology for the prevention of Pt/C poisoning by the
sulfonate groups off of Nafion; without using a different or secondary proton conducting material.
Similarly, the prevention of aggregation and Pt leaching during working conditions is addressed.
We propose to utilize a hybrid material incorporating the traditional Pt/C, in the version of carbon
nanotubes, coated by a thin layer of MOF material. Although MOF have many advantages,
several versions are not stable in harsh environments (high temperature, highly acidic or basic
environments) and most are not inherently conductive. During PEMFC reactions, highly acid
electrolytes, HC1O, or H,SQ,, are used. In order for the Pt/CNT coated in MOF to be stable in the
working conditions, a stable and robust MOF with a small aperture is needed. For this, we have
chosen the robust, zirconium based MOF, UiO-66 which is stable at low pH and relatively high
temperatures, and has shown some conductive behavior*’. In order to increase the conductivity
of the MOF, the CNTs must remain uncoated and in contact with the Pt particle to ensure the

transport of electrons through the catalyst.

Pt nanoparticles are first deposited on carbon nanotubes (CNTs) to create
decorated CNTs with small, 3.7 nm Pt nanoparticles, even distributed along the CNT.

The Pt/CNT material is then used in three separate MOF coating methods to achieve the
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most even UiO-66 coating; a pre-hydrolysis method, an aqueous method, and a
traditional organic solvent method. The Pt/CNT@UiO-66 catalysts were then
characterized through transmission electron microscopy and x-ray diffraction as well as
gas phase hydrogenation of alkenes to ensure most Pt particles were covered. Finally, the
samples were used to conduct electrochemical oxygen reduction reaction as a
demonstration of the UiO-66 ability to protect the Pt particles from aggregation as well as

increase their stability towards surface poisoning.

6.3 Experimental Methods

6.3.1 Chemicals

Zirconyl chloride octahydrate (ZrOCly» 8H,0, Acros, 98+%), zirconium (IV)
propoxide (Zr(OCH(CHj3),)s, 70 wt% in 1-propanol) terephthalic acid (Aldrich, 98%),
tetrafluoroterephthalic acid (Aldrich, 97%), acetic acid (Sigma-Aldrich, 99.7%), N,N-
dimethylformamide (Sigma-Aldrich, 99.8), potassium tetrachloroplatinate (K;PtCly,
Acros, 40% Pt), ethylene glycol (C,HsO,, Fisher), carbon nanotubes (C, Nanolab),
hydrochloric acid (HCI, Fisher), perchloric acid (HClO4 GFS, 70% veritas double
distilled), cis-cyclooctene (Sigma-Aldrich, 95%), were purchased from the indicated
sources and used without further purification. Hydrogen (Airgas, 99.999%), ethylene
(Airgas, 99.995%) and helium (Airgas, 99.999%), oxygen (Airgas, UHP), and nitrogen
(Airgas, UHP) were used for heterogeneous gas phase catalysis and electrochemical
measurement purging. Nanopure deionized water (DI water, 18.2 MQ) from a Milli-Q
system was utilized.
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6.3.2 Synthesis of Pt/CNT via Pt Deposition

11.5 mg (0.027 mmol) of Potassium tetrachloroplatinate and 3 mL of ethylene glycol
is added to a 20 mL scintillation vial and sonicated until the metal salt is dissolved.
During this time, 25 mg of the carbon nanotubes and 64 mL of ethylene glycol are added
to a 100 mL single-necked round bottom flask followed by 20 minutes of sonication on
ice. After sonication, the 3 mL of Pt containing ethylene glycol is added and sealed with a
rubber stopper.

The resultant solution is stirred (500 rpm) in while submerged in a preheated 50°C
oil-bath for 20 minutes. After 20 min, the temperature of oil-bath is increased to 145°C
while containing the round bottom flask and held at 145°C while stirring for 30 minutes.
After 30 minutes, the solution is removed and cooled back to room temperature followed
by vacuum filtration through a nylon membrane (0.45 pm). A total of 1 liter of deionized
water is used to wash the as-synthesized Pt/CNT material. The Pt/CNT is then suspended
in an additional 200 mL of deionized water and allowed to soak overnight. The following
day, the water is vacuum filtered and an additional 1 liter is again used to finish washing
the Pt/CNT material. The Pt/CNT is then allowed to dry under mild heat (70°C in an

oven) to be used for further experiments.

6.3.3 Synthesis of Pt/CNT@UiO-66: Traditional Method

15 mg of the as synthesized Pt/CNT sample and 4 mL of DMF is added a glass vial
and sonicated on ice for 1 minute followed by vigorous stirring for an additional 10
minutes. In a second glass vial, 10.6 mg of terephthalic acid and 10.2 mg of zirconyl
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chloride octahydrate are added in addition to a 3.5 mL solution of DMF containing 20.55
puL of concentrated HCI. Once dissolved, the above solution is quickly added to the
vigorous stirred Pt/CNT solution, sealed and stirred for 16 hours in a 150°C. The
resulting Pt/CNT@UiO-66 solid is collected by centrifugation at 3300 rpm, washed twice

with water and dried under mild heat, 70°C in an oven.

6.3.4 Synthesis of Pt/CNT@UiO-66: Pre-hydrolysis Method

In a crimp top vial, 73.94 (0.158 mmol) of zirconium (IV) propoxide, 7 mL of DMF
and 4 mL of glacial acetic acid are added. The vial is then capped with the rubber septa
and crimp top, gently shaken for 10 seconds, and placed in a pre-heated 140°C oven for 1
hour. After one hour, the solution will change from clear to yellow, indicating the
formation of the UiO-66 zirconium nodes to be used in the following coating steps. These
nodes may be used for up to one week before having to synthesize a new batch.

As the nodes form, a terephthalic acid solution is prepared by adding 265.81 mg
terephthalic acid (0.160 mM) and 10 mL of DMF to a glass vial and sonicating until
dissolved. Once the nodes are formed and cooled, the coating process can occur. In a 1
mL Teflon beaker, 5 mg of the as-synthesized Pt/CNT is added, followed by 0.518 mL of
DMF. The beaker is then carefully sonicated for 2 minutes on ice until the Pt/CNT are
dispersed. Once sonicated, 0.167 mL of the node solution (ZrOPr/OAc/DMF) is added,
being sure to wash any material from the beaker sides. Immediately after, 0.150 mL of
the stock terephthalic solution is directly added to the center of the beaker followed by 10

seconds of gently swirling. The beaker is then set undisturbed overnight.
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After 24 hours, the Pt/CNT@UiO-66 are washed by carefully pipetting the solution
and leaving behind the Pt/CNT material stuck to the walls above the solution line, using
additional DMF as needed to transfer all of the coated material. The Pt/CNT@UiO-66 is
then washed with 5 mL of DMF and centrifuged down at 3300 rpm for 10 minutes. Two
additional washes using DI water is also performed. The sample is then allowed to dry

under mild heat (70°C) in and oven overnight.

6.3.5 Synthesis of Pt/CNT@UiO-66-4F: Aqueous Method

349.14 mg (0.122 mmol) of zirconyl chloride octahydrate and 3 mL of 3 M acetic
acid is added to a 20 mL scintillation vial. In a second glass vial, 261.56 mg (0.110
mmol) of tetrafluoroterephthalic acid and 3 mL of 3 M acetic acid is added. Both two
vials are stirred and heated in a 50°C oil-bath for 20 minutes; until the solids dissolve. In
a third glass vial, 5 mg of the as-synthesized Pt/CNT and 1 mL of 3 M acetic acid is
added followed by sonication on ice for 20 minutes. Immediately following the 20
minutes of sonication, the Pt/CNT solution is vigorously stirred (1000 rpm) for 1 hour at
room temperature.

A fourth vial 1s then pre-heated in the 50°C oil bath. Into this vial, 0.5 mL of the
tetrafluorterephthalic acid solutions and 0.5 mL of the zirconium contain solution is
added and stirred at 500 rpm for 1 minute. A resultant white slurry is formed after 1
minutes at 50°C; the seed solution for the following steps. To the Pt/CNT solute, 0.1 mL
of the seed solution and is added and stirred for an additional 5 minutes before the final

addition of 0.9 mL of 3 M acetic acid is added. The final solution is stirred for 5 minutes
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at 500 rpm at room temperature and then left for an additional 3 hours at room
temperature, without stirring.

After 3 hours, the P/CNT@UiO-66-4F is then washed in a similar fashion as the
pre-hydrolyzed sample with the exception that all three washes are performed with water.
This sample is then allowed to dry under mild heat (70°C in an oven) to then be used for

further experiments.

6.3.6 Characterization

The morphology and coating capabilities were viewed using Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). TEM images were
obtained on a JEOL JEM2010F operated at 200 kV. SEM images were obtained on a
JEOL JSM6340F. The pore size of all samples were measured by Nj-sorption isotherms
on a Micromeritics ASAP 2020. The calculations were based on non-linear density
functional theory (NLDFT), Barrett-Joyner-Halenda theory (BJH) and Brunauer-Emmett-
Teller theory (BET). The powder x-ray diffraction patterns (pXRD) were collected on a
Bruker AXS diffractometer with Cu Ka radiation (A= 1.5418 A) in order to test the
crystallinity. The content of platinum in samples was measured by inductively coupled
plasma- optical emission spectroscopy (ICP-OES, Agilent 7700e). The gas phase
reaction was analyzed through mass spectroscopy (MS) using a MKS special V2000P.
Electrochemical measurements were performed using a BioLogic VSP potentiostat and

ALS, Co. RRDE-3A rotating disk electrode system.
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6.3.7 Size-selective Alkene Hydrogenation

The size selective alkene hydrogenations were conducted in a gas phase reactor.
Following ICP-OES, several mg of the Pt/CNT and Pt/CNT@UiO-66 synthesized
through the traditional method were mixed with ~1 gram of sand to achieve a loading of
1% Pt. This mixture was then carefully transferred to the U-shape reactor with quartz frit.
The gas phase system was purged with pure He gas at 100°C for 30 minutes for
pretreatment to ensure absorbed water would be driven off. Two alkenes with different
sizes were used for reaction in order to determine the capability of the MOF to protect
and guard the Pt nanoparticle catalysts. Ethylene was diluted with H, gas and He gas; a
volume ratio of 1.2 : 12 : 77 ethylene : H;: He. This was then used to purge the system
and reach and equilibrium as data was collected on the output gas composition and
analyzed via mass spectroscopy (MS). Data was recorded at both 22 °C and 40 °C with
the temperature being controlled by a Carbolite furnace with PID controller (Diqi-Sense).
The conversion was the percentage of ethylene present at 22°C divided by that at 40°C.
Cyclooctene was then bubbled using He gas in order to aerosolize the cyclooctene to then
be carried by the gas mixture into the U-tube to undergo reaction. The gas volume ratio
was 10 : 10 : 10 of cyclooctene : H; : He. The higher flow of He into the cyclooctene was
needed due to the general lower activity of cyclooctene hydrogenation and also the face
that it was necessary to bubble the solution to saturate the carrier gas. Temperatures of
50°C and 60°C were used with the output gas composition being analyzed in the same

fashion.
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6.3.8 ICP-OES

In order to run electrochemical oxygen reduction (ORR), the Pt content of the
samples must be known. First, 5 mg of the Pt/CNT sample is massed out in a crucible.
This weight is considered the “wet” weight prior to all of the water being driven off. The
crucible is then placed in a tube furnace (Lindberg/Blue M TF55030A-1) with the
temperature raised to 120 °C at a rate of 5 °C/minute and held at the final temperature for 1
hour. During this process a constant flow of N is run through the tube (2-3 psi). After the
hour, the sample is allowed to cool under N, flow and then reweighed to obtain the “dry”
weight after the complete removal of water. After the weight is obtained, the crucible is
placed back in the tube furnace and raised up to 850 °C at a ramp rate of 1 °C/minute and
held at 850 °C for 2 hours under a constant flow of air (2-3 psi) in order to dry ash the

CNTs.

Once dry ashed, the sample is allowed to cool and be prepped for ICP analysis.
0.3 mL of concentrated hydrochloric acid (HCI) and 0.1 mL concentrate nitric acid
(HNOs) are pipetted into the crucible followed by the slow addition of 0.3 mL 40%
hydrogen peroxide (H,O,) ensuring the sample does not bubble over during the addition.
After the addition, the crucible is placed in a sand bath and heated on medium-low heat
until the solution turns orange carefully monitoring the sample to ensure it does not
bubble over. The heating was continued until all liquid was evaporated from the crucible.
After, 0.976 mL of 6.2 M HCI is added to the crucible and gently heated until all solid
dissolves. This liquid is then transferred to a 10 mL volumetric flask. The crucible is then

rinsed with additional aliquots of DI water (at least three times) with each aliquot added
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to the 10 mL volumetric. Once the crucible has been rinsed three times, the volumetric
flask is brought to the correct volume with the DI water to then be used for ICP-OES

analysis of the Pt content. All ICP standards were obtained from Inorganic Ventures.

6.3.9 Electrochemical Measurements

The oxygen reduction reaction (ORR) was conducted over Pt/CNT and
Pt/CNT@Ui0O-66 on a rotating disk electrode (RDE) in HCIO4 electrolyte. A three
electrode system was used: the working electrode was a glass carbon rotating disk
electrode (diameter of 5 mm and a surface area of 0.19635 cm™) with catalyst ink, the
counter electrode was a graphite rod, and the reference electrode was a standard hydrogen
electrode. To prep the working electrode, it was first polished with 0.5 um alumina
powder followed by rinsing with DI water.

To form the catalyst ink, the Pt content was first found using ICP-OES with the ink
preparation all based on the loading of Pt in order to obtain a loading of 3.92649 ug Pt /
10 pL of ink solution. The proper amount of sample was added to a vial followed by a
solution ratio of 8 : 3.16 : 0.05 of DI water : isopropanol : Nafion followed by sonication
for 30 seconds and vigorous stirring for two days.

Once the ink solution was made (used within one week), 10 uL of the ink was drop
casted on a clean RDE and rotated at 500 r.p.m. for 5 minutes to initiate drying followed
by an increase in a rotation rate of 200 r.p.m. every 2 minutes until a speed of 1500 r.p.m
was reached. As an activation step, the dried ink was then dropped with 10 pL of
methanol-containing water (50%) followed by rotation at 1500 r.p.m to ensure electrolyte

penetration during cycling.
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The RDE was then immersed in 0.1 M HCIOy4 and continuously purged with N, for
20 minutes through a fritted adapter. The following electrochemical experiments were
conducted in O; (or N,) saturated HCIO4 electrolyte with a constant flow of O, (or Ny).
The working electrode was first stabilized by cyclic voltammetry (CV) at a scan rate of
500 mV/s from 1.2 V to 0.0 V for 150 cycles with a rotation speed of 2500 r.pm.
Followed by a second set of CV scans (without rotation) at a rate of 20 mV/s from 1.0V
to 0.015V for 3 cycles under N,. These scans were used as blank scans to achieve the
electrochemically active surface area (ECSA). After obtaining the ECSA, linear sweep
voltammetry (LSV) was performed scanning 10 mV/s from 1.0V to 0.0V (rotation of
1600 r.p.m. under a N, atmosphere) to measure the baseline limiting current density of
the sample.

After the measurement of ECSA and baseline limiting current density under a N,
saturated environment, the electrolyte was purged with O, for 20 minutes, followed by
stabilization at a scan rate of 50 mV/s from 1.2 V to 0.05 V for 10 cycles at a rotation
speed of 1600 r.p.m. LSV scans were then performed at a scan rate of 10 mV/s from 1.0
V to 0.0 V to measure the limiting current density at the same 1600 r.p.m.

For extended stabilization test, an accelerated aging process was utilized; CV scans,
in a narrowed scan window of 0.6 V to 1.0 ,Vat a scan rate of 100 mV/s were performed
for 5000 cycles under a N, atmosphere with no rotation. After the accelerated aging
process, all procedures mentioned above were conducted again under their same
conditions.

The ECSA, specific activity surface area (SA), mass activity surface area (MA),
limiting current density and half-wave potentials were calculated from the above results.
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The calculation of ECSA was done by integration of the area belonging to adsorption of

H; and further transformation with following equation:

ECSA (cm?g™1) = Qine + 0.21, Qe (mC) = Area =+ 0.02Vs ™1

Where the area is the integration. MA is calculated based on the LSV using the following

equation:
11,1
o Jk  Ja

Where j is the current density at 0.9 V, j is the kinetic current density and j, is limiting
current density. SA is calculated by dividing MA with ECSA. The half-wave potential is

the potential at which the current decreases to half of limit current density.

6.4 Results and Discussion

6.4.1 Synthesis and TEM Characterization of Pt Nanoparticles Deposited on

Carbon Nanotubes

To produce the Pt decorated carbon nanotubes (CNTs), an ethylene glycol
synthesis was used. Carbon nanotubes were distributed in a solution of ethylene glycol
through sonication. Potassium tetrachloroplatinate, the Pt*" precursor, were reduced into
small Pt nanoparticles that were deposited on the carbon nanotubes in a uniform fashion,
as shown in Scheme 6.1. During the synthesis, the ethylene glycol acted as both solvent

and reducing agent during the heating process. Figure 6.la shows representative
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transmission electron microscopy (TEM) images showing the small uniform Pt
nanoparticles (small dark dots) deposited on the CNTs (lighter, tubed material). To study
the uniformity of the synthesis method, a size distribution count of the Pt/CNT
nanoparticle size was taken. The average particle size, as seen in Figure 6.1b, was 3.7 nm
(100 separate nanoparticles were measured) and the size distribution showed the

uniformity of Pt nanoparticles reduced by ethylene glycol on the length of the CNTs

rather than clusters.
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Scheme 6.1: General schematic representation of the Pt/CNT synthesis method
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Figure 6.1: (a) Transmission electron microscopy images of the as-synthesized Pt/CNTs

and (b) the corresponding size count and distribution showing and average grain size of

3.7 nm with a tight size dispersity.
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6.4.2 Synthesis and Characterization of UiO-66 Coated Pt Nanoparticles Deposited

on Carbon Nanotubes

With successful formation of dispersed Pt/CNT samples, three different UiO-66
coating methods were used to for the Pt/CNT@UiO-66 composite: first, a pre-hydrolysis
method which mitigated the need for strong acids, second, a water-phase method which
produced the MOF quickly to coat the exposed Pt particles, and third, a traditional
method with high selectivity of MOF formation on just the Pt particle surface. Each
method produced different materials with their own advantages and drawbacks. A general
synthesis scheme can be seen in Scheme 6.2 where each coating method produces the end

caged structure.

Deposition of Growth of

Pt NPs Ui0-66

Scheme 6.2: General schematic representation of the composite Pt/CNT@UiO-66

material

First, the pre-hydrolysis method was used. In this method, the zirconium node
MOF building block was pre-synthesized prior to use in the coating step. By pre-forming
the nodes, a weaker acid (acetic acid) could be used as well as a much lower synthesis
temperature. During MOF formation, the hindering step that requires the higher synthesis
temperatures is the node formation, not the node and organic linker coordination. During
this synthesis, the nodes were pre-formed at 140 °C in a solution containing acetic acid,
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DMF, and zirconium propoxide. The additional benefit of this method is by no longer
needing strong acids (HCI) there was also a reduction in the Cl” concentration in the
Pt/CNT and MOF growth solution. Cl" ions are known to easily stabilize Pt when in
solution which can cause problems with Pt leaching from the NP surface and thus a
reduction in the Pt content pre and post MOF coating. With this method, because the
nodes are pre-synthesized, during the coating method both room temperature and 50 °C
were used. With room temperature, the MOF forms more slowly and has a tendency to
aggregate together rather than coat the NP surface, as seen in Figure 6.2a. Similarly, the
process was run at 50 °C where the MOF grew more rapidly and coated the particle
surfaces more evenly (Figure 6.2b). Unfortunately with this method, due to the modulator
free environment, the MOF material was less crystalline and ordered and grew rapidly
adhering to both the nanoparticle surface as well as the CNTs with free MOF in the

solution
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Figure 6.2: TEM images of the Pt/CNT@UiO-66 formed through the pre-hydrolysis
method at (a) room temperature and (b) 50 °C with the MOF material being the lighter
disorganized material

To try and obtain a better more selective UiO-66 coating on the Pt surface, an
aqueous synthesis route was performed. For this method, switching from DMF, also a
known stabilizer of Pt, to acetic acid, the hope was to be able to perform the coating with
more selectivity due to the use of modulator in the solvent as well as reduce the
interaction between the Pt and a stabilizer that allowed for it to leach. During this
synthesis, tetrafluoroterephthalic acid replaced the non-functionalized terephthalic acid
from the previous synthesis. The metal precursor and ligands were both added to acetic
acid solutions followed by addition into the Pt/CNT material. During this synthesis, the
acetic acid in solution acts a growth modulator and slows down the formation of the UiO-

66-4F. TEM images of the sample as synthesize can be seen in Figure 6.3a-d.
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Figure 6.3: TEM images of Pt/CNT@UiO-66-4F synthesized using acetic acid solutions
of different concentrations (a) 1 M, (b) 3 M, (¢c) 4 M, (d) 5 M. The higher the

concentration the slower the UiO-66-4F forms and larger the grain size (e).
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During the synthesis, different concentrations of acetic acid solutions were used to
alter the growth kinetics of the MOF. The lower the concentration of acetic acid, the
quicker the MOF can form; the higher the acetic acid concentration the slower the MOF
forms. This can be seen in Figure 6.3¢ when looking at the average grain size of the UiO-
66-4F particles after coating. During this synthesis, though we had more control over
thickness and growth rate, the TEM images clearly show that there is still a relative lack
in selectivity and also several areas that are not coated in UiO-66-4F and that several of
the Pt NPs detached from the CNTs, most likely due to the high concentration of acetic
acid used. Out of all of the samples, the 3 M acetic acid solution showed the most
promise and was carried forward.

Finally, a more traditional UiO-66 coating method was chosen (i.e. HCI
modulator and DMF organic solvent). During this method, the Pt/CNT was incorporated
into a traditional UiO-66 synthesis with zirconium precursor and terephthalic acid with
DMF solvent and HCI modulator at 150 °C. Initially, there was concern with using both
HCI and DMF which both stabilize Pt as well as using such a high temperature during
synthesis which could increase the chance of detachment and aggregation of the Pt
particles. From Figure 6.4 however, the TEM images show high coverage of the Pt NPs
and selective growth on the NPs compared to the CNT. We attribute this selectivity due
to the difference in the Pt and CNT surface; Pt is relatively hydrophilic due to the
adsorbed hydroxyl groups which attract and stabilize the Zr promoting growth on the

particle surface, whereas the CNT is very hydrophobic and does not.
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Figure 6.4: TEM images of the Pt/CNT@UiO-66 composite using the traditional
synthesis method with differing concentrations of MOF precursors (a) 40 pmol, (b) 65
umol, and (¢) 95 umol of terephthalic acid and ZrOCI were used for synthesis. (d) x-ray
diffraction pattern of Pt/CNT as-synthesized, pristine UiO-66, and the 65 pmol
synthesized Pt/CNT@UiO-66 sample

For the traditional synthesis, the precursor concentration was changed in order to
see the effect on Pt coverage. In Figure 6.4a, with the lowest concentration of precursors,

several of the Pt particles detached from the CNTs due to the stabilizing species in the
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bulk solution and the slow growth rate of the UiO-66. In Figure 6.4b 65 umol of
precursors was used. Better coverage was seen with less Pt NP detachment, but Figure
6.4c shows the fullest coverage, including areas that do not have Pt NPs deposited on
them. Powder x-ray diffraction was run on the 65umol precursor sample (Figure 6.4d)
where the diffraction peak at 26.74° is attributed to the (002) phase of CNT and that at
39.8° to the (111) phase of Pt nanoparticles. The two sharp diffraction peaks located in
the lower angle region (below 10°) indicated the crystallized UiO-66 on Pt/CNT.

During the coating process, Pt leaching and detachment is a concern (Figure 6.5).
During the synthesis, if Pt leaches into the solution, the precious metal is lost and is no
longer available for catalysis. Similarly, Pt detachment from the CNT surface is also
detrimental. During electrochemical measurements, if the Pt catalyst particle is not in
contact with the conductive support, the activity will decrease (the MOF is not
conductive). During the synthesis conditions, the goal is to decrease Pt percentage loss.
To study the amount lost due to leaching, inductively coupled plasma-optical emission
spectroscopy (ICP-OES) is performed before and after coating on the same batch of
Pt/CNT particles as used to coat. From this, we are able to determine the amount of Pt
lost during the synthesis conditions due to leaching and etching. Results of the ICP-OES,
after the dry ashing method, can be seen in Table 6.1 from all coating methods.
Generally, leaching can range from 9% loss to 55% loss depending on the synthesis
method chosen and how hard the synthesis conditions were. From Table 6.1, the
traditional coating method garners the best results for the least amount of Pt lost. It is also
easy to see that with the addition on higher concentration of the precursors for UiO-66

the amount of MOF present also increases. This was done by looking at the Zr present in
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the ICP-OES result, and converting to determine the number of Zr nodes present (since

the nodes are formed from metal-oxide Zrs species).

Leaching Detaching

Figure 6.5: Representation of Pt NP (orange) leaching into solution or detachment from

the CNT (black).
Content (%)
Coating Process Pt(;oss
CNT Pt Ui0-66 (%)

Pre-hydrolysis 67.6 10 22.4 22
Water-phase 42.42 3.12 54.46 56

40 61.8 9.6 28.6 20
Traditional 1 ToWSOr s 50.8 9.4 398 8

(wmol)
95 46.3 9 44.7 4

Table 6.1: ICP-OES results showing the extent of Pt loss due to leaching and etching

during the different MOF coating methods
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6.4.3 Size Selective Alkene Hydrogenations of Ethylene and Cyclooctene

With several tested coating methods analyzed through TEM, XRD, and ICP-OES,
size selective alkene hydrogenations were used to determine the UiO-66 ability to
fully/mostly encapsulate the Pt NPs decorated on the CNTs. This was run in order to
determine whether the MOF material would be able to protect the Pt surface from large
or bulky species that can poison and deactivate the NP surface during reactions, in
particular, protect the Pt surface from the sulfonate groups used in Nafion polymer. If the
surfaces are not protected, show a high degree of activity for both small (ethylene) and
large (cyclooctene) alkenes, then the Pt surface is able to interact and deactivate from the
sulfonate contact. If there is high ethylene conversion, but very low to no cyclooctene
conversion, the particle surface is protected but still available to perform catalysis.

For this reaction, ethylene (kinetic diameter of 2.5 A) and cyclooctene (kinetic
diameter of 5.5 A) are used due to the aperture size of Ui0-66 (5.0 A) being larger than
the size of ethylene yet smaller than that of cyclooctene. Due to the differences in size
and aperture size, the ethylene should be able to pass through the Pt/CNT@U10-66 and
interact with the Pt NPs to produce ethane. In comparison, the cyclooctene, if the UiO-66
is indeed covering the Pt NPs, is too large to pass through to interact with the Pt surface
therefore not producing cyclooctane. The selective hydrogenations were run to determine
the conversion over Pt/CNT as a control (would be able to hydrogenate both the ethylene
and cyclooctene) as well as the Pt/CNT@Ui10-66 using the traditional coating method.
The conversions can be seen in Figure 6.6 and Table 6.2. From the data, the

hydrogenation conversion of ethylene to ethane is comparable over both samples
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demonstrating the ability of the coated Pt particles to still be highly active catalysts.
When looking at the conversion of cyclooctene however, a difference in their activities is
observed. For the Pt/CNT sample, the cyclooctene is freely able to come in contact with
the catalyst surface in turn producing cyclooctane. For the Pt/CNT@UiO-66 sample, a
size selective sieving effect is observed; the UiO-66 shelters the Pt surface. With the
sheltering effect, the Pt particle is completely separated from coming into contact with

the larger species showing the UiO-66 ability to keep harmful species from deactivating

the surface.
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Figure 6.6: Size selective hydrogenation of the Pt/CNT and Pt/CNT@UiO-66 samples for

PL/CNT

PYCNT@UIO-66

ethylene and cyclooctane hydrogenation. Ethylene runs at 22 °C while cyclooctene is run

at 50 °C. The lack in conversion for the Pt/CNT@UiO-66 is due to the size difference

between the aperture of UiO-66 and cyclooctene
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Conversion (%) Ethylene (22 °C) Cyclooctene (50 °C)

Pt/CNT 12.6 82.7

Pt/CNT@U10-66 13.0 16.4

Table 6.2: Size selective hydrogenation data showing conversion percentage of
ethylene to ethane and cyclooctene to cyclooctane over Pt/CNT and Pt/CNT@UiO-

66 to show the selective protection of the MOF coating.

6.4.4 Electrochemically Active Surface Area Measurement for Pt Detachment

As mention previously, two major issues with the P/CNT@UiO-66 samples are
the leaching of Pt species before and after MOF coating, solved by determining the best
coating method that provides the least leaching, and that of Pt NP detachment from the
conductive CNT support (Figure 6.5). With the size selective hydrogenations, we are able
to determine that the Pt surface is an active catalyst even with the MOF coating and is
able to selectively keep out larger species, however the issue of detachment is not probed.
For these catalyst to be further used in electrochemical measurements, the NP needs to
remain in contact with the conductive support, otherwise due to the non-conductive
nature of UiO-66, the reaction will not proceed due to lack in electron transfer.

To probe the interaction of the Pt NP with the CNT support before and after UiO-
66 coating, measurements of the electrochemically active surface area (ECSA) were
performed. The adsorption of hydrogen was used to determine the ECSA in samples with
differing amounts of UiO-66 precursors added, following the traditional coating method,

and compared to the Pt/CNT (considered 0 pmol of UiO-66). In Figure 6.7, the plotted
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data of the ECSA can be seen. From the chart, there is not a large difference in the ECSA
for the Pt/CNT and the Pt/CNT@UiO-66 samples. This indicates that the coating method
used does not generate significant particle detachment from the CNT surface and the
electron transfer from CNT to Pt occurs and there is not a significant deactivation of the

catalyst after MOF coating.
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Figure 6.7: Summary of the electrochemically active surface areas (ECSA) for the
Pt/CNT sample with no added UiO-66 precursors and increasing amounts of added MOF

precursors.

6.4.5 Electrochemical Oxygen Reduction Reaction using a Rotating Ring Electrode

System

Having decreased the loss of Pt after coating, determining the selectivity of the

majority of the Pt NPs deposited on the CNTs being covered by the UiO-66 and the
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relatively low loss in ECSA, electrochemically oxygen reduction was performed using a
rotating disk electrode (RDE). For several types of fuel cells, PEMFCs included, the
sluggish cathodic ORR is an area in need of improvement. Due to the use of Nafion in
several fuel cells, the Pt catalyst can easily be poisoned from the sulfonate functional

groups off of the ionomer. Below, in Figure 6.8, the overall catalyst is modeled.

MOF crystal |

Pt nanoparticle on the inside of the MOF crystal |

Electron conductive support |

Figure 6.8: Model of the ORR catalyst formed from the Pt/CNT@UiO-66 samples and
their corresponding roles. CNTs for electron conductivity to the Pt NPs catalyst, which
are then coated in the protective MOF crystal and capped in the common fuel cell
ionomer to promote proton transport, Nafion.

We applied both the Pt/CNT and Pt/CNT@UiO-66 catalysts to perform ORR in a
three electrode system as seen in Figure 6.9, to demonstrate the protective capabilities of
Ui0-66 to the Pt NPs to avoid poisoning from the Nafion ionomer. The ECSA, mass
active surface area (MA), specific surface area (SA), limiting current density (LC), and
the half-wave potential (E;;,) were all determined and compared before and after an
accelerated aging process (5000 cycles) used to represent working fuel cell conditions.
The loss in each was then calculated to determine catalyst stability and effect of the UiO-

66 coating. Figure 6.10 represents the results obtained from the ORR experiments before
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and after aging and how each value changed over time. With Table 6.3 summarizing the
initial and end of life (EOL) values for each area studied, along with the percentage of

lost activity.

Figure 6.9: ORR three electrode electrochemical cell system. Counter electrode of a
graphite rod, the working electrode is a glassy carbon rotating disk electrode, and the
reference electrode is a standard hydrogen electrode. Also noted in the photograph is the

inlet for the N, and O, purging and constant bubbling through a porous frit.
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Figure 6.10: Summary
Pt/CNT@Ui10-66 samples of various precursor concentrations before and after aging: (a)
ECSA values, (b) SA values, (c) MA values, (d) the LC and E;/,. All initial values are

represented in blue and after accelerated aging in red (represent the end of life (EOL))

Conc. of Ui0-66 (umol)

and comparison the ORR results for the Pt/CNT and

values. The black star indicates the E;/; values.
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ECA SA MA LC Ei
m*g"h)  (@mAcm?) (mAmg') (mAcm?) V)

Initial 50.1 307.3 154.1 -5.85 0.875
PY/CNT Aging 47.6 231.1 110.0 -5.73 0.862
% Lost 5.0 24.8 28.5 2.1 1.5
Initial 44.6 103.3 46.1 2.77 0.819
PT/CNT@UiO- .
66 (40 pmoly  AEINE 38.8 97.4 37.8 2.85 0.810
%Lost  -13.0 57 17.9 +3.0 1.1
Initial 47.4 129.4 722 3.12 0.860
PT/CNT@UiO- ,
66 (65 mol)  Aging 458 132.9 71.6 3.6 0.858
% Lost 33 +2.6 0.8 +4.4 0.2
Initial 485 43.7 21.2 2.97 0.740
PT/CNT@UIO-  poi40 454 425 19.3 291 0.740
66 (95 pmol)
% Lost 6.2 2.9 8.9 1.9 0

Table 6.3: Summary of the ORR data initially and after end of life (EOL) aging

From the data in Figure 6.9 and that in Table 6.3, an increased stability and
protection from deactivation in the samples containing a coating of UiO-66 observed;
however, though there is an increased stability observed, the overall performance was
hindered due to the incorporation of non-conductive UiO-66. Looking at the ECSA value,
those with the MOF coating remain similar to the un-coated Pt/CNTs indicating a good
connection between the Pt and the CNT with the traditional method used. These ECSA
values also help in determining the lowered activity when compared to Pt/CNT comes
from the non-conductive nature of the UiO-66, not detachment. For the SA, MA, LC and
Ei» values, the % lost after end of life studies was drastically lower. Similarly, ORR
studies were performed on the samples synthesized through the pre-hydrolysis and

aqueous methods, however due to a large drop in the ECSA before and after MOF
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coating, these samples were deemed not suitable because of the disadvantage of Pt NP
detachment.

With the initial and EOL studies, a very important value is the half-wave
potential, E;;, when determining the stability. In an ideal situation, the E;,, value would
remain consistent from beginning to end. For the Pt/CNT non coated samples, there was a
shift of -20 mV throughout the reaction showing a decrease stability. In comparison, the
samples coated in the differing concentration of UiO-66 had a shift of -14 mV for the
lowest concentration to 0 mV for the highest concentration (though this sample also
showed the lowed SA and MA from the thick MOF layer). These results indicate a much
higher catalyst stability primarily due to a separation of the Nafion ionomer from the Pt
surface and further helped by a decrease in Pt NP aggregation by being immobilized by

the MOF coating (Figure 6.11a Pt/CNT and b Pt/CNT@UiO-66 after reaction).

Figure 6.11: TEM images of (a) Pt/CNT and (b) Pt/CNT@UiO-66 with (65 pmol) after

the EOL accelerated aging process
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6.5 Conclusion

We have demonstrated the ability to deposit Pt NPs of 3.7 nm evenly over CNTs
followed by the directed growth of MOF, in particular UiO-66, selectively on the Pt
particles. Three different coating methods were realized; a pre-hydrolysis of the Zr nodes
method, an aqueous phase synthesis in acetic acid solvent, and a more traditional organic
phase synthesis method. From these methods, that of the traditional organic synthesis
showed a more selective growth and covering of the Pt NPs while maintaining a clean
CNT surface. The samples were then tested through ICP-OES to see how much Pt was
lost before and after coating. The traditional method was deemed the most successful and
carried through size-selective alkene hydrogenations to ensure full Pt coverage. Similarly,
ECSA values were obtained to ensure NP detachment would not be a major problem with
the electrochemical studies and electron transport would still be successful.
Electrochemical ORR studies were performed to study the stability before and after
accelerated aging (representative of working fuel cell conditions). The Pt/CNT showed
poor stability through poisoning from Nafion sulfonate groups as well as aggregation of
the Pt particles whereas the UiO-66 coated sample had increased stability, indicating the
MOFs ability to protect the Pt particles and effectively improve the cathodic reaction

stability. The ECSA, MA, SA, LC, and E,; values were all considered.
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7.0 Conclusion

In the past several decades, advancements in nanoparticle synthesis and control as
well as porous materials, in particular metal-organic frameworks, have made significant
progress. With nanoparticle synthesis improvements, shaped particles as well as
composition control in simple structures were two areas involved in the largest area of
growth. Now, libraries of particles can by synthesized to perform different reactions as
well as for biological applications. In this work, the electronic structure and surface
catalysis of nanoparticle heterogeneous catalyst were studied. First, by the formation of
Au-Pd core-shell structures and studying the migration of atoms throughout
electrochemical conversions. This basic knowledge and understanding of catalyst
restructuring led to alloyed surfaces with improved electrochemical oxidation due to
straining of the surface atoms and the changing of their electronic band structure, as well
as from synergistic effects due to the alloyed surface. Similarly, the knowledge gained
from the migration of the Au core to the Pd shell allowed for more complex motifs with
the aid of understanding a metals preferential location based on their differing energies.

With the migration of the Au-Pd particles, the strain effect on catalytic activity
was convoluted with the synergetic effect of alloying, so the Pd-Ni-Pt core-sandwich-
shell particles, one of the first of its kind, were synthesized to probe just the strain effect.
With the use of the shape directing Pd core, the Ni layer for enhanced lattice strain, and
the catalytically active Pt shell, electrochemical methanol oxidation was run. To truly
study the strain effect, differing thickness of Ni was deposited to engineer a higher degree

of strain in the Pt surface (the thicker Ni layer retained the smaller lattice once far enough
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removed from the influence of the Pd core). With the generated 11% lattice mismatch,
and further strain induced by smaller particles, the increase in electrochemical methanol
oxidation was realized in alkaline conditions. A similar trend was observed for
electrochemical methanol and formic acid oxidation under acidic conditions, however,
the non-precious metal leached causing the activity to increase due, originally to strain
effects transitioning to compositional effects. With this work, the need to characterize the
catalyst before and after reaction conditions was recognized and helped to promote that
idea for future works.

Finally, for the below the surface approach, the same Pd-Ni-Pt particles were
taken a step further. More recently, groups have become focused on intermetallic
structures because of their unique properties, including higher stability, however, the
control of shaped particles is lacking because of the high temperatures needed. Using the
Pd core as a shape directing substrate, Pd-Nis;Pt nanoframes were synthesized for
electrochemical methanol oxidation. With the higher incorporation of Ni, the catalyst cost
decreases, but can also still reach the stable PtNis structure. Using thin, alternating layer
of Ni to Pt, the synthesis temperatures from external annealing were reduced and allowed
for the overall cubic shape to be maintained. This approach allows for new compositions
with shaped facets to be obtained.

With the increased interest in nanoparticle synthesis and controlling
heterogeneous catalysis by altering compositions from alloying, core-shell, core-
sandwich-shell, or intermetallic structures of the catalyst surface from electronic effects,
a secondary approach can be taken. For this method the use of metal-organic frameworks

becomes viable. Nanoparticles encapsulated in metal-organic frameworks adapt the
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surface chemistry and catalysis due to gating effect of the encapsulating MOFs. Here, we
were able to show the unique interaction between the amine group of UiO-66-NH,
promoting the encapsulation of capping agent free nanoparticles. Differing from other
approaches, pre-synthesis of the nanoparticle followed by encapsulation or wetness
impregnation, the in situ produced and coating nanoparticles have shape and size control,
are fully encapsulated as shown through size selective alkene hydrogenations, don’t
damage the MOF structure and maintain the crystallinity and have cleaner particle
surfaces due to the capping by the MOF rather than use of traditional colloidal capping
agents. The cleaner surface was probed by FTIR as well as selective aldehyde
hydrogenations.

Finally, with the result of the NP within UiO-66 and their increased selectivity
and activity, a more complex composite material was synthesized for use in PEMFC
technologies. The Pt on carbon nanotubes was first used for electrochemical oxygen
reduction, but showed a lack in stability due to particle aggregation and leaching. The
Pt/CNT samples were then coated in thin layer of UiO-66 using three approaches to try
and induce stability while decreasing Pt loss. Ultimately, and organic phase synthesis was
chosen. The UiO-66 selectively coated the Pt particles, with little loss or detachment of Pt
during synthesis, and then used to perform electrochemical oxygen reduction. An

increased stability was observed over the Pt/CNT samples after accelerated aging.
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