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Abstract

The incorporation of catalytic nanocrystals into macroporous support materials has been
very attractive due to their increased catalyst mass activity. This increase in catalytic efficiency is
attributed in part to the increased surface area to volume ratio of the catalysts and the use of
complementary support materials that can enhance their catalytic activity and stability. A
uniform and tunable coating of nanocrystals on porous matrices can be difficult to achieve with
some techniques such as electrodeposition. More sophisticated techniques for preparing uniform
nanocrystal coatings include atomic layer deposition, but it can be difficult to reproduce these
processes at commercial scales required for preparing catalyst materials. In this study, catalytic
nanocrystals supported on three dimensional (3D) porous structures were prepared. The
demonstrated technique utilized scalable approaches for achieving a uniform surface coverage of
catalysts through the use of polymeric sacrificial templates. This template assisted technique was
demonstrated with a good control over the surface coverage of catalysts, support material
composition, and porosities of the support material. A series of regular porous supports were
each prepared with a uniform coating of nanocrystals, such as NaYF4 nanocrystals supported by
a porous 3D lattice of Ti1-xSixO2, Pt nanocrystals on a 3D porous support of TiO2, Pd
nanocrystals on Ni nanobowls, and Pt nanocrystals on 3D assemblies of Au/TiO2 nanobowls. The
template assisted preparation of high surface area macroporous supports could be further utilized
for optimizing the use of catalytic materials in chemical, electrochemical, and photochemical

reactions through increasing their catalytic efficiency and stability.
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Introduction

This study describes a series of methods for creating uniform and tunable coatings of
nanocrystals supported on the surfaces of custom built macroporous materials with two
dimensional (2D) or three dimensional (3D) structures. These techniques can be used to prepare
supports with a desired porosity, catalytic activity, and chemical stability. Catalytic nanocrystals
are widely utilized in chemical reactions due to the significant increase in surface area to volume
ratio of these systems relative to larger particles or agglomerates.!™ This increased surface area
to volume ratio can improve the catalyst mass activity, increase catalyst utilization, and reduce
the cost of the systems that incorporate these nanocrystals.*® Systems designed for the
generation of renewable energy, which include proton exchange membrane fuel cells (PEMFCs)
and direct methanol fuel cells (DMFCs), utilize nanocrystals such as Pt and Pd.*’ To optimize
the delivery of reagents to and removal of products from these or similar catalytic systems,
materials can be prepared with a tunable porosity using pore forming agents or templates. The
preparation of inverse opaline (10) structures provides access to ordered, close-packed, and
interconnected pores, which have been pursued for both fundamental studies in fluid dynamics
and an enhanced performance as porous electrodes.®’ For example, cathode electrodes in
PEMFCs composed of Pt IOs can improve the oxygen reduction reaction (ORR) activities.!®!!
This improvement in catalyst efficiency was attributed to the macroporous 1O structure for its
influence on the mass transport of reactants and products to and from the surfaces of this
catalyst.!%1215 The current study seeks to extend this knowledge by demonstrating a series of
different types of nanocrystals coated onto the surfaces of various support materials each with a
targeted morphology. The morphologies pursued here include 10s, dimpled surfaces, and

randomly packed nanobowls. These studies demonstrate methods to create a variety of
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macroporous supports that incorporate uniform and tunable coatings of nanocrystals, which
enables the targeted material to be adjusted to the needs of the intended catalytic reaction.

Many studies have indicated the composition of support materials can improve the
electrochemical activity and thermal stability of the supported nanocrystals. These synergistic
effects have been observed for a variety of materials through strong metal-support
interactions.!®!7 Currently, the loading of nanocrystals onto surfaces of a structured support is
often performed by nanocrystal powder processing, nanocrystal suspension/solution casting,
electrodeless and electrochemical deposition techniques, and atomic layer deposition (ALD)
methods.!>!*18-20 Powder processing and solution casting of nanocrystals are often used to
achieve uniform, planar coatings of materials. These techniques may, however, result in the
formation of nanocrystal agglomerates due to the of processing conditions.!®?! This
agglomeration can reduce the overall mass efficiency of the nanocrystals by reducing their
surface area to volume ratio.'*!® Macroporous materials can be created to replace powder based
catalyst supports to reduce the possible aggregation of the nanocrystals. It is, however, difficult
to coat the inner surfaces of a 3D macroporous support with nanocrystals by powder processing
and solution casting techniques.?>>* For improving the uniformity of nanocrystal coatings in
macropores, electrochemical deposition can be used to prepare nanocrystals that exhibit limited
agglomeration and increased mass efficiency.?> %’ This technique is limited to precious metal
based support materials because the solutions used for the electroless and electrodeposition of
precious metal catalysts are typically corrosive to lesser noble metals through processes of
galvanic replacement.?>?* Solutions of Pd and Pt salts for these processes are often prepared at a
low pH to improve their stability.?* The low pH of these electroless and electrodeposition

processes can easily damage the nano- and microscale features of a macroporous support
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prepared from lesser noble metals. Furthermore, electrodeposition can result in a relatively non-
uniform deposition of material within a 3D macroporous support due to diffusion based
limitations imposed by concentration gradients, proximity of neighboring deposition sites, and
shape of the electric field lines.?” For improving the uniformity of nanoscale catalysts within 3D
macroporous supports, techniques such as ALD can be used for effectively infiltrating metal
precursors into the pores.'*!° This deposition technique is, however, very time consuming. A
deposition rate of 1 to 2 nm of material per hour is commonly observed, but it can be as slow as
<1 nm/h."® These relatively long processing times, the relatively small sample sizes, and the
necessity to place the support materials under vacuum during this process, make ALD a
relatively expensive technique in comparison to the other aforementioned methods. As
mentioned previously, the characteristics of nanocrystals can be enhanced or complemented by
the presence of the support material or the interface between the catalyst particles and the
supports. For example, niobium oxide or silicon dioxide supported Pt nanocrystals can exhibit
improved electrochemical or thermal stabilities, respectively.?®* In a second example, the (117)
facet of an a-(NiCu)2Pd alloy can achieve three times the catalytic activity of the Pd (111)
facet.’® Catalytically active alloys, such as these can be formed at the interface between a
nanocrystal and its support.!®!® To take advantage of these interactions between nanocrystals and
their supports requires alternative processing methods. It is also desired that these methods can
overcome nanocrystal agglomeration, non-uniform coverage of the supports, and to address other
challenges with processing these materials. A series of relatively simple methods are discussed
here that can achieve a uniform surface coverage of nanocrystals within 2D and 3D macroporous
supports. These methods are scalable, compatible with a variety of materials, and utilize

relatively mild processing conditions.
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Nanocrystals of a range of compositions were loaded onto the surfaces of macroporous
supports while achieving both a uniform interparticle spacing, a tunable loading of catalyst
particles, and controlled interactions between the nanocrystals and their support. Compositions
of the support materials were also tuned to demonstrate the preparation of macroporous metals,
semiconducting metal oxides, and insulating ceramics. Our preparation technique combined the
assembly of these nanocrystals onto spherical sacrificial templates, the self-assembly of
nanocrystal covered templates, the formation of a support matrix within the interstitial spaces
among the assembled templates, and the selective removal of the sacrificial templates to create
the macroporous products. The self-assembly of nanocrystals onto spherical templates was
previously demonstrated, but with limited success in controlling the uniformity of the loading,
and extending the process to a diverse range of materials.’!*?> These procedures have been fine
tuned to prepare uniform loadings of nanocrystals on the surfaces of spherical polymer templates
while also achieving a tunable surface coverage.!>!>33 These processes relied on controlling the
surface chemistries of both the nanocrystals and the polymer spheres. The refined process was
used here to coat nanocrystals of different sizes, shapes, and compositions onto polymer spheres
with uniform and tunable surface coverages. These coatings included nanocrystals of NaYF4
(diameter, g = 26 £ 4 nm), Pt (¢ = 3.4 + 0.5 nm), and Pd (g = 13 = 2 nm), which were chosen for
their desirable catalytic properties and/or their utility in the generation of renewable energy.*°

To create the macroporous materials, with average pore diameters of 1 um to 50 nm, in
this study, nanocrystal coated polymeric templates were self-assembled into ordered arrays with
similar procedures that have been previously pursued for creating photonic band gap
materials.®**3% Spherical templates coated with either the NaYFa, Pt, or Pd nanocrystals were

used here to create macroporous supports whose inner surfaces were uniformly covered with
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nanocrystals. The nanocrystal coated spherical templates were first organized into close-packed
arrays by self-assembly at an air-water interface. These close-packed layers of the templates
were lifted from the air-water interface in a finely controlled, layer-by-layer fashion, to produce
2D or 3D crystalline assemblies.!? The formation of ordered support matrices was achieved by
infiltrating the interstitial spaces among these assembled templates with the desired precursors.
For example, metal alkoxide solutions or solutions of metal salts were used for the formation of
metal oxides by sol-gel techniques or the preparation of metals by electrodeposition,
respectively.!%!12%36 The support materials deposited or grown around the nanocrystal coated
templates can partially encapsulate the nanocrystals and immobilize them within the support
matrix. After the nanocrystals were partially immobilized in the support, the polymer templates
were selectively removed by thermal degradation or solvent dissolution to create the
macroporous supports coated with uniform layers of nanocrystals. Macroporous supports with
randomly arranged interconnecting pores were also prepared using the same spherical templates.
Nanobowls were created by physical vapor deposition (PVD) of thin film(s) onto assemblies of
the polymer templates followed by the selective removal of these templates and subsequent
assembly of the isolated bowls into randomly packed structures.

A range of support materials were created in this study, each prepared by a different
technique as a demonstration of the versatility of this approach to produce nanocrystal coated
macroporous supports. The techniques to deposit or grow the support materials included PVD,
electrodeposition, and sol-gel processes for preparing metal and metal oxide films, metallic
matrices, and metal oxide matrices, respectively. The diameters of the templated features were
precisely controlled through the choice of templates (e.g., diameter of the spherical polymer

templates). The diameter of the pores, surface coverage of nanocrystals, and other structural
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features within the supports were confirmed by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy dispersive X-ray spectroscopy (EDS)
techniques. These studies demonstrated a series of approaches to preparing and tuning structural
supports coated with nanocrystals. The resulting materials can have tuned chemical,
electrochemical, and photochemical properties, including an increased catalytic efficiency and
improved chemical, electrochemical, and thermal stabilities. A precise control over the thickness
and porosity of the support, the composition of the support and its nanocrystals, and surface
coverage of these nanocrystals will enable researchers to tune and optimize the formation of

macroporous catalytic materials for an array of applications.

Experimental
Experimental Overview

The general procedure for preparing macroporous supports with uniform coatings of
nanocrystals involved the following four steps: (1) preparation of nanocrystal loaded onto
spherical polymer templates; (2) self-assembly of these spherical templates; (3) deposition or
growth of support materials within these assembled templates; and (4) selective removal of the
sacrificial polymer templates. Schematic depictions of the three types of porous structures that
were prepared in this study are shown in Figure 1. Detailed procedures for their preparation are

outlined below.

Preparation of Nanocrystal Coated Spherical Polymer Templates
The preparation of nanocrystals supported in a 2D or 3D porous matrix began with the

coating of nanocrystals onto spherical colloidal templates. Polyvinylpyrrolidone surfactant
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stabilized (My ~55,000; Sigma-Aldrich, USA) Pt and Pd nanocrystals were each synthesized by
a hydrothermal process.*”*® The NaYF4 photon upconverting nanocrystals were prepared via a
thermal decomposition method.*® The procedures for coating these nanocrystals onto polymer
spheres were adopted from previously published methods.!>!>3 A variety of nanocrystals with a
range of compositions and diameters can be coated onto spherical polystyrene (PS) templates
(Polybead® Amino Microspheres, Polysciences, Inc., UK). The coating process involved tuning
the interactions between the spherical templates and the nanocrystals. Attractive interactions
between the nanocrystals and templates included a combination of van der Waals and
electrostatic interactions.’! By preparing nanocrystals with complementary surface charges or
surface energies, nanocrystals of different compositions and sizes can be uniformly coated onto
the spherical templates. A precise control over the nanocrystal coatings on the templates can be
used to tailor their composition as needed for various catalytic applications. For example, Pt
nanocrystals can be incorporated with their dimensions optimized for the ORR in PEMFCs, and
Pd nanocrystals can be incorporated that are optimized for catalyzing methanol oxidation in
DMFCs.* ¢ In the subsequent step, spherical polymer templates with uniform coatings of these

nanocrystals were self-assembled into 2D or 3D ordered lattices.

Self-Assembly of Nanocrystal Coated Spherical Templates

The assembly of nanocrystal coated spherical templates into an ordered structure is
desirable for producing matrices with interconnecting pores of regular dimensions, and for the
preparation of structurally sound porous supports. The morphology, pore dimensions, and
thickness of the final form of these porous materials can be adjusted as required by the desired

application, such as for their influences on the mass transport of reactants and products in
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catalytic processes. The nanocrystal coated polymer spheres can be assembled into ordered
lattices by a variety of techniques as demonstrated in previous literature.!>**404 These self-
assembled templates can range from monolayers of hexagonally close-packed spheres to ordered
multilayer assemblies. In this study, hexagonally close-packed monolayers were obtained by
assembling the nanocrystal coated templates at an air-water interface, followed by selectively
transferring these assemblies to a planar substrate.!” This procedure can be repeated as necessary
to prepare multiple layers of the close-packed templates in a finely controlled manner. For a
faster process of self-assembly when preparing multi-layered crystalline templates, convective
evaporation was also used for preparing relatively thick layers of self-assembled nanocrystal
coated templates.***>*" The interstitial spaces within the assembled arrays of spherical
templates, with their homogeneous coatings of nanocrystals, were subsequently infiltrated with
support materials by vapor or solution-phase techniques. The creation of a solid support matrix
surrounding the templates resulted in the immobilization of the nanocrystals and the formation of

a bicontinuous network of support materials and sacrificial templates.

Support Material Preparation and Template Removal

Support materials were deposited onto, or grown within the interstitial spaces of the
templates. These materials covered the surfaces of the templates, immobilized the nanocrystals,
and created stable structures that supported the nanocrystals within a macroporous framework
after the removal of the polymeric templates.!%***’ Removal of the polymer templates generated
either 3D porous structures or textured surfaces with nanoscale relief features. In this study, three
strategies were used to prepare structured porous support materials with final compositions

ranging from metals, to semiconducting metal oxides, to insulating ceramics. Details of the
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specific techniques used to prepare these materials, along with the corresponding methods for

template removal are provided in the following sections.

1) Sol-Gel Formation of Porous Supports — 3D Ti1.xSixO2 Supported NaYF, Nanocrystals

A multilayered 3D porous matrix of 77;.xSixO> supporting a uniform coating of NaYF4
nanocrystals were prepared by sol-gel processing. Ordered assemblies of spherical PS templates
coated with NaYF4 nanocrystals were prepared on polished Si (International Wafer Service Inc.;
N, <100>) wafers using convective evaporation techniques.®*’ The nominal diameters, as
determined by TEM, of the NaYF4 nanocrystals and that of the PS templates were ~26 nm and
~320 nm, respectively. The sol-gel process began with spin casting multiple aliquots of a dilute
sol-gel solution over the ordered assemblies of the nanocrystal coated polymer spheres. The spin
casting method allowed a thin layer of sol-gel solution to be deposited within the interstitial
spaces of the assembled templates. Multiple coatings of the dilute solution were used to improve
the uniformity of the coatings. The sol-gel coated sacrificial templates were thermally treated to
sinter the metal oxide precursors and to create a continuous structural support, as well as to
decompose the polymer templates and to isolate the desired porous structure. The sol-gel recipe
was modified from a previously reported method to prepare films of TiO,.*® In this study, a
Ti0O2/S10; sol-gel solution was prepared with 1.6 mL of trifluoroacetic acid (TFA; reagent grade,
Caledon Laboratory Chemicals, Canada), 2 mL of titanium (IV) ethoxide (99.5%, Sigma-
Aldrich, United States), and 0.4 mL of HCI (36.5 to 38%, high purity, ACP Chemicals, Canada).
This mixture was shaken for 20 min, followed by the addition of 1 mL of tetraethylorthosilicate
(TEOS, 98%, Sigma-Aldrich, United States). This final mixture was diluted 150 fold by volume

with anhydrous ethanol (Commercial Alcohols, Canada). The dilute sol-gel solution was spin
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cast over 800 rpm, for 1.5 min per step (Brewer Science, United States) onto the ordered
assemblies of NaYF4 nanocrystal coated polymer spheres. A 10 pL aliquot of the sol-gel solution
was drop cast with each step, and a total of 20 aliquots were cast onto the substrates to ensure an
even and optimal coverage of the sol-gel solution within the interstitial spaces of the assembled
templates. The sol-gel coated templates were subsequently heated while exposed to air in a
furnace (Model 48000 Furnace, Barnstead Thermolyne, United States) at 450 °C to sinter the
mixture of silica and titania, as well as to thermally decompose the templates and isolate the
macroporous supports. The heating ramp rate was 112.5 °C/h, with a 48 h dwell at 450 °C, and a
slow cool down to room temperature over at least 6 h. These samples were directly characterized
by a series of techniques including focused ion beam (FIB) milling and selective lift-out of thin

sections of the sample for further analysis by TEM techniques.

2) Sol-Gel Formation of Porous Supports — 3D Porous Network of TiO2 Supported Pt
Nanocrystals

Ordered porous TiO: supports coated with Pt nanocrystals were prepared in a similar
manner as the ordered porous TiO2/Si02 supports for the NaYF4 nanocrystals. A series of
spherical PS templates were coated with an increasing surface coverage of Pt nanocrystals. The
surface coverage of Pt nanocrystals was controlled by dilution of the Pt nanocrystals relative to
the concentration of PS templates in solution during the preparation of the nanocrystal coatings.
Three different mixtures were prepared: (i) a relatively low surface coverage from a 90 v/v %
diluted solution; (i1) a medium surface coverage from a 60 v/v % diluted solution; and (iii) a
relatively high surface coverage from an undiluted, as-synthesized solution of nanocrystals. This

study sought to determine if the coverage of nanocrystals in the resulting macroporous matrices
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corresponded to the initial nanocrystal loadings on the PS templates. All other preparations were
identical to the procedures for creating the ordered porous TiO2/Si0; supports of NaYF4
nanocrystals, except that the TiO> sol-gel solution was prepared without the addition of TEOS.
Once the porous materials were obtained after the high temperature treatment, the samples were
physically fractured, and removed from the surfaces of the polished Si wafer through the use of a
razor blade. The fragments from the sample were collected in a centrifuge tube containing 100
puL of DI water (18 MQ-cm) , and 10 pL of this suspension was drop cast onto a Formvar/carbon
coated TEM grid and dried overnight under ambient conditions (01753-F, Formvar/carbon

support film, Ted Pella Inc., United States).

3) Electrodeposition of Dimpled Supports —Hexagonally Close-packed Arrays of Dimpled Ni
Supporting Pd Nanocrystals

Hexagonally close-packed arrays of dimpled features in Ni with the surfaces of these
recessed features coated with Pd nanocrystals were prepared by self-assembly and
electrodeposition methods. To prepare these ordered arrays of Pd nanocrystals supported on
dimpled Ni, a single close-packed layer of PS templates coated with the Pd nanocrystals were
prepared by assembly at an air-water interface followed by transfer to a piece of Ni coated Si
wafer. The 150-nm thick Ni (99.98% Ni pellets purchased from Kurt J. Lesker, United States)
was deposited by thermal evaporation onto 10 nm of Cr (99.95% Cr pellets purchased from Kurt
J. Lesker, United States) that served as an adhesion layer between the Si wafer and the Ni
coating. These materials were deposited using a custom built thermal evaporator in 4D LABS at
SFU. The template coated Ni substrate was air dried and used as the working electrode in a two-

electrode setup for electroplating of Ni (Bio-Logic Science Instruments SP150, United States). A
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platinum wire (0.6-mm diameter, 99.98% Pt, Alfa Aesar, United States) was used as the counter
electrode. The electrodes were immersed in a Watts plating bath solution (Transene Company,
United States) and Ni was electrochemically deposited within the voids of the polymer templates
at a current density of ~0.3 A/cm? for 1 min. The extent of Ni deposition and the final structure
of the arrays were verified by SEM prior to template removal. After Ni electrodeposition, the PS
template was selectively removed by Soxhlet extraction with a 50:50 (v/v) mixture of toluene
and acetone for at least 12 h. The arrays of dimpled Ni coated with Pd nanocrystals were

evaluated using electrochemical techniques, as well as electron microscopy based analyses.

4) Physical Vapor Deposition of Nanobowl Supports — Random Assemblies of Au/TiO>
Nanobowls Covered with Pt Nanocrystals

Random assemblies of nanobowls were created using PVD of metal or metal oxide thin
films on top of assemblies of Pt nanocrystal coated polymer spheres. Close-packed monolayers
of Pt coated PS templates were assembled on polished Si substrates. These self-assembled
structures were dried overnight in a vacuum desiccator to remove residual moisture. The
template coated substrates were loaded into a Kurt J. Lesker PVD 75 system, and 20 nm of TiO>
(99.9% purity, 3" diameter x 0.125" thick sputter target, purchased from Kurt J. Lesker) was
deposited on top of the assembly using radio frequency (RF) sputtering. This TiO> coated sample
was transferred to another PVD 75 system for the deposition of 20 nm of Au (99.9990% purity,
1/8" evaporation pellets, purchased from Materion) by electron beam (e-beam) evaporation. The
PS templates coated with this multilayer film were removed from the substrate by ultrasonication
while immersed in a 20 mL glass scintillation vial containing 10 mL of a 50:50 (v/v) toluene to

acetone solvent mixture. The suspension was transferred into a 100 mL round bottom flask and
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more of this solvent mixture was added to bring the total solution volume to 20 mL. This
suspension of polymer spheres with the TiO», Au, and Pt nanocrystal coatings were heated to
reflux, and the reflux maintained for a total of 5 h. This solution was decanted and fresh solvent
added every 60 min during this selective removal of PS templates. The suspension of nanobowls
was purified twice with ethanol (centrifugation at 10,000 rpm for 10 min, decanting the
supernatant, adding fresh solvent, sonicating for 5 min, and repeating this process) and twice
again with water (i.e., repeating the same purification process). A portion of these suspensions
were drop cast onto a Formvar/carbon coated TEM grid for analysis by TEM. Another portion of
the sample was prepared by mixing the purified sample with 100 puL of Nafion® DE2020
solution (20 wt/wt %, Dupont, United States) and drop cast onto a substrate for focused ion beam

milling to prepare cross-sections that were analyzed by SEM.

Details of the Electron Microscopy Characterization

Electron microscopy techniques, such as SEM and TEM, were used at each stage of the
sample preparation for: (i) verifying the loading of nanocrystals on the PS templates; (ii)
verifying the assemblies prepared from the nanocrystal coated polymer spheres; (iii) verifying
the deposition or growth of the support materials; and (iv) identifying the structural morphology
and elemental composition of the final material after removal of the polymer templates. The
SEM analyses were performed using an FEI Helios NanoLab 650 SEM/FIB dual beam system
operating at 5 kV for imaging samples with the presence of polymeric materials and at 10 kV for
samples without polymers. Cross-sections of some samples were prepared using a focused Ga

kTM

ion beam (Tomahawk" " ion column). Layers of platinum with a thickness of ~ 500 nm to 1 um

were deposited onto the samples as a protective coating prior to ion milling to preserve the
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surface morphology of the samples. An acceleration voltage of 30 kV was used for the FIB
milling and lift-out of a lamella of the sample of interest. The lifted lamella was attached to a lift-
out TEM grid (Omnigrid®, Tedpella, USA) with ion beam deposited Pt. The lamella was thinned
with a 16 kV FIB to a final thickness of ~ 50 nm. These lifted sections were further analysis by
TEM. Sections measuring about 4 um in length by 1 um in depth and with a width of ~100 nm
were milled, lifted from the samples, and transferred onto the lift-Out TEM grids for analysis by
TEM, scanning TEM (STEM), and EDS. All of the TEM related analyses were performed using
an FEI Osiris X-FEG S/TEM operating at 200 kV. The EDS analyses were performed with a
Super-X EDS detection system as a part of the TEM analysis.
Results and Discussion

In this study, a series unique macroporous structures were prepared using different
combinations of support materials and nanocrystals. These materials were created using
techniques that included: (i) preparation of nanocrystal coated spherical polymer templates; (ii)
self-assembly of these spherical templates; (iii) deposition or growth of support materials onto,
or within these assembled templates; and (iv) selective removal of the sacrificial polymer
templates. The resulting materials included ordered 3D macroporous supports with NaYF4
particles for optoelectric applications, regular 3D macroporous supports with Pt particles for
chemical and photochemical catalysis, arrays of dimpled supports with Pd particles for
applications in DMFCs, and random assemblies of nanobowl supports with Pt particles for flow-
through catalytic applications. These methods enable a range of tunable parameters, such as
adjusting the composition and surface coverage of nanocrystals, as well as altering the
composition, pore diameter, structural morphology, and overall thickness of the macroporous

supports. These materials can be adjusted as needed to optimize their performance for specific
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purposes. For example, the loading densities of nanocrystals and porosity of the support can be
simultaneously tuned for their influence on mass transport of reagents and products, and the
overall catalytic efficiency.!!**’ Each set of materials were analyzed by a series of electron
microscopy techniques to verify their porosity, surface coverage of nanocrystals, and material

compositions.

Ordered Macroporous Supports for Photocatalytic Applications

Ordered macroporous Tii-xSixO2 supports coated with NaYF4 nanocrystals were prepared
for photocatalytic applications. The presence of NaYF4 nanocrystals can enhance the
photocatalytic activities of the mixed TiO2 and SiO, porous support material.*®>* The sol-gel
technique for preparing the porous oxide supports is described in the experimental section. A thin
section of this sample was lifted out with assistance by FIB milling and analyzed by TEM. The
structure of the macroporous TiixSixO2 supports for the NaYF4 nanocrystals is shown in Figure 2
with the corresponding EDS spectrum presented in Figure S1. This section of the multi-layered
porous metal oxide portrays the ordered structure containing pores with uniform diameters of
320 + 30 nm. The structures contained interconnected pores within a 3D framework. The high
angle annular dark field (HAADF) STEM analyses of the sample indicated the presence of
nanocrystals composed of higher atomic number elements that were supported by the oxide
matrix. The position of these nanocrystals was further confirmed by EDS mapping, which
resolved the atomic composition of elements within these macroporous supports. The overlaid
EDS map with the HAADF-STEM image indicated the presence of Y at discrete locations,
indicating the successful transfer of the NaYF4 nanocrystals from the polymer templates onto the

sintered oxide support.
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Recent studies have used NaYF4 nanocrystals supported on TiO; nanocrystals for
improving their photocatalytic performance.’® It has also been shown that by using TiO> as a
support for these upconverting nanocrystals, their emission intensities can be enhanced by more
than five times.>* These enhancements in upconversion efficiency can be further utilized by dye
sensitized solar cells, where improvements in the efficiency of up to 37% have been
demonstrated for converting solar radiation to electrical power by utilizing TiO> supported
upconverting nanocrystals along with photosensitive dyes.” Future studies may utilize the
tunable macroporous framework, such as that depicted in Figure 2, for either accommodating
photosensitive dyes within its open lattice for further improving its solar conversion efficiencies
or as an open porous support for seeking enhanced photocatalytic materials. The ordered arrays
of textured surfaces prepared in this study, with features that ranged from ~30 nm to 300 nm,
could exhibit plasmonic and anti-reflective properties across the visible light spectrum that can
further improve photovoltaic efficiencies of the supported materials.”->® Future investigations
may utilize the methods outlined in this study for preparing photocatalytic or otherwise
photosensitive materials with precisely tuned surface features, porosity, and composition to
optimize their optical properties. The techniques demonstrated in this study provide a platform
for preparing high surface area materials with a fine tuned and uniform surface coverage of
cataytically and/or optoelectronically active nanocrystals for customization to a variety of

photovoltaic or photocatalytic systems.

Ordered Macroporous Supports for Pt Based Catalysis
Porous materials with a tuned loading of Pt, as well as a finely adjusted pore size and

morphology of the support matrix, could enhance the mass transport efficiencies of catalyzed
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reactions. A series of materials with an adjusted loading of Pt nanocrystals were prepared on
ordered porous TiO> supports as a demonstration of a technique to directly prepare well-tuned
porous catalytic supports. The resulting ordered porous TiO» supports exhibited a uniform
surface coverage of Pt nanocrystals within these 3D matrices (Figure 3). The combination of Pt
and TiO can be used in a number of catalytic applications, such as methanol oxidation reactions,
aldehyde and ketones hydrogenation reactions, photocatalytic hydrogen evolution, and the
ORR.3"% The TiO; can exhibit an increased photocatalytic activity in the presence of Pt, reduced
Pt agglomeration under high temperature conditions, and increased Pt catalytic activity by
serving as a surface that promotes the adsorption of organic molecules in proximity to the Pt
surfaces. >’ % The TEM analyses of these materials indicates the formation of ordered
multilayers of porous TiO; containing uniform and interconnected pores with an average
diameter of 400 + 40 nm. These pores were covered with a uniform coating of Pt nanocrystals
(4.0 £ 0.5 nm in diameter), which were evenly spaced with an interparticle separation of 10 £ 3
nm. The high resolution TEM analysis of this material indicated the presence crystalline Pt
nanocrystals with a lattice fringe spacing corresponding to the Pt (111) facet (Figure S2). The
transfer of the Pt nanocrystals from the PS templates to the oxide support was further tuned to
demonstrate the versatility of this preparation method. Samples were prepared with three
different surface coverages of Pt nanocrystals (Figure S3). These materials were created by
decorating a series of colloidal polymer templates each with a different surface coverage of Pt
nanocrystals. Through the TEM analyses, the coverage of Pt nanocrystals on the polymer
templates was shown to correlate with the loading of Pt nanocrystals on the TiO, supports
(Figure S4). This result demonstrated that controlling the initial coverage of Pt nanocrystals on

the pore-forming spherical templates can produce support materials with a similar and tunable
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loading of Pt nanocrystals. Samples prepared with a high, medium, and low surface coverage of
Pt nanocrystals were determined to have average interparticle spacings of 9 =2 nm, 11 + 3 nm,
and 17 £+ 6 nm, respectively. These Pt loadings are higher than that achieved within a
commercially available Pt/C powdered catalyst, which had an average spacing of 27 + 7 nm
between the Pt nanocrystals (Figure S5). The control over surface coverage and interparticle
spacing of the Pt nanocrystals is especially important for applications that include PEMFCs and
chemical sensing. For these applications the density of catalyst loading needs to be optimized for
tuning localized reaction turnover rates as this influences the overall mass transport efficiencies
of the corresponding reactions.®>%° In addition, more traditional catalysts for PEMFCs prepared
using Pt nanocrystals and carbon particles have been shown to easily agglomerate during the
process of catalyst preparation.®’7° This agglomeration can prevent reactants from effectively
reaching all of the surfaces of these catalysts. The TEM analyses of the Pt nanocrystal coated
porous supports indicated that the catalyst particles were fixed in position by the support and did
not form clusters within these samples. These well-dispersed catalysts could potentially exhibit
higher Pt mass activities than those with agglomeration of their catalyst particles. This lack of
agglomerates in the macroporous material is attributed in part to the formation of uniform
coatings of nanocrystals on the polymer templates (Figures S3 and S6). Because of the attractive
interactions between the polymer template and the nanocrystals, and the electrostatic repulsion
between the nanocrystals there are limited interactions that could lead to the formation of
agglomerates.”! The uniform distribution of nanocrystals on the PS templates can be further
tuned by adjusting the surfactants used to stabilize both the nanocrystals and the PS colloids
during the initial assembly process, such as to screen the electrostatic repulsion between

individual nanocrystals.****72 This balance of interacting forces can limit the formation of
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nanocrystal agglomerates on the polymeric template. It is anticipated that these finely tuned
materials will have higher mass activities than commercial catalysts for PEMFCs. Platinum
remains one of the optimal catalysts for PEMFC cathodes for its catalytic activity and stability.?!
It is, however, also one of the most expensive precious metals in the world.”® The use of ordered
macroporous supports for these and related nanocrystals could further optimize their utilization

and reduce the overall costs for preparing catalyst materials.

Hexagonally Close-packed Arrays of Dimpled Features for Electrochemical Applications
Ordered arrays of dimpled Ni were prepared with a uniform coating of Pd nanocrystals
with diameters of 13 + 2 nm and an interparticle (edge-to-edge) spacing of 10 £+ 4 nm for use in
alcohol oxidation reactions. When assuming the Pd nanocrystals were immobilized onto the
surface of hemispherical Ni dimples, the Pd to Ni atomic ratio was determined to be about 1:1.5.
This Pd to Ni atomic ratio is within the optimal range in the literature for methanol oxidation,
and could be further tuned by varying the Pd nanocrystal concentrations during the
aforementioned template coating procedure.”*’> These materials, prepared by a combination of
the self-assembly processes and Ni electrodeposition, were analyzed for their catalytic efficiency
towards the electrochemical oxidation of methanol. There are a number of other electrochemical
reactions that also rely on nanocrystals to improve mass activity and reaction efficiency, which
could benefit from these structured catalyst supports. Additional applications include the ORR,
and the oxygen evolution reaction (OER). These reactions are commonly used in renewable
energy generation systems, such as DMFCs, PEMFCs, and metal-air fuel cells.”® !
Electrodeposition is a tunable process for preparing highly conductive metals of different

compositions, and can be used to form a variety of 3D porous supports. Metal deposited by PVD
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techniques is, in contrast, unable to coat all of the surfaces within a 3D porous support.
Sophisticated techniques, such as ALD, are significantly more expensive and difficult for
scaling-up the production of materials in contrast to electrodeposition techniques. An
enhancement of the electrocatalytic performance of nanocrystals can also originate from the
interfaces between two different materials, such as the Pd to Ni interface demonstrated herein. In
the alcohol oxidation reaction, the carbon of the alcohol molecule will associate with the Pd
surfaces (due to the extraordinary affinity of Pd for carbon), and the alcohol group can be readily
oxidized by the neighboring oxygen rich surfaces of the electrochemically active Ni oxides. 7®%*
87 Some approaches to preparing the porous supports, such as through the use of ALD, would
encapsulate all of the exposed surfaces of the Pd nanocrystal. A continuous coating of Pd over
the entire surface of the Ni would, however, eliminate the electrochemically exposed interfacial
regions between Pd and Ni. This loss of interfacial regions can lose strong metal support
interactions between the Pd and nickel oxide support, and could decrease the overall catalyst
activities of these materials. The Pd nanocrystals were, therefore, transferred to the dimpled Ni
surfaces using electrodeposition techniques (Figure 4). The conductive Ni support was deposited
from an aqueous electrolyte solution into the interstitial spaces within the assemblies of PS
spheres, which had been coated with a controlled loading of Pd nanocrystals (Figure S6). The
rate of nickel deposition was finely controlled, and the thickness of the Ni support monitored to
avoid covering all of the templates with Ni. For example, the surface features were tuned to
approximately 2/3 and 1/2 of the height of the polymer templates as verified by FIB prepared
cross-sections of the dimpled arrays (Figure S7). These arrays of dimpled Ni demonstrated the
ability to fine tune the surface morphology of the catalyst support.

Arrays of Ni supported Pd nanocrystals are a relatively low cost and stable catalyst for
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alcohol oxidation reactions performed under alkaline conditions.’”®*#” The structured arrays of
dimpled Ni supporting Pd nanocrystals were evaluated for their use in methanol oxidation
reactions (Figure S8). A detailed description of these experiments is presented in the Electronic
Supplementary Information. These experiments determined that the dimpled electrode coated
with nanocrystals had a 30% higher specific activity than a planar polycrystalline Pd film (100
nm of Pd on 10 nm of Cr). At the end of the electrochemistry experiments, a cross section of the
sample was prepared by FIB techniques for TEM and EDS analyses (Figure 4d). These analyses
indicated that the Ni support retained the Pd nanocrystals and contained a thin surface layer of
nickel oxide. This oxide layer acts as a barrier that limits the oxidation of the underlying Ni
metal. This oxide layer was stable at the applied potentials required for the electrochemical
oxidation of methanol. #2787 This tunable templating technique could be used to prepare
customized electrodes that are further optimized with regards to its overall thickness, dimensions
of the pores, electrode surface morphology, and composition towards catalyzing different
electrochemical alcohol oxidation reactions. It is hypothesized that similarly porous materials
with a further fine-tuned pore size and surface coverage of the nanocrystals may exhibit an
enhanced performance towards additional alcohol containing species. The optimization of these
porous materials could be customized to account for differences in the diffusion coefticients and

steric hindrance of each reaction.®®

Randomly Assembled Nanobowls for Flow-through Catalytic Applications
Random assemblies of nanobowls, each coated with Pt nanocrystals (3 £ 1 nm in
diameter) were prepared to demonstrate additional material deposition techniques commonly

used on a commercial scale, such as PVD used in the production of nanostructured and/or
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conductive films. Nanobowls of Au/TiO2 (~60 nm in total thickness) supporting Pt nanocrystals
were prepared, which could be easily deposited as an ink and dried as a layer with
interconnecting pores for flow-through applications. One application could be for use in
PEMFCs as structured catalyst layers that assist the influx and removal of fuel and products.”®®!
The pore spaces created by the curvature of the nanobowls could influence mass transport
characteristics, such as to further improve the efficiency of the ORR. The sol-gel processes
described herein can be easily scaled to produce commercially relevant quantities of materials.
The sol-gel process is, however, most often used in the production of semiconducting or ceramic
materials. The demonstrated electrodeposition techniques utilize a solution-based process, where
a precise control over deposition conditions (i.e. bath concentration, circuit conductivity and
impedance) is required for the formation of uniform nanometer-scale continuous thin films.
Controlling these parameters for the reproduction of nanoscale features can be more challenging
at commercial scales when compared to the throughput of PVD techniques.®>*° The PVD process
can be extended to create a variety of thin film materials, such as metals, metal oxides, and
ceramic materials. These are scalable processes that provide an ease of controlling both material
purity and thickness. Physical vapor deposition techniques can also deposit materials onto non-
conductive substrates, and have been used in decal transfer and related commercial scale
processes.”! Our study utilized PVD to prepare both metal and metal oxide coatings on
assemblies of nanocrystal coated PS templates. This process effectively immobilized the
nanocrystals in the deposited thin films. Nanobowls were prepared with immobilized
nanocrystals, which were isolated from the templates by sonication in a 50:50 (v/v) mixture of
toluene and acetone. Suspensions of these nanobowls were cast as assemblies of randomly

organized, 3D porous supports (Figure 5). The Au and TiO2 multilayer compositions were chosen
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in part to demonstrate the flexibility of using PVD techniques to create structures containing both
metals and metal oxides that are not achievable by either sol-gel or electrodeposition alone. This
material combination can also be used to prepare substrates that are active in photocatalytically
induced hydrogen evolution and the ORR.61"6467.7278 The Pt nanocrystals supported by these
nanobowl structures were clearly identifiable in the HAADF-STEM images and EDS maps
(Figures 5c¢ and 5d). The preparation of this material demonstrated that the procedures for
preparing the nanocrystal coatings on PS and their transfer to a support are compatible with
commercially relevant PVD processes while retaining their nanostructured features. When
compared to the other techniques demonstrated in this study, PVD techniques can be used to
prepare unique nanostructures that can be further assembled into 3D structures using
conventional powder processing techniques.

The results presented herein demonstrate a series of methods for creating porous and
structured metals, semiconductors, and ceramic supports with tunable porosity, dimensions and
compositions, as well as the ability to incorporate uniform arrays of nanocrystals. These methods
can be utilized to create materials for a number of applications, such as PEMFCs, DMFCs, and
dye sensitized solar cells with optimized efficiencies towards the generation of electrical energy
from renewable resources, such as hydrogen, methanol, and sunlight, respectively.

Conclusions

This study has demonstrated a number of tunable approaches to preparing porous
supports containing uniform coatings of nanocrystals. It was shown that the loadings of
nanocrystals on spherical polymer templates can be fine-tuned with regards to the composition,
size, and surface coverage of the catalyst. Subsequent procedures transferred these nanocrystals

to the surfaces of a series of macroporous support materials. Different techniques to deposit or
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grow the support material were used to demonstrate the preparation of materials for a range of
applications. Ordered 3D macroporous supports of Ti;-xSixO> with coatings of upconverting
nanocrystals were prepared by sol-gel techniques for photocatalytic or other photonic
applications. Ordered porous TiO» supporting uniform layers of Pt nanocrystals were prepared
for catalytic reactions that include alcohol oxidation and hydrogenation reactions. By adjusting
the loading of nanocrystals on the spherical polymer templates, porous TiO, samples were
prepared with a uniform and well-tuned coverage of Pt nanocrystals. The interparticle spacing
can be optimized to the specific needs of Pt based catalytic reactions. Hexagonally close-packed
arrays of dimpled Ni features with Pd nanocrystal coatings were prepared for the electrochemical
oxidation of alcohols. This structure exhibited higher specific current densities towards the
electrochemical oxidation of methanol than planar films of polycrystalline Pd. Nanobowls
containing a multilayer of Au and TiO> coated with Pt nanocrystals were prepared by PVD
techniques and assembled into randomly packed 3D structures to demonstrate an extension of
these techniques to relevant commercial processes for producing nanostructured materials for
fuel cell applications. The use of these modular techniques can be utilized to produce
nanostructured materials with a tunable porosity and structure, as well as finely adjusted
nanocrystal loadings and catalysts-support interactions for enhancing chemical, electrochemical,
and photochemical processes. The ability to tune each of these properties can increase the
catalytic efficiency and stability of the nanocrystals, optimize the utilization of the nanocrystals,
create synergistic effects at disparate interfaces, and reduce consumption of precious metals and

other valuable materials.
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i. 3D, ordered porous lattices ii. arrays of dimpled surface features iii. random assemblies

of nanowbowls
nanocrystals

nanocrystals

3D solid
support

solid support

Figure 1. Schematic depictions of three approaches to preparing nanocrystal coated supports: (i)
an ordered 3D porous lattice; (i1) a 2D array of dimpled features with a tunable surface

roughness; and (iii) a lattice assembled from nanobowls.
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UCNCs inan
oxide matrix

Figure 2. Transmission electron microscopy (TEM) analyses of NaYF4 upconverting
nanocrystals (UCNCs) with a diameter (9) of 26 + 4 nm that were transferred from spherical
polystyrene templates into a porous metal oxide lattice with a pore g of 320 + 30 nm. (a) Bright
field Scanning TEM (STEM) image of a section of this porous structure prepared by focused ion
beam (FIB) assisted lift-out; (a, inset) UCNCs loaded onto the colloidal polystyrene templates.
(b) High magnification STEM image from a section of the sample in (a) depicting the NaYF4
nanocrystals within the metal oxide support. (¢) An energy dispersive X-ray spectroscopy (EDS)
map of yttrium overlapped on a high angle annular dark field (HAADF) STEM image to depict
the locations of the NaYF4 nanocrystals within the support matrix. (d) Overlapping EDS maps of

the majority of elements present in the nanostructured support (i.e. Na is excluded from this

map).
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Figure 3. Transmission electron microscopy and STEM images of Pt nanocrystals (g = 3.4 + 0.5
nm) supported on a porous frame work of TiO2 (g = 400 + 38 nm): (a) HAADF-STEM image of
a section of the nanostructured support; (b) a higher magnification HAADF-STEM image from a
region in (a) depicting the Pt nanocrystals supported on the titania; (c) higher magnification
bright field TEM image of the same sample; and (d) high resolution TEM (HRTEM) image
depicting lattice fringes of the Pt nanocrystals on the TiO2 support. See Figure S2 for a detailed

analysis of the lattice fringes in the high resolution TEM images.
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Cc

Figure 4. Scanning electron microscopy (SEM) and TEM images of Pd nanocrystals (g = 13 £2
nm) supported within an array of dimpled Ni features with a periodicity of ~340 nm: (a) lower
magnification image obtained using a secondary electron detector (SED) to analyze the array of
close-packed features within the dimpled Ni; (b) higher magnification image using a concentric
backscattered electron detector indicating the presence of Pd nanocrystals on the Ni surfaces as
visualized by the contrast in electron density of these elements; and (c) bright field STEM image
from a section of the sample prepared by FIB milling and lift-out. The red box in (c) indicates
the location associated with (d), which depicts the EDS combined elemental maps confirming the

presence of Pd nanocrystals on the surfaces of the structured Ni support.
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Figure 5. Scanning electron microscopy and TEM images of Pt nanocrystals (g = 2.8 = 0.5 nm)
supported on the surfaces of nanobowls prepared from a composite of Au and TiO> (g = ~350
nm): (a) bright field TEM image of the Pt nanocrystals supported on a randomly assembled
structure prepared from these nanobowls; (b) SEM image collected using a SED of a FIB
prepared cross-section of the same sample of nanobowls that was also mixed with a DuPont™

DE2020 ionomer; (c) HAADF-STEM image from a cross-section of a single nanoshell; and (d)

combined image of the Ti, Pt, and Au EDS elemental maps for the nanostructure shown in (c).
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