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ABSTRACT

Screening of Complex Nanomaterials Through Combinatorial Libraries

As humans have evolved over time, so have the materials that they rely on. From the Stone
Age through the Iron Age, entire eras have been defined by specific materials, their corresponding
properties, and the applications they have enabled. This is still true to this day, as the Silicon Age
has led way to the Nano Age. The discovery of new materials has traditionally been a slow process.
For nanoscale materials, this has been especially true due to two significant hurdles: synthetic
complexity and a massive parameter space. The synthesis of nanoparticles with precise control
over size, composition, and shape is extremely challenging because when working on the
nanoscale small variations can produce large differences in material properties. Additionally, when
one includes size as a variable, in addition to composition and phase structure, the parameter space
that needs to be investigated increases exponentially. In this thesis, these challenges are addressed
through a combinatorial nanomaterial synthesis method paired with equally high throughput
characterization methods. By using large area nanolithography techniques, millions of
nanoparticles were deposited onto a single substrate, with their sizes and compositions spatially
encoded. Using these “Megalibraries” of nanomaterials, each nanoparticle’s chemical and physical
properties were investigated. Specifically, three properties were explored: catalyzed carbon
nanotube growth, heterogeneous catalysis (for both hydrogenation of organic molecules and
electrochemical reduction of oxygen), and localized surface plasmon tuning.

Chapter one provides an introduction to complex nanomaterial synthesis and characterization

methods, establishing literature precedent for the importance of discovering new multi-component



nanostructures. Included in this literature review, the need for new high throughput synthesis and
screening methods is highlighted. While there have been many advances in the field of
multicomponent nanomaterial screening, current methods have been limited in throughput and
flexibility, preventing full exploration of the massive parameter space.

Chapter two describes a method of synthesizing the nanoparticle Megalibraries. Using polymer
pen lithography, attoliter volumes of a block copolymer solution coordinated with metal ions can
be deposited onto a single substrate over cm-scale areas. To ensure that the deposition occurred in
a uniform manner across the entire substrate, new polymer pen arrays were fabricated to overcome
any defects in the pen array that would result in variations in the deposited material. With a reliable
deposition method, the composition and quantity of the block copolymer ink on the pen array was
systematically varied. Continuous gradients were explored using the overlapping linear regimes of
two Gaussian spray systems. These novel spray coating methods produced dual gradients of size
and composition allowing for the synthesis of 15,876 unique nanoparticle structures on a single
substrate with size and composition spatially encoded. This method shrinks the massive material
landscape to a single manageable sample.

Chapter three explores these continuous gradients and each nanoparticle’s ability to catalyze
the growth of single-walled carbon nanotubes. For screening platforms to be used at their
maximum capacity, screening methods with a throughput comparable to the synthesis throughput
are required. This was achieved by depositing the nanoparticle Megalibraries on top of thermally
isolated micropillars for the laser-induced heating required to characterize their ability to grow
single-walled carbon nanotubes in a high throughput manner. Using the particle synthesis methods

described in chapter one and these screening methods, the highest resolution screen, with respect



to nanoparticle composition, was performed, resulting in the discovery of AusCu as a new catalyst
composition not previously known for this application.

Chapter four describes the use of customized well plate reactors to isolate sections of the
combinatorial gradient for heterogeneous catalysis. By using the proper materials and geometries,
these reactors were used to study the catalytic activity of nanoparticles on a surface under extreme
reaction conditions. This allowed for the study of hydrogenation, a reaction necessary for
producing many pharmaceutical reagents as well as electrochemical oxygen reduction. For
electrochemical reactions, a conductive glassy carbon substrate was developed to provide a
uniform surface for the nanoparticles to be deposited on and analyzed.

In chapter five, the localized surface plasmons of these multimetallic nanoparticles were
studied. Due to the isolated nature of this synthesis technique (nanoparticles are microns away
from one another) single particle studies are possible for optical characterization. To create
desirable multi-plasmon interactions with isolated particles, a thermally stable nanoparticle on
mirror substrate was developed to increase the intensity of the plasmons by an order of magnitude.
Using multiple adhesion layers, a gold thin film was fabricated to retain its structure when heated
above 500 °C, a temperature that would traditionally dewet the film. Using this nanoparticle on
mirror geometry, the first study of a multimetallic nanoparticle on mirror was performed, allowing
for the surface enhanced Raman spectroscopy measurement of benzene dithiol using a single gold-
silver alloy nanoparticle.

Taken together, this thesis presents methodology that has significantly increased the rate of
nanomaterial synthesis and characterization. In addition to the specific applications described

above, the work can potentially impact almost every field of science that is dependent on new



materials. While only bimetallic systems were studied for these three applications, up to
septenary compositions are possible, and screening methods for other applications are actively
being developed. Ultimately, this platform will increase the number of nanomaterials accessible
to humankind and lead to the discovery of impactful nanomaterials over an accelerated time-

frame.
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Bosch process. Each ridge is created by one etch-deposition cycCle. .........cccocvvviieiiiiieciieiiens 115

Figure 3.3: (A) SEM image of SWNTs grown on ARES micropillar using a 0.8 nm Fe film catalyst.
(B) G-band peak integration measurements from in situ Raman spectra collected during growths
at two temperatures. Higher growth temperatures exhibited faster growth kinetics but short

lifetimes, while lower temperatures produced slower growth Kkinetics and longer lifetimes...... 117

Figure 3.4: AFM micrographs of the top surfaces of micropillars made using (A) SiO2 and (B)
photoresist as the hard mask during Bosch process etching. (B) Optical image of micropillars
fabricated using photoresist as a hard mask performed at (i) O, (ii) 5, and (iii) 10 °C. Scale bars are

510 PP 119

Figure 3.5: AFM micrograph of polymer domes containing Co precursors patterning on ALD
Al203, made hydrophobic with HMDS. The polymer domes were spaced by 750 nm and were 275
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Figure 3.6: SWNTs grown from SPBCL synthesized Co nanoparticle catalysts. (A) SEM
micrographs of the SWNTS, inset showing excessive bundling. (B) Raman spectrum of SWNTSs,

sharp G peaks indicate low defect SWNTS. Presence of radial breathing modes (RBMSs) confirms
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SWNT growth, and fourth from bottom (grey trace) exhibit more than one RBM confirming

BUNAIING SEEN TN SEM. ..ot et b e et e s e sbeeanaeenres 123

Figure 3.7: Patterning SPBCL nanoparticles onto ARES micropillars. (A) Image of the pen arrays
aligned with the ARES micropillars, scale bar is 50 um. (B) Dark field optical image, scale bar is
50 pum, with expanded inset of four pillars of the nano-dome polymer features in a square array on

top of the micropillars. Figure adapted from reference.?® ...........cccoeveeececeeceee e, 125

Figure 3.8: Characterization of AuCu alloy catalysts used in compositional screen. (A) AFM of
AuCu particles in catalytically active size regime prior to calcination. AFM of AuCu particles on
top of ARES micropillar with heights of ~2.5 nm. This AFM was performed prior to calcination
with residual carbon from the patterned polymer nanoreactor still present surrounding each
nanoparticle (B) Scanning transmission electron microscopy of Au-Cu alloy nanoparticles in
catalytically active size regime. The particles were synthesized on an electron-transparent silicon
nitride thin film but have similar sizes as the ones on ARES micropillars and show a homogenous
alloy structure. From left to right: high-angle annular dark field (HAADF) images, annular bright
field (ABF) images, energy-dispersive X-ray spectroscopy (EDS) elemental mapping results for
Au L and Cu K lines. All images share the same scale bar of 2 nm. HAADF and ADF images were
denoised using the block-matching and 3D filtering (BM3D) method. Figure adapted from
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Figure 3.9: AuxCui-x Composition gradient. (A) Photograph of air brushes spraying Au and Cu

PEO-b-P2VP inks onto a pen array. (B) Optical scan of spray profiles for Au and Cu sources. (C)
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Spray profile intensity across the center of both spray profiles, fit to a double Gaussian curve. This

fit was used to calculate the composition as a function of position across the pen array........... 129

Figure 3.10: Compositional breakdown of the 75% composition gradient across three 5 mm

substrates. Figure adapted from reference.t®® ... 131

Figure 3.11: Compositional breakdown of catalytic activity. (A) Integrated intensity of the SWNT
Raman G band as a function of catalyst composition for growths performed between 700 °C and
800 °C. Error bars represent SEM. (B) Growths performed between 800 °C and 900 °C. The Gmax
peaks at X = 0.75 suggests AusCu is the composition that exhibits the highest catalytic activity for
SWNT growth. (C) Representative Raman spectra from growths on ARES micropillars at five

compositions normalized to the Si peak. Figure adapted from reference.'®.............ccccvevvvevnne. 133

Figure 3.12: Average SWNT diameter as a function of Au content. RBMs were collected across
the compositional array. The diameter of a SWNT is inversely proportional to the RBM

(d=248/RBM). Figure adapted from reference. 8 ..o, 134

Figure 3.13: Raman spectra of SWNTs grown from dip coated catalyst. Raman spectra exhibit
similar trends to those seen in SPBCL ARES spectra, with an increased catalytic activity at

~Au3sCu. Figure adapted from reference.t8............c.ooooiiieiiceeecee e 135

Figure 3.14: G-band intensity, normalized to the Si Raman peak, as a function of Cu-Ni
composition. (A) 200 growths performed in ARES, resulting in a catalyst hit at CuNis. (B) The

same catalyst peak was found using traditional tube furnace growth, ex situ Raman spectra was



26

used to collect a representative spectrum from the center pillar of each patch (Patch 210, on this

gradient, correlates with the compoSItioN CUNIS).......coviiiiiiiiiiriee e 137

Figure 3.15: G-band intensity as a function composition of Au-Ni nanoparticles. SWNT growth
was performed in a tube furnace with analysis completed with ex situ Raman spectroscopy. Inset

Raman spectra exhibit the presence of RBM, confirming SWNT growth. ...........ccccccooveiiiennnns 139

Figure 4.1: Set up of well-plate reactor, 5x5 arrays of 3.8 mm circular wells. (A) Substrates are
placed on substrate support inside of base plate, with screws facing upwards through 9 bolt holes.
(B) Substrate-well seal layer, in this example lubricated PTFE, is placed on top of the substrates,
aligning the wells with locations of interest on the substrate. Kalrez is used for experiments
performed <100 °C, and lubricated PTFE is used at higher temperatures. (C) The bulk well layer
is then loaded on top of the seal layer and screwed tight to isolate each well. Once this is done, the
wells are created, and solutions can be loaded. (D) The top seal layer is placed over the wells to
prevent evaporation of low volumes and the top plate is screwed down to create a reliable seal.
Reaction solutions can also be loaded at this step by piercing the top seal layer with a needle. (E)
Side view of the reactor once fully constructed. (F) Vertical scheme of reactor fully constructed.
Grey: base plate and top plate. Red: substrate support. Purple: substrates. White: substrate-well

seal layer. Yellow: bulk well plate. Blue: top seal layer...........ccccvovieiiiiiiiiii e 152

Figure 4.2: N-alkylation of 1-naphthylamine in well plate reactor. GC-MS spectra of the resulting
product after the reaction ran for 18 hours at 200 °C. These Pd catalysts exhibited a high selectivity

for the Tully reduced PrOGUCT..........co.iiiiie e 153
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Figure 4.3: Configuration of well plate reactor for electrocatalysis (A) Side view schematic of
reactor set up, similar to the use for heterogeneous catalysis without the top plate. The working
electrode in each well is connected in parallel and the reference and counter electrodes are moved
from well to well to test each section. (B) Photograph of well plate reactor testing one of 9 cells.

Smaller wells are capable with smaller reference electrodes...........ccocvvvveviiiiicii e, 154

Figure 4.4: Catalytic screening of Au-Cu catalysts for oxygen reduction on non-uniform

mechanically POLISNEA GC. ........ooiiiieice e et 156

Figure 4.5: Inconsistent patterning on mechanically polished GC. (A) Dark field optical images
of patterned polymer domes on an outward bowed GC substrate. While there are regions of the
pattern that resulted in uniform patterns and the PPL array was in proper contact with the substrate,
the center of the substrate applied too high of a force resulted in aggregations of patterns and the
edges did not contact at some points resulting in no patterns. (B) AFM image of polymer domes
patterned on a rough mechanically polished substrate. The resulting polymer domes are non-

uniform in shape due to increased roughness pinning the edges of the polymer dome.............. 157

Figure 4.6: Profilometry measurements of a set of GC substrates and a Si wafer. Due to the
mechanical polishing required for GC, large area height variations occur that prevent large area

patterning for reliable catalyst SCrEENING. ......ccveiieiiee e 158

Figure 4.7: Characterization of PAD GC films. AFM images of as fabricated GC films when spin
coated at (A) 8000 rpm and (B) 6000 rpm. Faster spin rates resulted in non-uniform films that

produced pinholes that were not present in lower spin rates. (C) Raman spectra of GC films. The
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D- (1350 cm™) and G- (1590 cm™) band peaks are present, along with a smaller 2D and D+G band
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Figure 4.8: Characterization of patterns on PAD GC. AFM images of (A) polymer domes
patterned on PAD GC and (B) the resulting nanoparticles after heat treatment showing high yield
of single particle formation. (C) Optical images of polymer domes patterned across the entire
patterned substrate showing high pattern uniformity over the necessary scales for combinatorial
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Figure 4.9: Characteristic voltage sweep measurements of PAD GC substrates with and without
patterned AuCu nanoparticles. The lower turn on voltage and higher peak current indicate that the
patterned nanoparticles are electrically connected to the GC substrate and acessible by the reactant

SOIULION. ettt s s essnsn s e snnnsnnnsnnnnnnnnnnnnnnnnnnnnnnnnnns 163

Figure 5.1: Characterization of NPoM substrates. (A) SEM image of thermally treated Ti-Au thin
film. (B) AFM image of as deposited Au thin film showing roughness of £ 2 nm. (C) SEM image
of polymer nanoreactor on a Cr-Au-Al203 substrate after heat treatment. (D) SEM image of

polymer nanoreactor on Cr-Au-3MPTS-SiOz substrate after heat treatment. .............ccccceernenne. 173

Figure 5.2: Backscattering intensity heatmap at 630 nm scattering using white light. This is an
image of an array of 40 nm diameter Au Nanoparticles on a 5 nm gap Mirror substrate. When
using a white light excitation with an approximately 1 um diameter beam size, the backscattering
signal area from each particle matches the white light beam size. Due to the 3 um spacing between

particles, this allows for each nanoparticle to be individually investigated. .............cccccvevvenee. 176
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Figure 5.3: Dark field spectra of 40 nm Au nanoparticles on three substrates. The bare nanoparticle
on a SiO2 substrate exhibited limited optical scattering. As the gap between the nanoparticle and
the plasmonic thin film is lowered, the resulting spectra increases in intensity and red shifts

SIGNITICANTIY ... et e e et e b e e s e e be e e re e ree e 177

Figure 5.4: Theoretical modeling of Au-Au NPoM geometries. (A) Dark field spectra predictions
for nanoparticles on SiO2 (Semi-inf), Au film with 5 and 10 nm SiOz2 gap layers. E-field heat maps

of Au nanoparticles on (B) SiOz2, (C) 10 nm and (D) 5 nm gap substrates............c.ccooervvrrennns 178

Figure 5.5: Theoretical modeling of AuNi-Au NPoM geometries. The dark field back scattering
spectra for the three substrates and the three nanoparticle orientations show a wide range of
possible spectra. The greatest intensity and highest wavelength LSPR were found when the Au
phase of the AuNi nanoparticle was in direct contact with a 5 nm gap mirror substrate. For each
nanoparticle orientation, similar substrate trends were found when compared to the Au-Au
geometries. It was found that nanoparticle orientation had an equal contribution to the LSPR, with

the rotation of the Janus structure creating overlap in the LSPR between different substrates.. 180

Figure 5.6: Experimental spectra of AuNi nanoparticles on different mirror substrates. These
trends match theoretical calculations but are difficult to fully characterize due to the lack of
orientation control. The determination of the orientation of each nanoparticle is not currently

possible due to the thick substrate preventing high resolution TEM characterization. .............. 181

Figure 5.7: FDTD calculations for AUAG-AU NPOM geometries. ........ccccuvrveirierenenieniesneans 182
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Figure 5.8: Experimental characterization of AuAg-Au NPoM geometry substrates. (A) The dark
field scattering spectra of a 70 nm Auo.sAgos nanoparticle on a 5 nm gap substrate produced the
two expected LSPR peaks at 500 and 600 nm. (B) When functionalized with BDT, SERS detection
was achieved using a single isolated AuosAgos spherical nanoparticle (red trace on the

nanoparticle, blue trace off of the particle, green trace bulk BDT). ......ccccovveiiiivieiiicvicsieen, 184

Figure 6.1: Shape control of patterned SPBCL nanoparticles through secondary treatments. (A)
using traditional seed mediated secondary growth treatments, each nanoparticle can be grown into
an anisotropic shape, determined by the solution surfactants and reduction rates. (B) Using a novel
Bi CVD method, THH nanoparticles can be fabricated at large scales to increase the catalytic

activity of each nanoparticle composition. Figure adapted from reference.?’®..........c.cccovevvnee. 192
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1.1 Complex Materials Through History

The discovery of new materials has driven human innovation throughout history and, in certain
cases, has defined entire ages of time. From the stone age, to the bronze age, to the iron age, and
more recently to the silicon age, new capabilities directly correlate with our access to new materials.
The trend through these ages has predominantly been increasing complexity, combining multiple
materials together to utilize each material’s strengths, or unlocking new properties entirely. Fast
forward to today, we are able to fabricate high-performance superalloys, made up to >10 different
elements, some making up less than 1% atomically.® This opens the ability to optimize each
material for each application taking advantage of cooperative properties (e.g. strength,? toughness,?
hardness,* chemical reactivity,® and chemical resistance®) from each component.

The discovery of new materials has traditionally been slow, with inflection points at
fundamental discoveries or methods of screening that drastically change the rate of discovery.’
Even with all of the advances made in developing high throughput methods of materials discovery,
the more complex the materials being studied, the larger the parameter space that need to be taken
into account. For example, current materials databases list on the order of 100,000 inorganic
compounds discovered to date.® While this is a massive amount of materials, it is a miniscule
number compared to what is possible. Taking a simple calculation of the possible tetra-metallic
alloys, not considering crystal structure or relative composition, just composition, there are
2,672,670 possible metal alloys. In order to discover which of these materials are relevant for real-
world applications, new methods of screening are required, in which high throughput synthesis

methods are matched by high throughput characterization methods.
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Figure 1.1: Material complexity over time. As humans have evolved, so have the materials that
are used, with the impact of some materials being so great that ages of history have been named
after them. Today, extremely complex materials are used in everyday applications, with
materials databases containing hundreds of thousands of different materials. While this is a large
number, it pales in comparison to the total number of materials with this given complexity. This
thesis will describe novel methods that were developed to increase the rate of material discovery

in the nano-realm using nanomaterial Megalibraries.

1.1.2 Importance of Nanomaterials
Through human development, the drive of material development has often been to grow larger,
transforming small towns into sprawling cities with skyscrapers that can be seen from miles away.

More recently, the main technological breakthroughs have been in the opposite direction, towards
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the extremely small. With the majority of Americans walking around with a super computer in
their pocket, we are currently living in what could be termed the nano-age.® ° Nanomaterials are
defined as materials with at least one dimension on the order of 1-100 nanometers. While
nanomaterials were used centuries ago (two of the most famous examples are gold-silver
nanoparticles in the Lycurgus Cup* (Figure 1.2) and carbon nanotubes in Damascus Steel'?), it
would be thousands of years before they were directly studied. One of the first reported scientific
studies of nanomaterials was in 1857 when Michael Faraday measured the optical properties of a

“Ruby” gold solution of nanoparticles.™®

Figure 1.2: First recorded uses of nanomaterials show their application centuries ago. With the

Lycurgus cup taking advantage of the beautiful optical properties that arose when gold and silver

nanoparticles were incorporated. Figure adapted from reference.!!
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Today, nanoparticles are used for a wide range of applications, taking advantage of their
mechanical,'* catalytic,'® and optical®® properties. These properties are often a direct result of the
materials size. For example, graphene and carbon nanotubes are some of the strongest materials in
the world.r” This comes from the fundamental strength of the C-C covalent bonds that make up
the entirety of these nanomaterials, which can be fabricated with zero defects,® creating a material
stronger than steel. Nanoparticles are also of interest for catalytic properties due to their high
surface area to volume ratio. When materials are shrunk to the nanoscale, the number of surface
atoms can make up over half of the total atoms. These surface atoms are extremely useful for two
reasons. First, only the surface atoms interact with the chemical surroundings, meaning the more
surface atoms you have, the higher percentage of your material is actively being used. Second,
these surface atoms are not fully coordinated. They are missing a complete side of their nearest
neighbors in the materials crystal lattice. This makes for high energy surfaces that can be exploited
to interact with outside reactants for high efficiency catalysts.'® Additionally, nanomaterials
exhibit unique optical properties due to their size. These optical properties are leveraged through
two different methods: plasmonics and quantum confinement. Plasmonics is a physical
phenomenon in which clouds of electrons oscillate within a metal nanoparticle.'® The resonance
at which this occurs can be controlled by the composition, size, or shape of the nanoparticle,
allowing for extreme control over the wavelengths of interactions. Quantum confinement occurs
when the size of the particles is below the exciton Bohr radius (the distance between an electron-
hole pair in a bulk crystal).?’ These two phenomenon allow for the tuning of the absorbance and

emittance of nanomaterials over wide ranges of optical wavelengths.
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Similar to bulk materials, the first studies of nanomaterials were of mono-component materials.
As more research into the strengths of nanomaterials has proved fruitful, more complex materials
have become a point of interest, wherein researchers are attempting to combine the ideal properties
of multiple components into a single nanomaterial.?*

1.2 Synthesis of Complex Nanomaterials

The controlled synthesis of nanomaterials have come a long way since Faraday’s preliminary
studies in which he varied the concentration of gold salt and observed the effects on the color of
the resulting gold nanoparticle solution.'®* As a whole, nanomaterial synthesis methods can be
described in one of two ways: top-down or bottom-up.?? Top-down approaches begin with a bulk
material and break it down to nanomaterials. This can be done through mechanical,? thermal,?*
physical,?® and chemical®® processes. Bottom-up approaches begin with atomic or molecular
precursors and combine them to form nanomaterials. Both of these approaches have their own
benefits and are useful in certain applications for complex multicomponent nanomaterials.

When fabricating complex nanomaterials, higher precision synthesis controls are required
compared to bulk materials. Because nanomaterials consist of a countable number of atoms, atomic
variations in their structures can have significant changes in their properties. On the bulk scale,
one is able to combine a set amount of starting material and produce a single product made up of
those starting materials. On the nanoscale, there are only a few ways to control the starting
materials on the same size scale as the final product. These methods are described in detail in 1.2.3.
Because multiple products will be formed at the nanoscale, external controls are needed to ensure
that each product matches the targeted stoichiometry of the starting materials. Consider an example

of a starting solution of a 50:50 mixture. If a single product is formed, it will consist of an identical
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50:50 mixture. If two products are formed, there is a continuum of possible products, from two
50:50 products to two 100% products of each composition. This is a simple example that already
shows the difficulty of fabricating multicomponent materials, and nanomaterials synthesis will
often produce products on the molar scale, greatly increasing the complexity and the number of
the possible products. Additionally, these examples only account for pure statistical sampling of
the starting material. Real applications require balancing miscibility, phase structures, and
interface and surface energies.
1.2.1 Top-Down Nanomaterial Synthesis

Starting with a bulk-scale material, top-down nanomaterial synthesis techniques enable the
fabrication of large quantities of materials. While mechanical and chemical methods are possible,?®
26 the most common approach, particularly for complex materials, involves thermal or physical
methods. These approaches use a bulk source material and either heat them to the point of
evaporation or physically bombard them with ions to eject atoms or molecules from the material.
The vapor phase material then deposits onto a substrate as a thin film. The growth of the films is
determined by the interaction between the deposited material and the substrate and can proceed by
one of three pathways: Volmer-Weber island growth, Frank-van der Merwe layer growth, or
Stranski-Krastanov layer plus island growth.?” Island growth occurs when there is a high interface
energy between the deposited material and the substrate, leading to aggregations of the deposited
material as isolated particles, or islands, until they eventually grow into one another, forming a
uniform film.?® Layer growth describes the formation of a monolayer of the deposited material
prior to the addition of a second layer. This occurs when there is a strong interaction between the

deposited material and the substrate. Layer plus island growth occurs when a monolayer is initially
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formed, but due to a lattice mismatch or lattice orientation,?® islands begin forming on the
deposited monolayers before the film achieve confluence. These films can be heated, causing the
thin film to dewet into uniform nanoparticles for catalysis®® and optical applications.®

Physical thin film deposition methods were some of the first methods used for the synthesis
and screening of complex nanomaterials. In 1995, Xiang and Schultz et al. combined sequential
thin film deposition and physical masking techniques to fabricate large arrays of oxides to screen
for superconducting films®? (Figure 1.3 A). Using these arrays composed of 10,000 sites per square
inch, with dimensions of 200x200 um, they were able to identify two oxide films (BiSrCaCuO
and YBaCuO) that demonstrated superconductivity. The same authors were then able to discover
new cobalt oxide magnetoresistance materials using a similar screening technique 3 and later
translated the technique into a more general methodology that can be applied to investigate
luminescent, ferroelectric, dielectric, and magnetic materials (Figure 1.3 B).3* Similar methods
were used by Mao more recently to characterize the optical properties of semiconductors.®> 3¢
Alternatively, continuous gradient depositions have been fabricated using a moving mask to

control the deposition across a single substrate.3’-°
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Figure 1.3: Combinatorial fabrication of thin film materials. Xiang et al. developed a method
of sequential depositions with physical masks to fabricate libraries of nanomaterials, first with
(A) 128 different compositions and then expanded to almost 1,000 compositions on a single
substrate. These libraries were used to discover (A) superconducting and (B)

photoluminescence. Figure adapted from references (A)*? and (B).34

While the methods described above have driven a large amount of materials discovery, they
have been largely limited to thin films, which while important, only reach the nanoscale in one
dimension: thickness. In 1999, Ginther et al. discovered that using the same deposition sources
used to fabricate thin films he could form nanoparticles by depositing into a liquid as opposed to
onto a solid substrate*® (Figure 1.4). These deposition processes occur under vacuum, and thus

high molecular weight liquids were required for this particular method. Gunther et al. began using
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silicone oil but the method was later expanded to include ionic liquids, which can coordinate with
the nanoparticles in solution to stabilize them, preventing excessive aggregation.*" 42 Using ionic
liquids, multimetallic nanoparticles have been fabricated using these sputter plasma-in-liquid
techniques,® including AuAg,** % AuPd,* AuPt,*" 4 AuCu,* %% PtNi,>! and, more recently, some
pentametallic compositions.>? These compositions were formed either through the use of alloy
sources, sequential deposition, co-deposition, or in one case, a silver source deposited into an ionic
liquid containing gold salt, resulting in the reduction of Au onto the Ag particles.>® When a
substrate target is selectively etched to form micro-wells on the surface, and those wells are
subsequently filled with a volume of ionic liquid, the combinatorial libraries studied in thin film

literature can be directly applied to plasma-in-liquid nanoparticles.>® 52
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Figure 1.4: Fabrication of multimetallic nanoparticles through top-down deposition into ionic
liquids. (A) Using alloy targets for deposition, AuAg nanoparticles were fabricated with a
composition controlled by the relative composition of the foil target. (B) Pentametallic
nanoparticles were fabricated in an ionic liquid and screened for the oxygen reduction reaction,
finding a material (Cr-Mn-Fe-Co-Ni) with comparable catalytic activity to Pt, but without any
precious metals. (C) Combinatorial co-deposition of AuCu nanoparticles into ionic liquid
containing wells allowed for 19 relative compositions to be synthesized on a single substrate.

Figure adapted from references (A),* (B),%? and (C).%°
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1.2.2 Bottom-Up Nanomaterial Synthesis

While there are some top-down methods for synthesizing nanoparticles, the majority of
nanoparticle synthesis employs bottom-up methods. Atomic precursors, which are typically metal
salts, are decomposed in one of two ways: thermal decomposition or chemical reduction. These
two methods have been employed since the beginning of human use of nanomaterials. To turn
stained glass red, artisans would add gold salts to molten glass, forming nanoparticles through
thermal decomposition. Faraday’s first experiments chemically reduced gold salts using
phosphorous.™® > These syntheses were standardized almost a century later by Tukevich.%®
Regardless of which method is used, the process of the nanoparticle formation is similar and
follows a LaMer plot process® (Figure 1.5). In solution, the precursors are highly soluble, typically
in the form of metal ion salts. As the salts are decomposed or reduced, they form M° metal atoms
in solution, which have a much lower solubility. This leads to a super-saturation of the metal atoms,
causing them to homogeneously nucleate and begin forming nanoparticles. If the concentration
remains at this super-saturation point, through the addition of more M° atoms, nucleation will
continue to occur. Once particles are formed, M° atoms in solution will heterogeneously nucleate
on the particle surface and grow the particle larger. Heterogeneous nucleation occurs as soon as
nucleation occurs and continues after solution is below the homogeneous nucleation super-

saturation point until the solution equilibrium is reached.
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Figure 1.5: The growth of nanoparticles in solution follow the schematic explanation of a
LaMer plot. Region | represents the prenucleation stage in which the precursors are being
decomposed, either thermally or chemically, until Cerit is reached. Once at Cerit, the critical
concentration for nucleation, the growth transitions to region 1, where nanoparticles begin to
nucleate. Nucleation proceeds until the concentration is lowered below Cerit and can be described
in region 111, the growth stage. The growth stage consists of heterogeneous nucleation on the

formed particles, growing them in size until C. is reached, the equilibrium concentration of

solute. Figure adapted from reference.®’

Through these processes, scientists have been able to fine tune the synthesis of homogeneous
nanoparticles of almost every of mono-component metal of interest. When expanding to
multicomponent nanoparticles, there are many variables that need to be considered, including
reduction potentials, nucleation kinetics, growth kinetics, and interface energies. Reduction

potentials, in particular, often are the driving force for the kinetics of the synthesis. Different metals
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intrinsically have different reduction potentials, with those with more positive reduction potentials
being reduced more readily. Practically, this means that if the reduction potentials are close in
value, the metals can be co-reduced, each populating the solution with equal quantities of M°
resulting in uniform nucleation and growth. This allows for simple control of the final particle
composition by altering the composition of the metal salts.>® While other methods have been
developed for nanoparticles containing two metals with a large reduction potential difference, such
as AusM compositions reported by Schaak et al.,* %° these methods are more complex and require
extensive optimization to control their relative compositions and homogeneity.

Similarly, thermal co-decomposition of multiple precursors can be performed if the
decomposition temperature of the precursors is close in temperature. This approach is easier to
control compared to reduction potentials through the use of different salt ligands or solution
conditions.®* Recently, Hu et al. has developed a new way to overcome differences in
decomposition temperatures through a technique called carbothermal shock synthesis®? (Figure
1.6) By mixing salt solutions uniformly and depositing them onto carbon nanofibers, the use of a
short electrical pulse results in the rapid heating (~10° K/s) of the metal precursors to ~2000 K,
well above all of the metal salts decomposition temperatures, negating the differences in the
precursors’ decomposition temperatures. This work has led to the synthesis of high entropy alloy
nanoparticles containing up to 8 different elements in a solid solution. This technique was
expanded to perform high throughput screening of these nanoparticles for the oxygen reduction

reaction.®®
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Figure 1.6: Carbothermal shock nanoparticle synthesis methods have allowed researchers to
overcome large differences in precursor decomposition temperatures to synthesize uniform
multimetallic nanoparticles at a high throughput. By heating a carbon fiber substrate containing
metal precursors, octonary nanoparticles can be readily synthesized (A). Using ink jet printing,
this can be scaled to fabricated combinatorial libraries of 22 different composition nanoparticles
containing up to 8 different elements (B). These methods were used to study (A) NHs conversion

and (B) the oxygen reduction reaction. Figures adapted from references (A)%? and (B).5
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1.2.3 Nanoreactor Nanomaterial Synthesis

Ultimately, current bottom-up synthesis methods are able to access a wide variety of
nanoparticle structures through optimized reactions, but each synthesis requires time-intensive
study and optimization for each individual structure. This massive phase space is one of the major
bottlenecks for the discovery of new nanoparticle materials. Thus, more universal synthesis
methods are required to determine which structures are worth further method development and
scale-up. The use of nanoreactors is one such promising method in which a set amount of precursor
is isolated and thus a single nanoparticle product can be formed. By forming a single product, one
is able to overcome the differences in reduction potentials, thermal decomposition temperatures,
and growth kinetics through spatial constraints. While one precursor may nucleate first, the second
precursor will heterogeneously nucleate onto the first particle. In cases where multiple nucleation
events occur, due to the close proximity of the nuclei in the nanoreactor, given enough time, they
will eventually aggregate together and form a single product.

One of the first instances of nanoreactors being used for nanoparticle synthesis was in 1991,
where Mann et al. utilized a protein cage to isolate the synthesis of iron sulfide and manganese
oxide nanoparticles.®* This was then followed by the use of synthesized block copolymers
specially designed to form micelles of controlled size to directly control the size of nanoparticles
both in solution®% and on a substrate®®’2 (Figure 1.7 A). Alternatively, single molecule
nanoreactors were also used in the form of dendrimers with metal ion coordination groups
templated within the dendrimer™-"® (Figure 1.7 B). While these methods of molecular nanoreactors
demonstrated the power of nanoreactors, they still required extensive optimization for each new

system. Furthermore, bio-inspired nanoreactors are limited to molecules present in nature that are
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stable under the nanoparticle formation conditions, and block copolymer micelles and dendrimers
require new molecules for each combination of precursors to overcome metal coordination

competition.
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Figure 1.7: Molecular nanoreactors were the first methods used to isolate a small quantity of
metal precursors to allow the synthesis of a single nanoparticle. While this was first achieved
used templated proteins, it was expanded through the use of (A) block copolymer micelles and

(B) single molecule dendrimers. Figure adapted from references (A)® and (B).”

The use of templated nanoreactors provided a breakthrough by addressing most of the
limitations of the previously described molecular defined nanoreactors. Using either naturally
mesoporous films,”®7"® selectively patterned substrates,” 8 or droplet-based microfluidics,®%
nanoreactors could be formed regardless of their contents, greatly increasing the flexibility of the
syntheses. In this thesis, a particularly powerful nanoreactor technique, scanning probe block
copolymer lithography (SPBCL), is presented (Figure 1.8).8* Using a nanopatterning technique
known as dip-pen nanolithography® (DPN), an AFM cantilever can be used to deposit extremely

small volumes of a solution onto a substrate. When a hydrophobic surface is used, isolated



49

nanodomes containing similar metal ion coordinated block copolymers to those used in micelle
nanoreactors are formed. Due to the site isolation of each nanoreactor, this technique has been
used to study the formation of nanoparticles in nanoreactors.®®% By using a composition
independent lithography technique, these nanoreactors have been used to synthesize complex
nanoparticles from 2 to >50 nm in size®® over a wide range of metallic®*®? and oxide®
compositions and comprised of up to 7 different elements.** This synthesis technique can then be
scaled up to deposit millions of nanoreactors in parallel across cm? areas using polymer pen
lithography (PPL)% (Figure 1.9Figure 1.9:) PPL is a cantilever-free patterning platform that uses
massive arrays of polydimethylsiloxane (PDMS) pyramidal pens and xyz-piezo scanners move

and deposit the nanoreactors in unison.
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Figure 1.8: Scanning probe block copolymer lithography (SPBCL) uses tip-based lithography

techniques to deposit attoliter volumes of a metal ion containing block copolymer solution onto

a hydrophobic surface in the form of nanodomes. Through a sequential heat treatment process,

the metal ions are aggregated and reduced, forming a single nanoparticle per nanodome,

followed by a high temperature treatment to remove the remaining polymer. The composition

of the loaded metal ions can directly control the composition of the resulting nanoparticle. The

size of the final nanoparticle can be altered either through the absolute concentration of metal

ions or the size of the nanodome. Figure adapted from references.®* %
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Figure 1.9: Polymer pen lithography (PPL) is a tip-based lithography that uses thousands of
polymer pyramids to deposit material onto a surface in unison. PPL, combined with SPBCL,
allows for large areas of multimetallic nanoparticles to be synthesized on a single substrate.

Figure adapted from reference.®

1.3 Nanomaterial Screening Platforms

Ultimately, for any new material to be useful, synthesizing them is only half of the battle.
Characterizing these massive phase spaces is equally important. Many methods of high throughput
screening of nanomaterials have been modeled after those performed in the biological realm, such
as universal peptide synthesis® or combinatorial drug discovery.®” Similar to biological assays,

there are two methods of characterizing material properties: directly and indirectly. Direct



52

measurements are used when the property in question is directly accessible by a characterization
technique, such as electrical probes®? or laser X-ray fluorescence and diffraction.> % For catalytic
applications, electrochemistry is the most promising candidate for high throughput screening due
to the direct measurement of current as an indicator of catalytic activity, either through scanning
electrochemical microscopy®® or array reactors.* 1% These direct measurements are useful in their
ability to definitively measure the material’s properties but are often limited in throughput due to
their serial nature, though rapid assessments methods have been used to increase their efficiency.*%t
192 Indirect measurements are used when a signal from the property in question is not easily directly
measurable by any characterization method. One of the most common indirect measurements is
the use of fluorescent dyes that are sensitive to a change in the system caused by the property of
interest. In electrochemistry, one common example is the use of pH sensitive dyes (Figure 1.10),
such as quinine,'%3-19 which elicit a change in the optical signal as a function of pH and thus can
be used to indirectly determine catalytic activity.'°® Another common example is the production
of gas bubbles from water splitting which can also indirectly measure catalytic activity in

parallel. 1
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Figure 1.10: Indirect measurements of electrocatalysts have produced some of the highest
throughput screens to date. (A) Using quinine as a fluorescent proton detector, any reaction that
changes the pH of the solution can be used to screen the activity. In this case, the deposited
materials (i) perform a methanol oxidation reaction, using the quinine fluorescence to identify
peak activity (ii). (B) Using the bubbles produced during the water splitting reaction can be
collected on the micron scale to screen 231 unique composition in parallel. Figure adapted from

references (A)!% and (B).1%

In addition to experimental material screening platforms, computational methods have also
driven materials discovery, as they are not limited by synthesis and characterization hurdles. For
catalytic screening, DFT calculations!® 1% have proven fruitful for determining the optimal
surface composition for peak catalytic activity with respect to the Sabatier principle.?*%!2 The
Sabatier principle states that the optimal catalyst will have a “just right” interaction with the
reactants and products. An interaction that is too weak will result in insufficient binding between

the reactants and the catalyst. An interaction that is too strong will not release the final product
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preventing new reactants from binding. Alternatively, with the massive data sets being produced
through high throughput experimental screening, future experiments are now being directed by
through the implementation of machine learning.***1® For the highest rate of materials discovery
to be truly reached, computational methods need to be paired with equally high throughput
experimental synthesis and characterization methods.

1.4 Scope of Thesis

This dissertation outlines a new high throughput nanomaterial synthesis method aimed to
increase the rate of multimetallic nanoparticle materials discovery. The ability to synthesis
precisely controlled nanoparticles across large areas and phase spaces in parallel and subsequently
characterize them is crucial to driving the field of nanomaterials forward. The study of this
platform, both of its fabrication and of the resulting properties found, are significant advancements
in the field of nanomaterials discovery.

Chapter 2 reports the fabrication of massive nanoparticle libraries using SPBCL and PPL to
deposit attoliter volume nanoreactors onto multiple substrates. Developing methods to deposit
controlled guantities and compositionally defined nanoreactors opened the ability the synthesize
millions of nanoparticles on a single substrate with their size and composition spatially encoded
for subsequent characterization. Chapter 3 reports these nanoparticle libraries being utilized for
their ability to catalyze the growth of single walled carbon nanotubes (SWNTs). Using a high
throughput screening platform, the autonomous research system (ARES), laser induced heating of
thermally isolated micropillars containing the deposited catalysts was leveraged to screen
nanoparticle catalysts at a higher resolution than previously reported in literature. This work

resulted in the discovery of a new catalysts, AusCu, not previously found in literature for this
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application. Chapter 4 reports the use of customized reactors for the reliable screening of isolated
sections of these nanoparticle arrays for heterogeneous catalysis. By creating multiple wells across
the patterned substrates, each section can be individually accessed for its ability to perform both
heterogeneous and electrocatalytic activity. Chapter 5 reports the fabrication of a novel substrate
for the study of multimetallic nanoparticles on mirrors for optical characterization. These mirror
substrates were designed to undergo the harsh conditions needed for the nanoparticle synthesis
while maintaining their well-defined structure. Using a mirror substrate, the signal from a single
nanoparticle was increased by an order of magnitude and the first multimetallic nanoparticle-on-
mirror was studied.

This dissertation significantly increased the rate of material fabrication, and analysis, through
these complex nanomaterial libraries. By fabricating large arrays on single substates, the vast phase
space of multicomponent nanoparticles can be shrunk to a manageable size and characterized
through the methods described. The platform presented herein represents important steps towards
determining design rules for structure-function relationships of these extremely complex materials.
Ultimately, this will lead to an enhanced understanding of the fundamental properties of these

materials, driving future materials discovery.
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CHAPTER 2:
FABRICATING NANOMATERIAL

COMBINATORIAL MEGALIBRARIES

This chapter is based, in part, on the research described in the following publications:

Hedrick, J.L.; Brown, K.A.; Kluender, E.J.; Cabezas, M.D.; Chen, P.-C.; Mirkin, C.A. “Hard
Transparent Arrays for Polymer Pen Lithography” ACS Nano 2016, 10, 3144-3148.

Kluender, E.J.; Hedrick, J.L.; Brown, K.A.; Rao, R.; Meckes, B.; Du, J.S.; Moreau, L.M.;
Maruyama, B.; Mirkin, C.A. “Catalyst discovery through megalibraries of nanomaterials”
Proceedings of the National Academy of Sciences 2019, 116, 40-45.
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2.1 Background

In much the same ways bulk scale alloys fundamentally changed the materials that humans use,
multicomponent nanomaterials have had profound impacts with discovery of each new material.
This has been true for both physical (magnetict!’ and plasmonic!'®), chemical (heterogenous
catalysis'® and electrochemical catalysis'?°), and hybrid (taking advantage of both physical and
chemical properties, such as surface-enhanced Raman spectroscopy*?* and biological imaging*??)
applications. While each of these applications have shown great promise, discovery of new
nanomaterials, especially those made up of more than two components, has proven to be an
extremely arduous process. This is due to the extreme precision syntheses needed at the nanoscale,
where nanometer, and even atomic, changes will greatly alter the materials properties. Additionally,
the parameter space for multicomponent materials explodes exponentially when size is added to
composition and structure.

Traditional metal nanoparticle synthesis has employed colloidal synthesis methods — reducing
a metal salt through chemical reagents and nucleating small nanoparticles that continue to grow as
more metal atoms are reduced, following the trends in a LaMer Plot.%® These methods have proven
extremely powerful to synthesize large quantities of monometallic or compositionally uniform
nanoparticles. While there are some examples of homogenous multimetallic nanoparticles
synthesized in solution, they often requiring multiple steps and optimization for each
composition.®®%° This is due to the difficulty in controlling reduction, nucleation, and growth of
two different elements in a single solution because each metal salt has different reduction
potentials and interface energies. These imbalances lead to a wide distribution of products,

whereby one element will nucleate before the second or third element leading to some final
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population of monometallic particles. This problem is exacerbated when the two elements are
immiscible. Scanning probe block copolymer lithography (SPBCL)3 is able to overcome this
challenge by shrinking the reaction to a single attoliter-scale polymer nanoreactor, and allowing
synthesis of a single product in each reactor, up to 7 elements.** The power of SPBCL is that this
phenomenon occurs regardless of the elements in the nanoreactor, permitting synthesis of particles
made up of immiscible elements, making it one of the most universal nanoparticle synthetic
methods developed.

Benefits gained from using isolated nanoreactors are accompanied by the bottle neck of having
to produce millions of individual nanoreactors. Initial SPBCL studies were performed using AFM
probes® to deposit hundreds to thousands of nanoreactors on TEM grids for high resolution
imaging to fully characterize the resulting nanoparticles. While this has been a valuable tool for
the fundamental study of particle formation in the polymer nanoreactor, thousands of nanoparticles
on a TEM grid do not lend themselves to high-throughput property characterization. To scale up
to millions, and even billions, of nanoparticles, polymer pen lithography (PPL)®® can be used to
deposit nanoreactors across cm-scale substrates. PPL uses an elastomeric array of pyramidal pens
that each act as an isolated probe to deposit nanoreactors onto a surface. By attaching this array to
a three-axis xyz piezo motor, each of the pens are able to deposit hundreds to thousands of
nanoreactors in parallel. In the past, these PPL arrays have been used similarly to the AFM probes
and were only used as a method to increase the quantity of nanoparticles synthesized. In order to
create a screening platform employing these techniques, the scale of PPL needs to be paired with

the precision and universality of SPBCL.
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For any combinatorial materials screening platform, fabrication of the library of materials in a
controlled and reproducible manner is essential for the resulting hits from screening to be reliable.
The closest screening platform to nanoparticles, in terms of material scale, has been thin films.3%
3,36 By using alloyed elemental sources, sequential deposition and annealing, or co-deposition,
the composition of multicomponent thin films has been scaled to hundreds of compositions on a
single sample. While these techniques were uniquely powerful in increasing the number of
materials on a single substrate, they were still limited to 800 pum x 800 um areas and did not
achieve the scale of nanoparticles where new properties can arise. To reach nanoparticle scale,
techniques developed in thin film deposition were translated to PPL and SPBCL using a novel
spray coating method to load different block copolymer solutions, inks, onto each pen on the PPL
array. This allows for the large-scale fabrication of multimetallic nanoparticles on a single
substrate with composition and size spatially encoded. In addition to controlling the ink on each
pen in the PPL array, to ensure that is the only variable changing, each pen needs to deposit ink in
the same manor across cm-scale areas uniformly. In this chapter, the transformation of PPL into a
uniform patterning method to fabricate combinatorial arrays of nanoparticles with size and
composition spatially encoded will be established, allowing for the subsequent screening in later

chapters.
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2.2 Results and Discussion
2.2.1 Hard Transparent Arrays for Force Independent Uniform Features

Polymer pen lithography (PPL) was invented specifically to address the challenge of
depositing soft materials over large areas with nanoscale resolution.®® 2% It is a cantilever-free
scanning probe technique that uses an array of elastomeric pyramidal pens, connected to a
transparent rigid glass slide with a thick elastomeric backing layer, to deposit nanoscale features
in a massively parallel format across centimeter-scale areas. When each pen comes into contact
with a surface, it deforms in two ways: pen deformation that increases the pen-sample contact area
and backing-layer deformation that does not change the pen-sample contact area. While the
increase of contact-area upon deformation is useful as a means to vary feature size,2412 it limits
the minimum achievable feature size and uniformity across large areas. As a result, the minimum
feature size achieved by PPL is larger than the smallest features written by its cantilever-based
predecessor dip-pen nanolithography (DPN) by a factor of ~3.8% 127133 Additionally, PPL arrays
are inconsistent and tend to have pen to pen height variations on the order of 1-2 pum resulting in
feature size variations between pens.'?” For PPL, there is nearly a 1:1 relationship between
extension past first contact and feature size, so this effect can be quite significant when considering
the desire to write uniform large scale arrays of sub-micron features.2” 134 135

Interestingly, if the elastomeric pens are replaced with rigid silicon pens (while retaining the
elastomeric backing layer), force-independent patterning is possible.**® 137 This technique, known
as hard-tip, soft-spring lithography (HSL), offers an 8 um range in extension over which the feature
size does not change. The drawback to HSL is that making each pen array consumes a specialty

50-um thick Si wafer, in contrast to PPL which utilizes pen arrays that can be molded nearly
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indefinitely from a single Si mold. Additionally, HSL pens are not transparent, which precludes
their use for patterning with energy via optical methods.'® 3° Other noteworthy attempts to
improve resolution of PPL have relied on using pen arrays composed of other polymers or hard
polymer pens on a soft elastomer support.}49-142 These approaches reduce the feature size

dependence on force by at most ~1/4, but none have produced extension-independent patterning.
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Figure 2.1: Schematic of the fabrication process for hard transparent polymer pen arrays.

Figure adapted from reference.!*®
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Here, a new cantilever-free pen array architecture is presented that affords the ability to write
with high resolution in an extension-independent manner using transparent pen arrays that are
simple modifications of inexpensive PPL pen arrays. The central hypothesis of this work is that,
by coating PPL pen arrays with a thin hard layer, the tip of each pyramid will retain its shape
during patterning, and all strain due to pen-sample contact will be absorbed by the elastomeric
backing layer (Figure 2.1). Specifically, coating PPL pen arrays composed of
polydimethylsiloxane (PDMS) with silica using plasma-enhanced chemical vapor deposition
(PECVD) was found to be an effective way to construct pen arrays capable of patterning small
molecules and polymers at high resolution without dependence on pen-sample contact force.

In principle, the presence of a conformal hard layer could enable pen arrays to write in a
consistently high-resolution and extension-independent manner. However, depositing a hard
material on a soft material is challenging, often resulting in buckling'#+146 and delamination.'*’ To
address this problem, a low temperature PECVD process was developed to minimize the degree
of thermal expansion that would lead to residual strain between the hard layer and the elastomeric
pen array. Specifically, this deposition process was carried out at 200 °C using 900 mTorr with
500 sccm SHa, 1420 sccm Oz, and 30 W of high frequency power. By performing spectroscopic
ellipsometry of films grown on Si wafers, a growth rate of 0.92 + 0.01 nm/s was extracted with a
refractive index of 1.49 £ 0.01at a wavelength of 630 nm, as expected for silica. While silica films
grown on PDMS films could not be measured using ellipsometry due to the buckling pattern that
emerged, this periodic buckling pattern itself was used to compute the film thickness (Figure 2.2
A,C).18 By assuming that the modulus of the silica film is the same as bulk silica, the rate of

deposition of silica on the PDMS surface was calculated to be 0.55 + 0.03 nm/s (Figure 2.2 B).
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In order to determine the optimal thickness of silica that would allow for force-independent
patterning, PPL pen arrays were coated with silica films of different thicknesses and subsequently
evaluated for their morphology and behavior during pen-sample contact. When the thickness was
less than 100 nm, the force on the pens during contact caused the thin silica layer to delaminate
from the pen (Figure 2.2 E). In contrast, when the thickness was greater than 250 nm, the buckling
effect was so great that it substantially deformed the pens and perturbed the uniformity of the pen
array (Figure 2.2 F). Pen arrays with ~175 nm thick silica films were found to be optimal
compromises that mitigated both these effects (Figure 2.2 D). While CVD-grown silica was found
to be robust for patterning, it previously has been noted that exposing a PDMS film to an Oz plasma
forms a silica film on the surface of the PDMS.**° This observation could explain the change in
writing performance of PPL pen arrays following repeated exposure to Oz plasma; however, this
approach to depositing silica layers is impractically slow for generating robust hard layers. In
addition to using PECVD methods of deposition, it was found that sequential deposition using
electron beam physical vapor deposition (E-Beam PVD) could be used to fabricate these SiO:
coated pen arrays. When using E-Beam PVD, a crucible of SiO2 is exposed to an electron beam
that sublimates the SiO2 and deposits it onto a target. If the entire 175 nm of SiO: is deposited
continuously in a single run, the pen array heats up resulting in significant bowing and subsequent
buckling between pens. By depositing in ~25 nm increments, with sufficient time between

depositions for the array to cool, these pen arrays could be fabricated using PVD (Figure 2.2 G).
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Figure 2.2: (A) Wrinkle wavelength as a function of silica thickness. (B) Silica thickness as a
function of deposition time (slope 0.55 £ 0.03 nm/s). (C) Bright-field image of silica deposited
onto a slab of PDMS, 200 um scale bar. (D) Dark-field image of hard transparent array when it
is at the goldilocks thickness of 175 nm, 50 um scale bar. (E) Shattered hard transparent array
pens after patterning when silica thickness is too thin at 83 nm, 50 um scale bar. (F) Bright-field
image of hard transparent array when silica thickness is too large, here 250 nm, buckling goes
through the pens, 100 um scale bar. (G) Optical images of SiO2 films deposited on PDMS pen
arrays using E-beam deposition. These trends agree with PECVD growth SiO2. Figure adapted

from reference.1*



65

In order to explore the force-dependent feature size of polymer arrays versus hard transparent
arrays, 16-mercaptohexadecanoic acid (MHA) features were patterned onto gold whereby each
pen wrote 25 individual dots in an array that varied in extension across the pattern with a constant
dwell time. MHA was chosen because it is well-known to form monolayers on gold and has been
patterned extensively by PPL and DPN.**° Features written by polymer arrays were observed using
atomic force microscopy (AFM) to be square with edge lengths that increase with extension
(Figure 2.3 B,D). The square morphology originates from the deformation of the square pyramidal
pens during patterning. In contrast, features written by hard transparent arrays were found to be
independent of pen-sample force over a 5 um extension range (Figure 2.3 A). PPL performed with
hard transparent arrays, similar to conventional DPN, generates circular features with dwell time-

dependent diameters (diffusion-mediated).?
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Figure 2.3: Patterning MHA using (A) a hard transparent array and (B) a polymer array, both
with an extension sweep over 5 pm piezo range with 100 um/s extension and withdraw speed
and 5 second dwell time. Patterning MHA using (C) a hard transparent array and (D) a polymer
array, both with an extension sweep covering 5 um piezo range with 1.5 pm/s extension and
withdraw speed and no dwell time at full extension., All scale bars are 2.5 um. Images were

taken using lateral force microscopy using AFM. Figure adapted from reference.'#3

While force-independent patterning will allow for more consistent patterns, intentionally
varying pen deformation allows one to pattern macroscopic gradients by tilting the pen array in
relation to the patterning surface, which enables nanocombinatoric patterns with a gradient of
features.!?4 126 150-152 1n order to retain this ability using hard transparent arrays, it was
hypothesized that tilting the array and approaching the surface slowly would result in a
positionally-dependent pen-sample contact time, providing a gradient of feature sizes as a result

of an increase in diffusion time between the pen and substrate. To test this hypothesis, a patterning
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experiment was performed in which extension was increased over a 5 um range with a 1.5 pm/s
approach and retraction speed. At most, this would result in a ~3 s difference in pen-sample contact
time for every micron difference in extension. Indeed, after patterning, MHA features ranging from
250 nm to 1 pum in a smooth size gradient were observed (Figure 2.3 C). This is an important
capability as it allows one to contemplate constructing nanocombinatoric arrays for experiments
with PPL arrays coated with silica by making gradients of feature sizes.?4 153

To test these arrays for scanning probe block copolymer lithography (SPBCL), polymer arrays
and hard transparent arrays were used to pattern a square dot array with an extension that varied
over 5 um after being inked with a 5 mg/mL solution of the block copolymer poly(ethylene oxide)-
b-poly(2-vinyl pyridine) (PEO-b-P2VP, Mn=2.8-b-1.5 kg-mol™) in water. The approach speed
was 100 um/s, which indicates that varying extension over a 5 um range had a negligible effect on
pen-sample contact time. Following patterning, AFM imaging revealed that features written by
conventional polymer arrays exhibited a large square contact area while those written by hard
transparent arrays had small round contact areas that were independent of extension (Figure 2.4
A,C). Furthermore, as with patterning alkanethiols on gold, it was possible to vary the feature size
of polymers by changing approach speed. Specifically the pen extension was varied by 4.2 um
while writing a dot array with an approach speed of 3 um/s, resulting in gradients of feature sizes

from 40 to 160 nm (Figure 2.4 B,C).
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Figure 2.4: Patterning polymer ink with an (A) extension sweep over 5 um piezo range with
100 um/s extension and withdraw speed using hard transparent arrays and a dwell time of 2.5 s
at full extension, (B) hard transparent arrays extension sweep over 4.2 um piezo range with 3
pum extension and withdraw with no dwell time at full extension, and (C) PPL extension sweep
over 5 um piezo range with the left half corresponding to the conditions in (D) and the right half
corresponding to (B). Scale bars are 2.5 um. Images were taken with AFM in taping mode.

Figure adapted from reference.!*®
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One major, and previously undiscussed, problem associated with pen deformation is that it can
limit feature pitch. While small molecules that covalently bind to the patterning surface are robust
after patterning, large molecules that physically adsorb to a surface, such as PEO-b-P2VP, can be
disturbed after patterning because they behave as fluids in the high-humidity environment needed
for patterning.'>* 1%° Because of this, if the pen-sample contact diameter is on the order of the
feature pitch, the pen will absorb neighboring features when patterning each feature. With polymer
arrays, this manifests as a row of features merging into a single large feature. This is mitigated
with hard transparent arrays due to the lack of pen deformation. Specifically, by patterning PEO-
b-P2VP, hard transparent arrays yielded feature pitches of 175 nm with a hexagonal array (Figure
2.5 A,B). By switching from a square pattern array to hexagonal pattern array, feature density was
further increased by ~15%. The capability of patterning smaller pitches indicates that it is possible
to pattern extraordinary numbers of features. Specifically, by patterning 14,641 polymer dots with
each of the four hundred thousand pens in a 14.5 cm? array, it was possible to generate a total of

5.9 billion polymer dot features (Figure 2.5 C,D).
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Figure 2.5: (A) AFM of a dot array with a 175 nm pitch in a hexagonal pattern array written
using hard transparent array, 150 nm scale bar. (B) Single polymer feature with a circle of small
droplets from original meniscus, 20 nm scale bar. (C) Dark-field optical microscopy of array
with 500 nm pitch written using hard transparent array with PPL with 14,641 features written
per pen, 100 um scale bar, and (D) zoomed in image pattern made form a single pyramidal pen,

25 um scale bar. Figure adapted from reference.**

In this work, it is shown that the use of hard transparent arrays allows one to write higher
density and more reliable patterns than are possible using traditional polymer pen arrays. While
this silica coating was found to render patterning of polymers and small molecules to be force-
independent, it also enabled a method of writing gradients with force-independent probes.

Importantly, hard transparent arrays are a simple post-modification of polymer pen arrays,
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indicating that the barrier to adoption is extremely modest. When combined with a technique like
SPBCL# 1% one can create high-density nanoparticle arrays for the investigation of nanoparticle
properties such as plasmonics, nanomagnetics, and catalysis.®® 9 157 Ultimately, the ability to
directly write billions of discrete uniform features on a surface is a significant advance for
nanolithography and has opened avenues for using cantilever-free scanning probe lithography as
a combinatorial discovery tool.
2.2.2 Blade Coating PDMS Pen Arrays for Large Area Patterning

For the patterning of combinatorial libraries of nanoparticles, pen arrays that uniformly pattern
over large areas are required. While MHA patterning has traditionally been used to show the ability
of PPL to pattern over large areas, when patterning polymer inks, the force of interaction between
the pen and the substrate needs to be controlled to a greater extent to ensure identical patterning
between pens. This is due to the different ink deposition methods. MHA, similar to other thiols on
gold surfaces, deposits by forming a self-assembled monolayer (SAM) through molecular
transport. 8 15° Functionally, this means that as long as the pen is in contact with the substrate and
is coated with ink, a SAM feature will be deposited. For the deposition of aqueous polymer inks
that are used in SPBCL, the force, retraction speed, pen-ink and surface-ink interactions all play
significant rolls, and a polymer feature is only deposited if the capillary bridge is ruptured.t®* 1°
This requires the meniscus between the pen and the substrate to be controlled for every pen and
for the meniscus to be broken at the same point. If the meniscus is broken sooner, the feature will
be larger. If it is broken later, more ink will have returned to the pen, resulting in a smaller feature.
Adequate control is relatively easy on the pen-to-pen scale, and ~1 um differences from pen height

variations do not significantly alter the features that form and can predominantly be overcome by
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hard transparent coatings. Where the meniscus formation and rupturing can begin to play a more
significant role is when pen arrays are larger than 1x1 cm and contain hundreds of thousands to
millions of pens. Consider this simple calculation. For a perfectly flat 2x2 cm plane to be within 1
pm of parallel to another perfectly flat 2x2 cm plane, there is 0.002° alignment range of freedom.
When patterning over these large areas, if there is an angle greater than 0.002° between the
substrate and the pen array, there will be size differences in the resulting features. Importantly, this
calculation also assumes a perfectly flat pen array backing layer.

When fabricating PPL arrays, a PDMS elastomer is thermally cured between a glass slide and
a selectively etched hydrophobic Si master that is a negative image of the pyramidal pens.'** After
the PDMS is fully cured, the pen array can be peeled out of the hydrophobic Si master, as the
PDMS covalently bonds to the Si-OH groups on the glass slide. Traditionally, the Mirkin group
has used a rigid PDMS (h-PDMS) formulation that retains sub-100 nm features when removed
from Si masters.#2 This formulation is able to reliably cure pen arrays that are up to 2x2 cm in
scale. When patterning 2x2 cm areas, it is essential to use a pen array that is at least 1-2 cm larger
than the patterning area due to edge effects of the pen array.

Due to the larger size arrays needed for large area patterning, softer PMDS formulations are
needed. Specifically, Sylgard 184 (s-PDMS) was used. When changing to this softer elastomer
and increasing the pen array size, a bowing effect was observed. This bowing presents itself during
patterning in the center of the array coming into contact with the substrate before any of the edges,
indicating that it was not due to misalignment (Figure 2.6). Because the pens in the center contact
the surface more than 2 pm before the edge pens, inconsistent patterning resulted. This bowing

contributed to a change in the PDMS backing layer after the array was removed from the master,
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resulting in a rounded pen array instead of a flat plane of pens. It was hypothesized that this bowing
must be due to a relaxation of forces that were created during the curing process while the PDMS
was between the glass slide and the Si master. These forces were not great enough to bow smaller
arrays made out of h-PDMS due to the smaller area and higher Young’s Modulus of the h-PDMS.
The force that is hypothesized to be causing the bowing is the internal stress caused by the
crosslinking and cooling of the PDMS. 161 \While these stresses are locally isotropic, the
geometry of the pen arrays leads to anisotropic effects. The dimensions of a 100 um array on a
2x2 in glass slide, which is used for 4x4 cm pen arrays, is 50.8x50.8x0.1 mm, leading to a 500:1
stress imbalance. Additionally, once the array is removed from the Si master, the relaxation of the
internal stresses is also anisotropic because it is pinned on the glass slide. This leads the PDMS
backing layer to relax, pulling volume from the edges of the array towards the middle, pushing out

the center of the array.
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Figure 2.6: Schematic of pen array bowing that occurs when large area pens are made of s-

PDMS.

To prevent the stress relaxation from bowing the pen arrays, it was hypothesized that if the
PDMS was fully cured without the glass slide present before being attached to the glass slide, once
removed from the Si master, the pen array would retain its flat plane geometry. In order to fabricate
uniform layers of PDMS to cure prior to glass slide attachment, a blade coating method was
developed. By using guard rails on either side of the pen array area of the Si master, a razor blade
could be brought across the Si master, creating a film of uniform and controlled thickness (Figure
2.7 A). Additional pinpoints were added on either side of the pen array area to ensure the PDMS
film did not retract into the pen array. If these were not present, due to the hydrophobic nature of
the Si master, the PDMS would retract from the edges of the wafer and lead to thicker sections at

the edges and the film uniformity would be lost. This PDMS film would then be fully cured without
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a glass slide present. By curing each layer individually, the PDMS backing layer could be made
thick enough (<400 pm up to 1 mm) that the bowing would no longer occur with s-PDMS over
these larger areas. h-PDMS was also able to be cured over these larger areas in thin films without
the presence of a glass slide. This process could be repeated multiple times with different
formulations of PDMS, allowing for the fabrication of multilayered PDMS arrays. Similar to
previous work with photocurable elastomers,** resulting pen arrays have the joint advantages of
both h-PDMS (pen rigidity and limited pen deformation) and s-PDMS (soft backing layer for
increased backing layer deformation) (Figure 2.7 B). To fabricate these arrays, an s-PDMS-h-
PDMS-s-PMDS array was made. By performing profilometry measurements, it was found that the
bowing was almost entirely removed through this blade coating method (Figure 2.8). Through hard
transparent pen arrays made using this blade coating method, reliable large area pen arrays were

fabricated for combinatorial library fabrication.
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Figure 2.7: (A) Schematic of blade coating technique. Scotch tape (50-70 pum thick) was used
as guard rails to control layer thickness, and to pin the film at each edge of the wafer. Multiple
blade coating and curing steps were sequentially performed to create multilayered pen arrays.
(B) Schematic of blade coated arrays. By curing each layer without the glass slide present, the

internal stresses were able to relax before the glass slide was attached.
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Figure 2.8: Profilometry measurements of PDMS pen arrays from the same Si master. The
normal array was fabricated in one curing step of s-PDMS. The blade coated array was made in

three curing steps out of s-PDMS, h-PDMS, and attached to a glass slide with s-PDMS.

2.2.3 Sequential Inking of Multiple Wells on PPL Array

Using SPBCL and PPL techniques, massive arrays of multimetallic nanoparticles can be
deposited in an ordered pattern on a single surface. PEO-b-P2VP ink solutions with different metal
salt precursors can be spin coated, drop cast, or spray coated onto a PPL array. The composition
of the ink on each pen directly correlates to the composition of the ink in the nanoreactors that
particular pen patterns on the surface, which in turn directly controls the composition of the final
nanoparticle that is formed in each nanoreactor.®® Due to the direct correlation of the final particle’s
composition, if the ink on each individual pen in an array is controlled, massive libraries of
compositionally controlled nanoparticles could be deposited on a single substrate. Previous

methods have been developed using ink jet printing and a Si mold of wells, where a PPL array
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dips each pen into a well to ink the array before patterning.®! While this method was able to ink
1600 wells, and consequently ink 1600 pens, it was limited to 3 different ink compositions. This
technique is fundamentally limited in throughput due to the requirement of inkjet printing ink
solutions into each well. In order to fully realize the power of PPL and SPBCL, the inking of each
pen needs to be controlled over cm-scale areas regardless of the density of the pens in the array.
To scale up the inking procedure to larger pen arrays, a drop casting method with segregated
wells was developed. This method uses 3D printed wells (made of acrylonitrile butadiene styrene,
ABS) to segregate the pen array into 9 different sections, taking advantage of the elastomeric
PDMS to form a seal between each well (Figure 2.9). By compressing the wells into the PPL array,
a different ink solution can be drop cast into each well and allowed to dry. In order to allow a
uniform wetting across the entire well, more ink was required than traditional inking methods and
dilute PEO-b-P2VP ink (1-2 mg/ml compared to the standard 5 mg/ml) was used to prevent excess
ink loading. By creating a seal between each well, there was no leakage between the wells, and the
composition of each well’s ink was maintained during drying of the ink. After the ink was dried,
the wells were removed, and the array was used to pattern onto a hexamethyldisilazane (HMDS)
treated SiO2 substrate. Resulting patterns match perfectly with the inked pen arrays with a 4 pen
(600 pum) gap present between each well (Figure 2.10). While this method destroys the pens that
were under each well, it does allow for each composition to be completely segregated for later
screening. Using this inking technique, the number of different ink compositions on a single array

was increased by three-fold compared to ink jet deposition methods.
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Figure 2.9: Photographs of 3D printed 3x3 wells sealed with PPL array. Clamps were used to

compress the wells into the elastomeric PDMS to for a seal between each well.
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Figure 2.10: Dark field optical images of (A) inked pen array and (B) the resulting polymer

dome patterns on a SiO2 substrate. The red line indicates the edge of the well wall.
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While using compression sealed wells and drop casting was sufficient for these 3x3 well
designs, as the well size becomes smaller (below 5x5 mm), drop casting is no longer a viable
method. When ink is drop cast into the well, it forms a meniscus between the well walls, which
leads to a larger quantity of ink near the wall compared to the center of the well. On larger wells,
the variation in the inking of the pens is much less pronounced as the meniscus is able to slowly
drop down as the ink dries. For smaller wells, the ink dries too quickly, and as a result, the pens
on the edge of the well have significantly more ink per pen, which leads to a variation in the
polymer dome size throughout the well when patterned. In order to ink a single pen array with
more than 9 inks, a sequential spray coating method was introduced. Using an air brush with a
0.15 mm needle, small volumes (as low as 50 ul) of a PEO-b-P2VP aqueous solution can be
sprayed on a pen array. While the air brush’s overall spray profile resembles a Gaussian
distribution of ink, if the pen array is far enough away, there is a region in the center of the profile
that can be treated as a fixed constant quantity at the peak of that Gaussian. The center of the spray
profile was marked by a cross to ensure that the exposed section could be aligned to the center of
the Gaussian distribution (Figure 2.11 A). To selectively spray different inks onto different
sections of the pen array, five different masks (one for the entire array and four to select which
section is exposed (Figure 2.11 B)) were 3D printed out of ABS to selectively cover all but 1 of
the 16 sections at a time. Each section of the array can then be individually sprayed with a different
ink, resulting in a pen array with 16 different compositions of ink. Using this inking technique, a
blade coated pen array with a hard gold coating (Au/s-PDMS/h-PDMS/s-PDMS/glass slide) was
inked with 15 different inks, leaving one section blank as a control (Figure 2.11 C). This pen array

was then used to pattern arrays of polymer domes on a HMDS treated conductive Si substrate. The
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resulting patterns were uniform across the entire array (Figure 2.12), indicating a uniform quantity
of ink on each section of the pen array. Using this method, the number of different inks that can
be loaded on a single array has now been increased by more than a factor of five compared to ink
jet methods. Additionally, the only limitation to the size of each section, and therefore the number
of sections that there can be on one pen array, is the quality of the mask. Due to 3D printing
limitations, the walls between each section were required to be 1 mm thick, leading to the decision
to use a 4x4 array of 3x3 mm wells for a 1.5x1.5 cm array. If these masks were machined out of
metal, each well could, in theory, be less than 1x1 mm, with 0.5 mm walls, resulting in up to 100

different inks on each pen array.
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Figure 2.11: (A) Photograph of the spray system set up. The center of the spray profile is
aligned with the exposed section of the pen array. (B) Photograph of the masks used to expose
selected sections of the pen array. The large mask is covered with an absorbent material to
prevent excess ink from contaminating the pen array. Each of the smaller masks are used to
expose four different sections depending on their orientation. (C) Photograph of pen array

sprayed with 15 different inks (the top right section was left blank as a control).



Figure 2.12: Dark field optical images of polymer dome arrays patterned on HMDS treated

conductive Si by a sequentially spray coated pen array. Each image is from a different sprayed

section of the pen array. All scale bars are 300 pum.
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2.2.4 Spray Coating Pen Arrays for Continuous Composition and Size Gradients

When looking at thin film screening platforms, the highest rate of materials discovery in
terms of compositional screening is achieved using gradients made through sputtering co-
deposition.t62-184 To translate this method to SPBCL and PPL, an analogous system to sputter co-
deposition is air brush spray coating. Both produce Gaussian deposition profiles that can be altered
by varying deposition/spray rate and distance between the source and target. In order to explore
the combination of PPL with pen array spray-coating as a method for generating combinatorial
libraries, the radial distribution of ink deposition was evaluated by performing a spray-coating
operation on a target substrate held at various distances from the nozzle. Quantitative evaluation
of this distribution was done by imaging the substrate and examining the intensity of the image in
a line across the center of the image (Figure 2.13 B). When the intensity profile was fit to a
Gaussian function, there was a nearly linear section from 0.15 to 0.85 of normalized intensity. The
full width half max (FWHM) of radial spray distribution increased proportionally to the air brush-
sample separation distance in a manner such that the FWHM was 0.27 times the separation, which
illustrates that this coating method could be readily adjusted to accommodate any array size
(Figure 2.13 C). From this, adjustment of the air brush distance and placement can be
systematically accomplished based on the array size. To increase capabilities, a second air brush
was utilized to create overlapping profiles that result in a combinatorial gradient that can be
reliably modeled (Figure 2.13 A). Utilizing the relationship between the linear region of the
sprayed surface and the nozzle-sample distance, we found that inking a typical 1.5 cm wide PPL
pen array with a gradient that varies from approximately 15 to 85% requires two spray air brushes

with a separation of 5 cm that are positioned 20 cm from the pen array.
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Figure 2.13: Scalability of spray-coating with different arrays. (A) Diagram of how to position
air brushes relative to PPL array based on size, (B) scanned spray used to quantify spray profile,

(C) linear full width half max slope showing a linear scaling trend for PPL arrays. Figure adapted

from reference.1%®
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While spray-coating a uniform film on a flat surface is a well understood problem, forming
a compositional gradient on a surface decorated with a periodic array of pyramidal pens could
introduce problems stemming from inhomogeneous drying and diffusion of the constituent
materials. Considering a small molecule with a diffusion constant D ~ 3.5x10 cm?/s, one may
estimate the time t over which molecules will diffuse a distance x using a diffusion equation t =
x?/2D.%%¢ In particular, for a 1.5 cm wide pen array with a pen-to-pen pitch of 120 pm, the molecule
will diffuse between pens in ~20 s and across the whole array in ~400 days, suggesting an
extremely long window over which drying can occur and still maintain the compositional gradient.
Importantly, we hypothesize that allowing enough time for diffusion to occur around a specific
pen may be very important, as it could allow for localized diffusive mixing of the multicomponent

ink sprayed near a given pen (Figure 2.14).144 167
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Figure 2.14: Evaporative self-assembly of diffused ink around pyramidal pens. (A) Proposed
mechanism of ink evaporation following spray coating in which evaporation and diffusion leads
to homogenous mixing of the inks and preferential deposition of the ink on the pens. Optical
image of a single pen under (B) dark field and (C) fluorescence showing preferential inking at

the base of the pen. Figure adapted from reference.1®

To evaluate the potential for reliably transferring the gradient formed on the PPL array to
an underlying substrate (Si/SiO2), two aqueous inks, consisting of Rhodamine 6G or Sulfo-
Cyanine5 NHS Ester in poly(ethylene oxide)-b-poly(2-vinylpyridine) (PEO-b-P2VP), were
prepared and studied. These dyes were chosen because they can be spectrally distinguished using
fluorescence microscopy. The inking procedure consisted of simultaneously spraying the two inks,

each aimed at the center of opposing edges of the PPL pen array, and then allowing the solutions
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to completely dry prior to patterning (Figure 2.15 D). During the drying process, the ink deposited
onto the array mixes between neighboring pens, and the ink dries around the base of the pens
before global mixing occurs. After drying, a gradient could be seen by eye across the PPL array
(Figure 2.16 A). To characterize the gradient, the whole PPL array was imaged with a confocal
microscope. In order to maintain the high resolution required to visualize the nanoscale features
across the whole array, thousands of images where taken on two tracks, one for each fluorophore,
and subsequently stitched and stacked to make a single image with 268 million pixels (Figure 2.16
B). To verify that spray-coated PPL pen arrays can be used to pattern surfaces with the same
compositional gradient, the dual spray-coated PPL array was used to print polymer domes onto a
substrate that was imaged in the same way as the array (Figure 2.15 A,C). The counter-propagating
changes in fluorescence contrast indicate that the spray-coating was effective and created a red-
blue, left-to-right gradient. To quantify the distribution of the ink, the image stacks were averaged
to construct a profile plot of fluorescence intensity (Figure 2.15 B). The fluorescence intensity
plots demonstrate the potential for dual spray-coating to generate near linear gradients of ink

composition on PPL pen arrays.
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Figure 2.15: Large scale gradients of patterned nanomaterials. (A) Stitched confocal
fluorescence image of a compositional gradient of two different fluorophores in patterned
polymeric domes, scale bar is 2 mm, and (B) fluorescence intensity across of each region. (C)
A magnified fluorescence image showing a single tile from (A), illustrating the dot arrays

pattern, as well as the resolution of (A). (D) Schematic of the airbrush position during spraying.

Figure adapted from reference.®®
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Figure 2.16: PPL array spray-coated with a composition gradient. (A) Photograph and (B)
confocal micrograph of the composition gradient spray coated onto the PPL array. Figure

adapted from reference.!%®

While prior experiments focused on patterning gradients with easy to detect fluorophores
to visualize and characterize the gradients, it is important to validate that combinatorial libraries
can be generated using substances where the function can, in principle, dramatically change across
the array. When combined with SPBCL, catalytically-active multimetallic nanoparticles with
gradients of composition can be readily synthesized. To determine if combining SPBCL and dual
spray-coating can be used to generate compositional gradients, we explored the patterning of metal
ion-loaded block copolymers that can be compositionally quantified using X-ray fluorescence
(XRF) 188, To explore the patterning of these inks, a pen array was dual spray-coated using aqueous

solutions of PEO-b-P2VP, one with auric acid and the other with sodium tetrachloropalladate.
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Following spray-coating, this pen array was used to pattern features on a silicon wafer. After heat
treatment to form nanoparticles in each polymer dome (Figure 2.17 B), the substrate was
characterized using XRF, which allowed for the calculation of the local atomic ratio of Au to Pd
in sections across the array (Figure 2.17 A). As expected, the atomic ratio of Au-to-total Au and
Pd varied from 9 to 88%. Qualitatively, it is observable that going from the Au-rich (right) to Pd-
rich (left) side of the substrate, the Au L fluorescence intensity decreases while the Pd Ka
fluorescence intensity increases as would be expected (Figure 2.18). Such a trend was observed
not only for the silicon-dioxide wafer substrate sample, but also when a quartz glass substrate was
used (Figure 2.19). This demonstrates that a gradient sample can be created independent of
substrate. Quantitative analysis of the Au and Pd relative atomic percentages were conducted using
corrected areas under the Pd Ka (21177 eV) and Au LP (11443 eV) fluorescence lines, with peak
areas fit to a Gaussian distribution after background subtraction. Intensity values were corrected
for dead-time, incident beam intensity, elemental cross-sections,'®® detector efficiency, and
attenuation due to species present between the sample and detector at the relative fluorescence line

energies.
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Figure 2.17: 14 million bimetallic nanoparticles synthesized in parallel with a compositional
gradient. (A) X-ray fluorescence profile of AuPd alloy composition of SPBCL patterned array
taken with a 3 mm slit, note that the last point is at the edge of the array. (B) SEM of SPBCL

AuPd nanoparticles. Scale bar is 2 um. Figure adapted from reference.%®
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Figure 2.18: Au L and Pd Ka Fluorescence Intensities. The Au LB fluorescence line intensity
(A) increases towards the Au-rich side of the sample and decreases towards the Pd-rich side. No
signal is observed for the case of a blank substrate (green). The Pd Ka fluorescence line intensity
(B) decreases towards the Au-rich side of the sample and increases to a well-defined peak (blue)
towards the Pd-rich side of the spectrum. +3 Au refers to a 3 mm offset from the sample center
towards the Au-rich side, and +3 Pd refers to a 3 mm offset from the sample center towards the

Pd-rich side. Figure adapted from reference.'®®
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Figure 2.19: Pd Ka XRF Intensity from sample patterned on quartz glass substrate.
Qualitatively, it is observable that from the Au-rich side of the sample (black) to the Pd-rich side
of the sample (blue and pink) that the Pd Ka fluorescence intensity increases. This demonstrates
that a gradient Au-Pd sample can be patterned independent of substrate. Figure adapted from

reference.16®

While the ability to generate patterns with compositional gradients on the nanoscale is novel
and potentially useful, realizing combinatorial patterns with control over the size and composition
of every feature in the pattern is the ultimate goal for high throughput screening. In addition to
inking the pen arrays with uniform quantities of ink while varying their composition, it is possible
to vary the quantity of ink on each pen. It is important to note that while similar linear gradients

have been previously achieved by patterning with pen arrays that have been deliberately tilted to
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change pen-sample contact area or contact time across the array, controlling feature size with ink
loading affords the option of realizing non-linear gradients in patterned feature size.?* 1 In order
to explore the ability of spray-coating to generate such combinatorial libraries, a dual spray-coating
experiment was performed in which the two airbrushes were loaded with the same polymer-
fluorophore inks previously used, but were aimed above two adjacent corners of the pen array
(rather than along a line that passes through the center of the array) (Figure 2.21 E). The duel
gradient as sprayed on the pen array can be seen by eye (Figure 2.20 A) and mapped via
fluorescence confocal microscopy (Figure 2.20 B). Subsequently, PPL was performed with each
pen in the array being used to print a 30 x 30 array of dot features (Figure 2.21 D). Given that this
126 x 126 pen array contained 15,876 pens, the final pattern was composed of over 14 million
discrete polymer features. To characterize this massive array of features, large-scale fluorescence
images were acquired, which clearly showed a macroscopic gradient in fluorescence across the
patterned surface (Figure 2.21 A). Indeed, the average fluorescence intensity is well described by
a linear gradient across the entire patterned surface horizontally (Figure 2.21 B). Also,
fluorescence intensity and atomic force microscopy (AFM) data show a non-linear size gradient
of features ranging from 1.10 + 0.02 pum to 642 + 46 nm in diameter and 17 £+ 1t0 3.6 + 0.8 aL in
volume going from the top of the array to the bottom (Figure 2.21 C,F,G). Through this fabrication
method, massive libraries of nanostructures can be deposited in unison with their size and
composition spatially encoded. Translating these fluorescent dyes to SPBCL inks, this results in a

significant increase in the synthetic throughput of complex nanoparticles.
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Figure 2.20: PPL array spray-coated with both a size and composition gradient. (A) Photograph
and (B) confocal micrograph of the composition and size gradient spray coated onto the PPL

array. Figure adapted from reference. 1%
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Figure 2.21: Large scale nanopatterned gradients of composition and size. (A) Stitched
confocal fluorescence image of compositional and size gradients of two fluorophores in
polymeric domes. Scale bar is 2 mm. (B) Average fluorescence intensity of each fluorophore
across the array and (C) average total fluorescence intensity in the vertical axis plotted with the
average volume of individual features as measured by AFM. (D) High resolution darkfield
micrograph of a region showing the patterns written by four pens, scale bar is 50 um. (E)
Schematic of the airbrush position during spraying. (F) AFM of the largest patterned features
(1.10 £ 0.02 um) at the top of the array, and (G) AFM of the smallest patterned features (642 +

46 nm) at the bottom of the array, scale bars are 3 pm. Figure adapted from reference.®
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2.3 Experimental Methods
2.3.1 Fabrication PPL Arrays

PPL arrays were fabricated as previously reported.®> 13 For hard transparent coated PPL arrays
using PECVD, they were then inserted into PECVD chamber to be coated with silica at 900 mTorr
while introducing 500 sccm SH4 and 1420 sccm Oz and 30 W of high frequency power for 320 s
with a base plate temperature of 200 °C using a STS LpX CVD. For E-beam coated pen arrays,
PPL arrays were loaded into the E-beam chamber of a using a Kurt J. Lesker Co. PVD 75 electron-
beam evaporator and pumped down below 1x10” Toff. Depositions were done in 25 nm
increments, with 20 minutes of cool down between each deposition, up to 175 nm in total.

For blade coated pen arrays, standard Si masters were used. Strips of tape, generally 2 for ~100
pum thick layers, were laid down on either side of the wafer, in addition to two small pieces on the
opposite ends. One ml of uncured PDMS was deposited on one edge of the master. A razor blade,
or glass slide, was then slowly pulled across the wafer in a single smooth movement to coat the
master in a flat thin layer of PDMS. If air bubbles were present or portions of the master remained
uncovered, the razor blade was brought back across the wafer until the layer was uniform. This
PDMS was then cured for ~10 min at 80 °C, to the point of solidifying but still tacky to the touch.
The process was repeated until the desired thickness was reached. To attach the PDMS array and
blade coated backing layer to a glass slide, a small amount of PDMS was placed in the center of
the master and the glass slide (oxygen plasma treated for 2 min at 60 W to present -OH surface
groups) was placed on top. This final array was then fully cured at 80 °C for 4 hours before being
peeled out of the master.

2.3.2 Patterning
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Patterning was performed using a Park XE-150 in a humidity control chamber at a relative
humidity between 70-95 % and at room temperature with a 30 min incubation period prior to
patterning. For patterning with Au coated pen arrays, a TERA-Fab M series instrument was used.
2.3.3 MHA Ink and Substrate Preparation

Solutions of 10 mM MHA in ethanol were spray coated on PPL arrays after a 2 min oxygen
plasma treatment at 60 W. Au-coated Si wafers were prepared using a Kurt J. Lesker Co. PVD 75
electron-beam evaporator, depositing 5 nm Ti followed by 35 nm Au.

2.3.4 SPBCL Ink and Substrate Preparation

Solutions of PEO-b-P2VP, ranging from 1-5 mg/ml, were prepared in water. For instances
where nanoparticles were subsequently formed, metal salts were added to the polymer ink solution.
These polymer inks were drop cast or spray coated onto PPL arrays after a 2 min oxygen plasma
treatment at 60 W. The substrates used in this chapter were all oxides and were made hydrophobic
through vapor coating in a desiccator for 24 hours with a 1:1 solution of hexane and HMDS.
2.3.5 SPBCL Nanoparticle Synthesis

In order to convert polymer features into nanoparticles, the substrate was put into a tube furnace
and thermally annealed. The heating conditions were programmed as follows: ramp to 120 °C
under Ar (flow rate: 1.1 L/min) in 1 hour, hold at 120 °C for 48 hours, then cool back to room
temperature in 4 hours, switch the atmosphere into Hz (flow rate: 4.2 L/min), ramp to 500 °C in 2
hours, hold at 500 °C for 12 hours, and finally cool down to room temperature over 6 hours. Metal
precursors aggregate during the first step, followed by nanoparticle formation and reduction at

500 °C under Ha.
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2.3.6 Imaging

Atomic force microscope (AFM) measurements were performed on a Dimension Icon (Bruker)
to obtain 3D profiles of the patterns. Images were processed in Nanoscope Analysis. Confocal
images were taken with a Zeiss LSM 800 Confocal Microscope. Images were processed with
ImageJ and Zen Blue. Maximum intensity projections of confocal stacks were generated for each
tile. Tiles were stitched with vignette corrections. Intensity plots were created from 500 pixel
moving averages.
2.3.7 X-Ray Fluorescence

Data was collected at sector 5 BMD of the Advanced Photon Source. Fluorescence spectra
were collected at an incident energy of 24.8 keV using two four-element VVortex ME-4 silicon drift
diode detectors. The sample was placed in a glancing-incidence geometry with respect to the X-
ray beam, at an angle of ~0.1°. A horizontal slit size of 3 mm was used and the sample translated
in order to probe the Au-Pd gradient at various points on the sample. The vertical slit size was
adjusted according to footprint calculation, such that the entire sample length would be measured,
in order to both maximize fluorescence counts from the elements of interest and achieve a global

representation of the Au-Pd gradient.

2.4 Summary

Herein, a comprehensive method of fabricating combinatorial libraries of materials was
established through the use of PPL and SPBCL. Through the deposition of a hard coating onto a
PDMS pen array, a force-independent pattering technique was developed. Using this coating, the
deformation caused by pen-substrate contact was entirely transferred to the flexible backing layer,

thus preventing any pen deformation. With no pen deformation, it is now possible to extend the
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entire array further towards the substrate, allowing for the pen array to push through pen to pen
height variations. Additionally, by maintaining a small contact area with the surface, smaller
polymer dome features were able to be patterned closer together. Ultimately through this method,
the total number of features that could be patterned onto a single surface was raised to over 406
million per cm? area. In a similar aim, a new method of PDMS pen array fabrication was created.
By blade coating multiple layers of PDMS into the Si master, global variations in the pen array
were able to be overcome. Internal stresses that previously caused large scale bowing of the
elastomer backing layer were negated, both through thicker PDMS layers and stiffer PDMS layers
that limited the deformation caused by those stresses. With these pen arrays, the area that could be
reliably patterned was raised from 1 cm? to over 9 cm?,

These methods were developed to ensure consistent patterning over large areas, which is
necessary for the combinatorial deposition of nanomaterial libraries. To take advantage of the large
area patterning capabilities, two methods of systematically controlling the ink that was loaded onto
each pen of the pen array were described. First, a sequential coating method which used the
isolation of segmented wells across the pen array, which raised the number of compositions that
could be coated on a single pen array without sacrificing the total pens that could be inked. Due to
the control of this method, parallel patterning of 16 different compositions of ink could be
patterned, each completely isolated from each other composition. This method of inking is ideal
for any application that requires at least a 3x3 mm area of patterned material to analyze. For
applications where the quantity of material needed is much smaller, a second gradient inking
method can be used. Utilizing two spray sources with Gaussian distribution spray profiles, the

linear regimes of each spray profile can be overlapped to form a two-way compositional gradient
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between the two sources. Due to the continuous nature of the spray profiles, the gradient created
is also continuous, leading to each pen across the array to contain a distinct composition of ink. In
addition to composition gradients, the spray sources can be moved to two corners of the array,
causing perpendicular gradients of size and composition. Through these methods, combinatorial
libraries of over 14 million discrete features was deposited onto a single substrate with 15,876
distinct compositions and sizes spatially encoded. Paired with SPBCL, these patterning techniques
open up the possibility to perform high-throughput screening of multimetallic nanoparticles at a

rate not previously possible.
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CHAPTER 3:
SCREENING CATALYST COMPOSITION FOR THE CHEMICAL VAPOR

DEPOSITION GROWTH OF CARBON NANOTUBES

This chapter is based, in part, on the research described in the following publication:

Kluender, E.J.; Hedrick, J.L.; Brown, K.A.; Rao, R.; Meckes, B.; Du, J.S.; Moreau, L.M.;
Maruyama, B.; Mirkin, C.A. Catalyst discovery through megalibraries of nanomaterials
Proceedings of the National Academy of Sciences 2019, 116, 40-45.
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3.1 Background

Carbon nanotubes (CNT) have experienced considerable scientific interest since their
confirmed discovery in 1991 due to their enhanced materials properties.!’* CNTs consist of a
rolled sheet of graphene, with diameters ranging from below 1 nm to 10’s of nm and lengths
ranging from nm’s to cm’s, resulting in one of the largest aspect ratios of any nanomaterial.!’? The
angle at which the graphene sheet is wrapped into a cylinder, also known as the chirality,
determines the diameter and electric band structure of the CNT. Depending on the chirality, single
walled carbon nanotubes (SWNT) exhibit either metallic and semi-conductive behavior, with band
gaps ranging from 0 to 1.5 eV.1" 174 These electrical properties make CNTs an appealing material
for transistors (with single CNTs'"> 176 as well as bulk CNT thin films’"), light emitting diodes,*"®
photovoltaics (both as the active layer'’® and the transparent electrode!®®), and sensors for gases'®
and biological molecules.*®?

CNTs were first synthesized by introducing an extreme amount of energy to graphite, either
photonic® or electric,’®* with transition metals embedded. These first synthesis methods were
extremely dirty, creating multiple carbon nanomaterials including fullerenes and amorphous
carbon and routinely had CNT vyields as low as 20%. The metal powders were initially added to
the graphite with the hope of encapsulating single metallic atoms within fullerene molecules,
specifically Co, Ni, and Fe. While this was achieved, it was also discovered that the addition of
cobalt metal powder produced rubbery sheets on the fabrication chamber walls. These sheets
consisted of large webs of CNTs covered in amorphous carbon, and a secondary purification step
was needed to isolate CNTs. This technique was optimized using a nickel-cobalt catalyst,

producing large ropes of bundled SWNTs covered in amorphous carbon with a CNT yield of
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70%.18 The first growth of isolated CNTs using CVD used a tube furnace heated above 1000 °C
and benzene gas was flowed through the chamber along with hydrogen. The addition of iron
catalyst particles produced CNTs with diameters on the order of 2 nm.*® This primitive CVD
method, while much cleaner than laser ablation and arc discharge, still produced a wide range of
products, with amorphous carbon often coating large portions of the CNTs. One of the first
examples of current CVD CNT growth was produced in 1996 using iron particles embedded in
Si02.18” The mesoporous silica substrates were made by a sol-gel process using a tetraethoxysilane-
iron nitrate solution. The solution was dried, calcined, and reduced to form the final substrate used
for CNT growth. The growth atmosphere was composed of 9% acetylene in nitrogen at a growth
temperature of 700 °C. Resulting CNTs formed a film of aligned MWNTSs, perpendicular to the
silica substrate.

In addition to the transition metals initially used (Co, Ni, Fe), the library of metal nanoparticles
that are catalytically active for CVD growth of CNTs has been expanded to include almost every
metal on the periodic table. CNTs have been successfully grown from other transition metals
(Mn,188-190 Cy 189, 190 \1189. 190) “platinum group metals (Pd,8% 191 pt, 189191 Ry192) "noble metals
(Au,189-191,193 A g 191 ©,189,191,194) “carhon family elements (Si,**° Ge,1% Sn,189:190 pp189) "and even
lanthanides (Gd,*® Eu'%). Regardless of composition, the nanoparticle catalyst plays 3 major rolls
in CNT growth: surface diffusion of carbon for graphitic formation, templating graphene cap
nucleation, and maintaining a reactive nanotube rim for sustained growth. In addition to these
functions, the nanoparticle may also catalyze the chemical decomposition of the carbon precursor.
Initially, it was thought that high carbon solubility or carbide formation, two properties of the

transition metals that first exhibited catalytic activity, was vital to CNT formation due to the ability
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to absorb the carbon precursor before precipitating CNTs.*®” This hypothesis was based on the
vapor-liquid-solid (VLS) mechanism of other nanowire growths.!® VLS growth of CNTs was
challenged by the discovery of catalytically active noble metal catalysts with negligible carbon
solubility or carbide formation. The VLS mechanism may still be accurate for metals with high
carbon solubility, but for metals with lower solubilities, the carbon precursor is likely adsorbed
onto the particle surface as opposed to absorbed into the particle. Currently, there is no conclusive
experimental or theoretical evidence that carbon absorbance plays a larger role than carbon
adsorbed on the surface.®®

Gas flow used for CNT growth plays a role equivalent to the catalyst. The main component of
the growth atmosphere is the carbon precursor that decomposes into the carbon that comprises the
final CNT. There is a wide range of carbon-containing molecules that have been used for CNT
growth, including simple hydrocarbons,?® alcohols,?*! and aromatic compounds.?%? In a special
case, a specific precursor (CosHss) was adsorbed onto a Pt surface.?®® The metal surface catalyzed
cyclodehydrogenation, forming a sp? cap. Once formed, the cap was then elongated through
traditional precursor growth. While complex carbon precursors have exhibited equal success for
CNT growth, the most common molecules used are methane, acetylene, ethylene, and ethanol.
These carbon precursors are preferred for scientific study due to their gaseous state and simplicity.
Larger carbon precursors have more decomposition pathways leading to less control of which
carbon species are interacting with the catalyst particles. Depending on the catalyst, precursor, and
growth temperature, carbon precursors can either be catalytically cracked by the nanoparticle?®* or
thermally decomposed.?® The amount of carbon precursor also effects the efficiency of the growth,

where the reaction can be either gas limited or surface limited.?%® By using in situ Raman



107

spectroscopy, the G-band peak (sp? Raman peak for CNTs at 1590 cm™) can be measured as a
function of time and fit to a growth equation, calculating the initial growth rate, v, and growth
lifetime, t. At lower partial pressures of precursor, the growth is gas-phase diffusion limited. With
less carbon being added to the reactor, the growth proceeds at a slower rate but lasts longer. As the
partial pressure of carbon increases, the growth rate increases and the lifetime decreases, until they
both level out in the catalyst surface limited regime. Other gases are often included in the growth
atmosphere, acting as inert carrier gases (Ar, N2) or as active components (Hz2,2%” NH3,2%¢ H,0,2%°
CO2). Hydrogen and ammonia are added as reducing agents to maintain the catalyst in a metallic
phase, which is significantly more active than oxide phases. Water and carbon dioxide act as weak
oxidizing agents. In small quantities, they are not strong enough to fully oxidize the nanoparticles,
but etch amorphous carbon, preventing non-graphene carbon from forming around the catalyst,
poisoning the surface. In larger quantities, they impede growth by oxidizing the catalyst and
etching CNTs.

The holy grail of CNT growth is chiral selectivity. The chirality is indexed using the notation
(n,m), where n and m are the number of lattice unit vectors between the two points on the graphene
lattice that are connected to make the CNT.?*® There are two SWNTSs with special names: zigzag
(where m=0) and armchair (where n=m). The electronic properties of SWNTs directly depend on
their chirality and can be split into three different categories: metallic, quasi-metallic, and
semiconducting. SWNTSs are metallic (no band gap) when n=m, quasi-metallic (small band gap)
when n-m is divisible by 3, and semiconducting (large band gap up to 1.5 eV) for all other cases.*”
Due to the correlation between the chirality and electronic properties, for electronic devices to use

CNTs on a large scale, a method of synthesizing homogenous chiral CNTSs is necessary. Bottom
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up methods of synthesizing CNTs have been proposed for chiral selective growth. Fullerene, Ceo,
molecules have been opened using thermal oxidation and CNTs have been grown off of the cap
formed.?!! Individual building block rings of cycloparaphenylenes have been synthesized?'? in
attempts to made to build CNTs layer by layer, but these efforts have yet to be successful due to
the complexity of side products.?*®> CNT caps have also been synthesized using a complex carbon
precursor and a cyclodehydrogenation reaction, resulting in highly uniform final CNTs.2%
Additionally, short SWNTs of homogenous chirality can be used as templates for longer CNT
growth.?* This secondary growth is necessary due to the short length of the CNTs sorted by DNA-
based chromatography,?*® density centrifugation,?'® and temperature gel chromatography.?’
Controlling the chirality of SWNTs grown from CVD has proven to be the most viable method
of chiral control. Using iron nanoparticle catalysts on a SiOz support, increasing the Hz:Ar ratio
during catalyst conditioning caused a drastic increase in the yield of metallic tubes, going from 18
to 91%.2'8 Inversely, incorporating a plasma source to the CVD process synthesized >90%
semiconducting tubes.?'® Another found a 96% semiconducting selectivity using an Al support and
acetylene as a carbon source.?? Building on the effects of plasma on CNT selectivity, free electron
laser (FEL) irradiation was used during the CVD growth using a CoMo catalysts supported on
Si02.2% Five irradiation wavelengths were tested: 532, 800, 1300, 1650, and 1400 nm. All
wavelengths limited the number of chirality’s grown, with 800 nm producing the most
homogeneous population, only growing CNTs of 6 chirality’s, all of which are semiconducting.
Multimetallic nanoparticles have exhibited enhanced CNT growth caused by the alloying of
multiple active metals. A trimetallic catalyst composed of Al, Cu, and Fe in three phases (i-

Ale2Cuzs sFe1zs, o-Al7CuzFe, and g-Al203) on a SiO2 support, grew (9,9) armchair SWNTs with



109

50% selectivity.??? It is possible that one phase produced enhanced chiral selectivity and a more
precisely synthesized catalyst would increase the selectivity further, as the relative amount of the
alloying elements plays a substantial role on catalytic activity. In a study of the NixFei-x alloy
system, relative composition changed the chiral profile of the resulting CNTs.??®> Mapping the
chirality’s through photoluminescence, the chiral indices present evolve continuously with
increasing Fe content. It is proposed that this is due to the increase in lattice spacing in the
nanoparticle with increasing Fe% and the shift from fcc to bcc phase. Finally, the state of the art
CVD catalyst for CNT growth is the WeCo7 catalyst.??* This catalyst has a high melting
temperature which is believed to maintain the crystalline structure at the 1030 °C growth
temperature. This sustained crystalline structure produced highly selective growth of (12,6) chiral
SWNTs at greater than 92%. These initial particles were synthesized using a molecular cluster, an
extremely uniform catalyst that is difficult to scale, but the WCo system has also been reproduced
using sputtered catalysts with 70% (12,6) selectivity.??®

Based on the studies mentioned above, it is clear that CNT growth is a complex system that is
controlled by many factors, both in the catalyst and the growth conditions. With multimetallic
nanoparticles exhibiting enhanced catalytic activity, it is necessary to use precise and tunable
particle syntheses to accurately elucidate the catalyst-CNT relationship. A method that meets this
criteria is scanning probe block copolymer lithography (SPBCL).34 Based off traditional block
copolymer micelle lithography,??® an attoliter-volume nanodome of block copolymer, with metal
ions coordinated to one block, is patterned onto a surface using tip-directed nanolithography, either
on a small area with dip-pen nanolithography (DPN)® or across a cm scale substrate with polymer

pen lithography (PPL).%*® By varying the metal precursors coordinated to the initial block
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copolymer, the composition of the final particle can be precisely controlled, and synthesize up to
septametallic particles.®* Due to the closed system created in the polymer dome, all of the metal
atoms in a feature aggregate into a single nanoparticle, allowing for the synthesis of particles that
would be significantly more difficult to synthesize in traditional solution synthesis. While these
particles have not been shown to be catalytically active for CNT growth, tradition block copolymer
micelle lithography synthesized particles have exhibited catalytic activity.1% 227

In order to perform effective screening of CVD CNT growth, both the catalyst synthesis and
growth analysis need to be high throughput. Laser induced heating is a promising method for rapid
growths, specifically the autonomous research system (ARES). In ARES, thermally isolated
catalyst-coated micron-scale silicon pillars can be instantaneous heated to CNT growth
temperatures and cooled back to room temperature. In a low-pressure chamber, the growth
atmosphere can be precisely controlled by backfilling with Ar, Hz, and carbon precursors. Analysis
can also occur in situ, collecting Raman spectroscopy using the heating laser as an excitation laser.
Initial studies using this system have measured growth rates of CNTs as a function of chirality.??®
Once the growths are performed and in situ data is collected, each pillar can be further analyzed
ex situ using all available methods. There is a direct relationship between laser power and pillar
temperature, allowing for large temperature ranges to be screened for catalytic activity. This has
been used to reveal the impact of a solid to liquid phase change in iron catalysts.??® Due to the
instantaneous analysis of the growths, this system has also been used to create the first-of-its-kind
closed-loop iterative experimental apparatus for materials discovery.!® By incrementally changing

the growth parameters, the system can apply machine learning to grow CNTSs at targeted growth
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rates. In this chapter, SPBCL, PPL, and laser induced CVD will be used to screen the effects of
catalyst composition on SWNT growth.
3.2 Results and Discussion
3.2.1 Fabrication of Micropillar Substrates

Equally important to synthesizing cm-scale continuous compositional nanoparticle gradients,
described in Chapter 2, is developing methods to measure the properties of the resulting
nanoparticles. The property measured in this chapter is each nanoparticle’s ability to catalyze the
growth of SWNTs in a CVD reaction, using laser-induced heating in the Autonomous Research
System (ARES). ARES matches the high-throughput nanoparticle synthesis technique with an
equally high-throughput screening technique. Utilizing substrates containing thousands of
thermally isolated silicon micropillars (10 um diameter and height), each pillar can be
instantaneously heated to SWNT growth temperatures (700-900 °C) using a 6 W laser (532 nm)
inside a vacuum chamber containing a reducing agent (Hz2) and a hydrocarbon source (C2Ha). This
heating laser is also used as a Raman excitation laser to measure the Raman peaks from the
growing SWNTs, namely the low frequency, diameter-dependent radial breathing modes (RBMs)
(between 100-300 cm™®, corresponding to SWNT diameters ranging from ~0.8 — 2.5 nm), disorder-
induced D band (at ~ 1350 cm™), and the graphitic G band (at ~1590 cm™). In previous literature,
ARES substrates are 5x5 mm? in dimension and contains a 12x12 array of numbered patches,
spaced 400 um apart, each consisting of a 5x5 array of 10 um diameter pillars, spaced 50 um apart.

In order to fully utilize the large area composition gradients capable through polymer pen
lithography (PPL), large area uniform thermally isolated micropillar substrates are required. To

achieve this goal, a fabrication method to form thermally isolated micropillars, based off of the
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process used to fabricate PPL pen array masters,** was developed using a silicon-on-insulator
(SOI) wafer (Figure 3.1). The substrates were designed to have the same pillar-to-pillar and patch-
to-patch distances as the traditional ARES substrates, but each substrate would be 1.6x1.6 cm and

contain a 40x40 array of patches, compared to the 12x12 patch arrays on the 5x5 mm substrates.
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Figure 3.1: Scheme of micropillar fabrication using SOI Wafer.

To optimize the fabrication process, Si wafers were first used before SOI wafer (which are
significantly more expensive). First, 500 nm of SiO2 was deposited onto a polished Si wafer to act
as a hard mask during the etching of the Si, which will make up the bulk of the pillars. Next, a
photoresist was spin coated, exposed, and developed. S1805 photoresist, a positive resist (exposed
areas are more soluble to developer), was used to produce the circular micropillars required for
ARES. Due to the small isolated features required for micropillar fabrication, extremely short
development times were used (<3 seconds), with longer developments (>5 seconds) fully
removing all pillar features. The development time can be increased slightly by a longer bake time

prior to exposure, but the size of the features still require a shorter development time. Once the
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photolithography was optimized, the hard mask was etched using a CF4 dry etch, a highly selective
SiO: reactive ion etching process when in the presence of oxygen,?® with an etch rate of ~20
nm/min. This etch process uses directional plasma to form ions that primarily etch vertically into
the substrate. During this step it is vital to fully remove all of the SiO2 hard mask where subsequent
Si etch will occur. When there is incomplete removal of the SiOz, even a few nm, the bottom of
the Si trench will not be smooth and etch rates will be non-uniform, due to the high selectivity of
the following Si SFe etch.2! With the hard mask formed, a deep etch to produce the bulk of the
micropillar was performed using SFes. Initial Si etches were performed with the same reactive ion
etch process as the SiO2 etch, using a continuous process with the directional plasma driving a
predominantly vertical etch. Due to the depth of the Si etch compared to the SiO2 hard mask etch,
10 um vs 500 nm, respectively, the Si etch process began to undercut the hard mask (Figure 3.2
A). While the plasma is directional, scattering events prevent vertical wall formation from
directional plasma alone. Vertical walls are necessary for the ARES micropillars, as each pillar
needs to be made of the same, controlled amount of material. This is required due to the laser
heating mechanism of ARES. Ensuring that each pillar reaches the same temperature at the same
laser power is vital for the reproducibility of each growth experiment. To achieve vertical walls
and mitigate etching from scattered molecules, a cyclical etch-deposition process, the Bosch
process,?? was used. The Bosch process oscillates between etch and deposition steps on the order
of seconds. The etch step is identical to the continuous process, a directional plasma producing
reactive ions that selectively etch Si. Each etch step is followed by a deposition step, where a
fluoropolymer is deposited on the entire substrate, including the newly etched walls. When the

process switches back to the etch step, the directional plasma sputters the fluoropolymer deposited
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on the bottom of the substrate, exposing the bottom of the trench to the reactive ions for continued
etching. The scattered ions do not have enough energy to sputter off the fluoropolymer and etch
the side walls, preventing the undercutting seen with continuous etching. This deposited
passivation layer adds an additional directionality to the etch process, producing near perfect
vertical walls (Figure 3.2 B). The ridging seen on these pillars is due to the slight undercutting
during each etch step, before the exposed wall is passivated (Figure 3.2 C). Each cycle of the etch
process producing one ridge, the wall smoothness can be controlled by changing the length of each
etch step. Shorter cycle times produce smoother walls but requiring more cycles for the same etch
depth. When using SOI wafers, the buried oxide layer controls the final pillar height, as the SFes
etch does not etch SiOz2, halting the etching process. Once the Si micropillars are etched, the
remaining photoresist and SiO2 hard mask can be removed, using piranha etching and HF etching,

respectively.



115

Figure 3.2: SEM images of micropillars etched into Si wafers. (A) Hard mask undercutting
occurs when the SFe Si etch is ran continuously for the entire etch process. (B) By using the
Bosch process and oscillating between etch and passivation steps, near vertical pillar walls are
formed, producing micropillars up to 40 um tall. (C) Ridging occurs on the walls of the

micropillars produced by the Bosch process. Each ridge is created by one etch-deposition cycle.

While Si wafers were used for optimizing the fabrication process, SOI wafers are required to
produce thermally isolated micropillars for the ARES substrates. This is achieved by etching a 10
pum Si micropillar supported on a >1 um thick buried oxide layer, which acts as a thermal insulator
and prevents any heat generated in the pillar from dissipating into the wafer. When pillars are not
thermally isolated by the buried oxide layer, they are not able to heat up to CNT growth
temperatures (>700 °C) due to heat diffusion to the backing wafer. It is also important to thermally
isolate each pillar from the neighboring pillars to prevent pillar-to-pillar heating cross talk. To test
these large area ARES substrates, a traditional CNT CVD catalyst, 0.8 nm Fe thin film, was sputter
coated onto a micropillar substrates. Due to the size of the ARES growth chamber, only 1x1 cm

substrates are able to fit, require the dicing of the 1.6 cm substrate into 4 segments prior to growths.
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Using these test catalysts, CNT growths were performed in the ARES system at a variety of
temperatures and growth atmospheres. To test that the pillars did not alter the performance of the
deposited catalysts, the growth trends as a function of temperature were examined. CNT growths
were performed in the ARES chamber under 20 torr pressure containing ethylene and hydrogen.
CNTs were grown over a wide range of temperatures ranging from 700 to greater than 900 °C,
with secondary SEM images confirming extensive CNT growth (Figure 3.3 A). The growth
kinetics also agreed with literature precedent (Figure 3.3 B). Growths performed at higher
temperatures exhibited faster initial growth kinetics, but quickly plateaued. This is due to excess
decomposition of ethylene that drives initial growth but eventually encases the catalysts in
amorphous carbon, preventing further growth. While growths performed at lower temperatures
grew at slower rates, they proved to have longer growth lifetimes as there is limited amorphous

carbon formation at this temperature, resulting in a larger final amount of CNTs produced.
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Figure 3.3: (A) SEM image of SWNTs grown on ARES micropillar using a 0.8 nm Fe film
catalyst. (B) G-band peak integration measurements from in situ Raman spectra collected during
growths at two temperatures. Higher growth temperatures exhibited faster growth kinetics but

short lifetimes, while lower temperatures produced slower growth kinetics and longer lifetimes.

In addition to Raman characterization, we attempted AFM characterization of particles and
resulting SWNTSs. This was not possible due to the roughness of the pillar surface being greater
than the size of the features of interest (particles ~3 nm, SWNTs ~1.5 nm, surface roughness ~6
nm) (Figure 3.4 A). The surface roughness was found to be caused by the SiO2 hard mask used
during the pillar fabrication process, either from incomplete removal or secondary scattering
occurring during the etching process. To overcome this source of surface roughness, it was
determined that by dropping the temperature at which the dry etch process was performed, it was
possible to use photoresist as a mask for the vertical etch process, removing the SiO2 from the
process entirely. Using only photoresist leads to a gentler fabrication process with fewer steps.
Substrates were then fabricated using photoresist as a mask at different temperatures during the

SFs etching step. When the etching process was performed at 0 °C, the Si did not etch uniformly,
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leading to a rough substrate between the pillar (Figure 3.4 C i). The temperature of the substrate
was then raised to 10 °C (the recommended lowest temperature for substrates used in the Bosch
Process), but the resulting etch removed the photoresist and lost the uniformity of the
photolithography pattern (Figure 3.4 C iii). It was then determined that using a substrate
temperature of 5 °C was optimal for performing uniform etches without fully removing the
photoresist mask (Figure 3.4 C ii). While the PR mask was not fully removed at 5 °C, it was
chemically altered from its initial state and was no longer able to be removed by an acetone wash,
as was previously accomplish when the DRIE was performed at 0 °C. Instead, a O2 plasma
treatment (30 W for 5 min) was used to fully remove the residual PR mask, leaving a polished Si
surface that was easily functionalized with HMDS to be made hydrophobic for SPBCL patterning.
This modified process proved to be simpler and produced uniform pillars with a significant
reduction in surface roughness (Figure 3.4 B). After these micropillar samples are fabricated, the
top surface of the pillar, where the catalyst is deposited, can be altered to a wide variety of oxide
surfaces. Typically, either Al2O3 or SiOz are used as supports for CNT growth to prevent catalyst
aggregation and often play a large role in the resulting CNT growth.?® For Al.03, an ALD process
can be performed using sequential pulses of Al(CHzs)s and water, forming a monolayer of Al203
during each cycle. To produce SiO2 supports, a dry thermal oxidation method can be used. By
heating the substrate to 900 °C for 4 hours in air, the surface of Si micropillars will be oxidized,
forming a SiOz surface. For both of these methods, the surface roughness/smoothness is retained

from the Si pillar prior to treatment.
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Figure 3.4: AFM micrographs of the top surfaces of micropillars made using (A) SiO2z and (B)
photoresist as the hard mask during Bosch process etching. (B) Optical image of micropillars
fabricated using photoresist as a hard mask performed at (i) 0, (ii) 5, and (iii) 10 °C. Scale bars

are 50 pm.

3.2.2 Investigating Effects of Growth Conditions on SPBCL Catalysts

Prior to the combinatorial screening of multimetallic scanning probe block copolymer
lithography (SPBCL) synthesized catalysts in the ARES system, it first needs to be confirmed that
SPBCL is a viable catalyst synthesis method. When using SPBCL nanoparticles as SWNT
catalysts, two potential hurdles arise. For the majority of SPBCL studies, 20-50 nm particles have

been synthesized for ease of imaging. To be catalytically active for SWNT growth, catalyst
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nanoparticles need to be in a much smaller size regime (2-5 nm in diameter). When synthesizing
nanoparticles through SPBCL, there are two approaches to control the resulting nanopatrticle size,
either shrinking the polymer nanoreactor’s size or decreasing the metal precursor loading. To
achieve the 2-5 nm size range required for this application, both approaches were required. It was
determined that a sub-300 nm diameter polymer dome with a 256:1 pyridine to metal salt loading
was sufficient in forming a nanoparticle that was in the catalytically active size regime.

In addition to particle size, the excess presence of carbon in the SPBCL process needs to be
considered. One of the main causes for catalyst poisoning prior to or during SWNT growth is an
excess of amorphous carbon that coats the catalyst particle and terminates growth or prevents
SWNT growth entirely. There are two main sources of carbon in the SPBCL process that need to
be accounted for prior to SWNT growth: surface bound hexamethyldisilazane (HMDS) and
residual polymer dome. For SPBCL patterning to be performed, it is required that the patterned
substrate be hydrophobic to ensure isolated polymer nanodomes are formed. HMDS is used to
treat oxide surfaces, reacting with surface -OH groups to form a methylated hydrophobic surface.
This surface decomposes during the particle formation heat treatment but is not fully removed.
Additionally, the polymer dome is a large source of carbon that directly interacts with the surface
of the nanoparticle. During the heat treatment process, the sample is raised to 500 °C, under a
hydrogen atmosphere, resulting in decomposition of the polymer but not complete removal. The
nanoparticles formed through SPBCL are therefore covered in a thin (1-2 nm) layer of amorphous
carbon. Two methods were used to clean substrates prior to SWNT growth: oxygen plasma
cleaning and calcination. Using oxygen plasma, at 30 W for 5-10 minutes, all of the amorphous

carbon can be removed. The drawbacks of this technique are two-fold, plasma devices are not
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universally prevalent, and are high energy, which can cause the catalyst nanoparticle to structurally
change as high energy oxygen atoms are being driven into it. For these two reasons, it was
determined that a calcination method, extended heating in the presence of oxygen, was more
suitable to this application. A wide range of calcination treatments were investigated, all with
positive results. It was found that temperatures ranging from 350 to 700 °C were suitable for the
removal of amorphous carbon, with the former taking 1-2 hours and the later taking as little at 15
minutes. Additionally, as calcination and CVD growth of SWNTs are done in tube furnaces,
substrates patterned with SPBCL particles can undergo calcination and SWNT growths in the same
system sequentially, limiting any contamination or lag time in the system. Using these sample
preparation methods (using the low metal loading and <300 nm polymer domes (Figure 3.5)),
cobalt nanoparticles, with a nanoparticle-to-nanoparticle distance of 750 nm, were synthesized on
an ALD AIl20s substrate, made hydrophobic by HMDS. These nanoparticles underwent a 700 °C
calcination in air for 15 minutes, followed by a SWNT growth under a 50:10:1 Ar:H2:C2H4
atmosphere at 800 °C for 10 minutes. The resulting SWNT were characterized by scanning
electron microscopy (SEM) and Raman spectroscopy (Figure 3.6). Due to the density of
nanoparticles and high aspect ratio of the SWNTSs, there was a significant amount of SWNT
bundling, making isolated characterization of each SWNT difficult. In all future studies for
combinatorial screening, the nanoparticle spacing was maintained above 2 um to prevent this
bundling from occurring. These tube furnace CVD growths were also performed with Au, Ag, and
Pt nanoparticles on SiO2 substrates, all resulting in SWNT growth, demonstrating the flexibility

of this synthetic platform.
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Figure 3.5: AFM micrograph of polymer domes containing Co precursors patterning on ALD
Al203, made hydrophobic with HMDS. The polymer domes were spaced by 750 nm and were

275 nm in diameter.
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Figure 3.6: SWNTs grown from SPBCL synthesized Co nanoparticle catalysts. (A) SEM
micrographs of the SWNTS, inset showing excessive bundling. (B) Raman spectrum of SWNTSs,
sharp G peaks indicate low defect SWNTS. Presence of radial breathing modes (RBMs)
confirms SWNT growth, and fourth from bottom (grey trace) exhibit more than one RBM

confirming bundling seen in SEM.
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With confirmation of SPBCL nanoparticles as viable catalysts for the CVD growth of SWNTS,
the next steps were to pair SPBCL with the autonomous research system (ARES) through the
deposition of polymer domes on top of ARES micropillars. A polymer pen array was fabricated
with 15 um base length pyramidal pens with the same spacing as the pillars on an ARES substrate.
Using a rotational stage and an xyz piezo motor to align the pen array with the substrate (Figure
3.7 A), attoliter polymer domes with metal precursor containing PEO-b-P2VP ink were deposited
in an ordered array on top of HMDS treated micro-pillars (Figure 3.7 B). Across a 1.5x1.5 cm
substrate, for each pen to be aligned and pattern on each micropillar, the xy tilt is required to be
within 0.003° tilt alignment and the rotational alignment within 0.01° alignment, all done by hand.
Following the three-step heat treatment to synthesize catalytically active nanoparticles, SPBCL
nanoparticles were deposited on ARES micropillars allowing for high-throughput SWNT growth

and in situ characterization.
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Figure 3.7: Patterning SPBCL nanoparticles onto ARES micropillars. (A) Image of the pen
arrays aligned with the ARES micropillars, scale bar is 50 um. (B) Dark field optical image,
scale bar is 50 pm, with expanded inset of four pillars of the nano-dome polymer features in a

square array on top of the micropillars. Figure adapted from reference.6®

To study the effects of growth parameters using the ARES platform with SPBCL catalysts, the
same Co catalysts deposited on the flat Al2Os substrate were patterned on SiO2 ARES micropillars.
The temperature and partial pressures of ethylene, hydrogen, carbon dioxide, and water, as well as
the total pressure, were tested across wide ranges. The upper and lower limit of the growth
conditions tested, in addition to the optimal conditions found, are shown in Table 3.1:. Through
this screening, in addition to an optimal growth atmosphere, two growth peaks are observed as a
function of temperature. A possible cause for the two peaks in catalytic activity at 900 and 950 °C
could be a phase change from solid to liquid catalyst that has been reported in previous studies in
the ARES system.??® In addition to these Co catalysts, it was confirmed that Au, Ag, Cu, and AuCu

alloy particles were also catalytically active when deposited on SiO2 ARES micropillars.
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Table 3.1: Range of growth parameters screened for SPBCL Co catalysts deposited on SiO2

ARES micropillars.

Parameter C,H, H, CO, H,0 P T t
(torr) | (torr) | (torr) | (ppm) | (torr) (°C) (sec)
Upper Limit | 56.25 12 3.636 513 75 1000 | 200+
Lower Limit | 3.659 | 2.857 | 0.122 3 5 680 <3
: 900,
Optimal 30x 10x 1X 10 30 950 n/a

3.2.3 Combinatorial Screening of Bimetallic SPBCL Catalysts

With the catalytically activity confirmed, and the ability to deposit these nanoparticles on
ARES micropillars achieved, the full capabilities of SPBCL synthesis when paired with PPL,
combinatorial gradients, was utilized. Au-Cu alloy catalysts were initially studied due to their full
miscibility at the nanoscale over all compositions,®> 23 and the literature precedent that both
elements have been used for SWNT growth as monometallic particles.’®" 23 For this catalyst
screen, it was decided to study only SWNT growth, thus no size gradient was included due to the
size restriction (2-5 nm) of catalytically active particles for SWNT growth. The nanoparticles used
in SWNT growths were ~2.5 nm in size and are composed of Au and Cu uniformly mixed in the
nanometer scale (Figure 3.8). When particles are larger than this size regime, multiwalled CNTs
are the primary product. In order to analyze the catalytic activity of the full AuxCui-x system, a

1.5 cm wide pen array, consisting of pens which align with the micropillar substrate, was spray-
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coated with 5 mg/ml Poly(ethylene oxide)-b-poly(2-vinyl pyridine) (PEO-b-P2VP, Mn=2.8-b-1.5
kg-mol ™) solutions using two different spray sources. The Gaussian spray profiles’ linear regimes
were overlapped across the pen array (Figure 3.9 A,B). The compositional gradient was

characterized to be from X = 0.12 to X = 0.85 (Figure 3.9 C).
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Figure 3.8: Characterization of AuCu alloy catalysts used in compositional screen. (A) AFM of
AuCu particles in catalytically active size regime prior to calcination. AFM of AuCu particles
on top of ARES micropillar with heights of ~2.5 nm. This AFM was performed prior to
calcination with residual carbon from the patterned polymer nanoreactor still present
surrounding each nanoparticle (B) Scanning transmission electron microscopy of Au-Cu alloy
nanoparticles in catalytically active size regime. The particles were synthesized on an electron-
transparent silicon nitride thin film but have similar sizes as the ones on ARES micropillars and
show a homogenous alloy structure. From left to right: high-angle annular dark field (HAADF)
images, annular bright field (ABF) images, energy-dispersive X-ray spectroscopy (EDS)
elemental mapping results for Au L and Cu K lines. All images share the same scale bar of 2
nm. HAADF and ADF images were denoised using the block-matching and 3D filtering

(BM3D) method. Figure adapted from reference.!
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Figure 3.9: AuxCui-x Composition gradient. (A) Photograph of air brushes spraying Au and Cu
PEO-b-P2VP inks onto a pen array. (B) Optical scan of spray profiles for Au and Cu sources.
(C) Spray profile intensity across the center of both spray profiles, fit to a double Gaussian curve.

This fit was used to calculate the composition as a function of position across the pen array.
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This compositional gradient was patterned onto three 5 mm wide ARES micropillar
substrates, requiring the 1.5 cm gradient to be split evenly into three sub-gradients. Each substrate
was patterned using a third of the pen array, resulting in three gradients with ~24% composition
change from edge to edge. Across each ARES substrate, there are 12 columns of patches.
Assuming the variation of final particle composition has a distribution of roughly 5%, each vertical
column of patches can be treated as a single composition, with a 2% composition change from
column to column (Figure 3.10). The particle composition is this precise over the entire array due
to the tight correlation between ink composition and resulting particle composition, which has
been studied in detail.®* %2 This compositional gradient was investigated prior to the fabrication of
1.6 cm ARES micropillar substrates. All other compositional screens used the larger substrates,
which require a single patterning process but result in the same compositional resolution due to
the identical micropillar configuration. All three substrates were heat treated to form catalytically
active particles and placed into the ARES reaction chamber. Growths were performed in two
temperature ranges: 700-800 °C and 800-900 °C. Each pillar was individually heated to the growth
temperature under a total pressure of 20 torr, consisting of C2H4 (partial pressure 13.5 torr) and Hz
(6.5 torr). SWNT growth occurred over 1 min. These growth conditions were determined to be the
optimal temperature and growth atmosphere through a growth condition screen using Auo.sCuo.s
alloy catalysts. Following each growth, the laser power was turned down and a low-power 30 s
Raman scan was collected at room temperature. The integrated intensity of the G band peak,
normalized to the 950 cm™ Si peak, from this room temperature scan (labeled Gmax) is proportional
to the yield of the SWNTs on the micropillar. Ten growths were performed for each nanoparticle

composition, five in each temperature range, amounting to a total of 360 growth experiments.
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Figure 3.10: Compositional breakdown of the 75% composition gradient across three 5 mm

substrates. Figure adapted from reference.®

The average Gmax values were analyzed as a function of nanoparticle composition,
visualizing the growths performed at 700-800 °C (Figure 3.11 A) with representative Raman
spectra in the G-band region of the SWNTSs are shown for five different alloy compositions (Figure
3.11 C). Growths performed between 800-900 °C were also analyzed (Figure 3.11 B). The largest
increase in catalytic activity was found at x=0.75 for both growth temperatures. While this
composition was not previously known for its ability to catalyze SWNT growth, it has been shown
to have enhanced catalytic activity in electrochemistry, with AusCu exhibiting a peak activity for
the reduction of CO2 greater than any other composition in the Au-Cu system.?3® Moreover, higher
overall SWNT vyield was observed in the lower-temperature range. Taking melting point
depression into account, these growth temperatures are near the melting points of AuCu nano-

alloys, with particles containing a higher gold content having higher melting temperatures 23, Thus,
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the lower (700-800 °C) and higher (800-900 °C) growth temperatures may correspond to solid and
liquid catalysts, respectively. Furthermore, it has been shown previously that average particle size
increases with Au content owing to the larger lattice constant of Au compared to Cu.?’ In this
study, the molar metal loading was kept constant across our gradient, yet the average SWNT
diameter increases with Au content (Figure 3.12), which can be attribute to the increase in lattice
constant. These SWNT diameters were measured using ex situ Raman spectroscopy, correlating

the radial breathing modes to the corresponding SWNT diameters for each composition.
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Figure 3.11: Compositional breakdown of catalytic activity. (A) Integrated intensity of the
SWNT Raman G band as a function of catalyst composition for growths performed between
700 °C and 800 °C. Error bars represent SEM. (B) Growths performed between 800 °C and
900 °C. The Gmax peaks at X = 0.75 suggests AusCu is the composition that exhibits the highest
catalytic activity for SWNT growth. (C) Representative Raman spectra from growths on ARES

micropillars at five compositions normalized to the Si peak. Figure adapted from reference.*®



134

’ m T<800C]
1.8 1 ® T>800C
c o
51 6
o — .
"6 ." .. H -
a n
.514' .“.'.l-
()| i = i
)
(®)] = o
© 1.2+ . My
0 S
< o
=)
1-0 1 1 1 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0
X (Au,Cuq,)

Figure 3.12: Average SWNT diameter as a function of Au content. RBMs were collected across
the compositional array. The diameter of a SWNT is inversely proportional to the RBM

(d=248/RBM). Figure adapted from reference.1®

These observations of enhanced catalytic activity at AusCu were not limited to the ARES

experiments. The results were independently confirmed with more traditional tube furnace-based

thermal CVD growth experiments, where the appropriate amounts of Au and Cu were used in the

form of salts (auric acid and cupric nitrate) dissolved in ethanol followed by dip coating of SiO2

substrates. Samples were made at compositions of X = 0, 30, 50, 70, and 100. While the products
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from these growths exhibited a higher D-band intensity due to an excess of ethylene being present
(the tube furnace growths were performed at atmospheric pressure, while ARES growths were
carried out at 20 torr; excess ethylene leads to more disordered C), the G-band trends for the
growths performed with the SPBCL-synthesized particles were mirrored using this more

conventional particle synthesis and growth method (Figure 3.13).
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Figure 3.13: Raman spectra of SWNTs grown from dip coated catalyst. Raman spectra exhibit
similar trends to those seen in SPBCL ARES spectra, with an increased catalytic activity at

~AusCu. Figure adapted from reference.'®®
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Following the catalyst hit found at AusCu, the next focus was on expanding the Au-Cu system
to include Ni. Ni was chosen for two reasons. First, it is a metal traditionally used in SWNT growth.
Second, the Au-Cu-Ni phase diagram exhibits a wide range of particles structures due to the
miscibility of Cu with both Au and Ni and the immiscibility of Au and Ni. On the nanoscale, this
is expressed in alloy (Au-Cu, Cu-Ni) and Janus (Au-Ni) structures being present depending on
composition. We chose the Cu-Ni bimetallic system as the first gradient to investigate as Cu and
Ni have been shown to form an alloy structure.®> A Cu-Ni composition gradient of PEO-b-P2VP
was spray coated onto a 2 cm hard transparent coated PPL array and subsequently patterned onto
a 40-patch, 1.6 cm wide ARES micropillar substrates. Multiple patterns were produced using the
same gradient to allow for different growth procedures on the same underlying nanoparticle
gradient. The nanoparticles were formed using the traditional SPBCL two step heat treatment,
followed by a calcination to remove excess carbon. One substrate was loaded into the ARES
system for high throughput growth. After the chamber was evacuated, it was back filled with 20
mTorr of growth atmosphere (15 mTorr Cz2Ha4, 5 mTorr Hz, 2 ppm H20). Preliminary growths were
performed, varying the growth temperature, until an optimal temperature was found at ~840 °C.
With the conditions found for the Cu-Ni system, growths were performed across the 40 patches, 5
pillars in each patch, 200 growths total. Using the G band peak, normalized to the Si peak, the
growths were analyzed for the total amount of SWNT’s grown (Figure 3.14). A peak in catalytic
activity was found at 75% Ni, a composition of CuNis. Similar to the catalyst hit found at AusCu,
this catalyst composition had not previously been discovered as an ideal catalyst for SWNT growth,
but had been seen as a composition with enhanced catalytic activity for other applications, this

time for hydrogenation of vegetable oils.?®
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Figure 3.14: G-band intensity, normalized to the Si Raman peak, as a function of Cu-Ni
composition. (A) 200 growths performed in ARES, resulting in a catalyst hit at CuNis. (B) The
same catalyst peak was found using traditional tube furnace growth, ex situ Raman spectra was
used to collect a representative spectrum from the center pillar of each patch (Patch 210, on this

gradient, correlates with the composition CuNis)
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In addition to the growths performed in the ARES system, a second gradient on ARES
micropillars was used in a traditional tube furnace growth. The entire 40 patch gradient was
calcinated under air, followed by a growth performed under Ar, C2Hs, and H2 at 840 °C. Post-
growth, ex situ Raman spectra were collected across the gradient (Figure 3.14 B), with more
spectra collected at the composition which exhibited the highest catalytic activity, CuNis. This
data agrees with the findings from the growths performed using laser induced CVD in the ARES
system. This again confirms that the SPBCL catalyst hits found using this screening platform are
not limited to the ARES system and can be extrapolated to other growth methods.

The screening of the Au-Cu-Ni bimetallic composition phase space was continued with the
investigation of Au-Ni bimetallic nanoparticles. Using the same parameters as the Cu-Ni gradient
(2 cm SiO2-coated tips, sprayed with linear composition gradient, patterned onto a 1.6 cm
micropillar substrate), multiple patterns were prepared. After heat treatment to synthesize the
nanoparticles, a calcination process was performed (650 °C for 15 minutes), followed by a SWNT
growth at 840 °C under an atmosphere of Hz, Ar, and CzHa, flowed at rates of 100, 500, and 20
sccm, respectively. The analysis of this growth was performed by collecting a single Raman
spectrum from the center of pillars across a row of patches. This analysis exhibits an increase in G
band intensity with increased Ni content (Figure 3.15). The Au-Ni system was the first system
encountered that did not have any catalyst hits found, but instead a global trend. This is
hypothesized to be caused by the immiscibility of the two elements, and the resulting G-Band
intensity that is solely dependent on the quantity of Ni, the more dominant catalytic composition,

present on the sample.
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Figure 3.15: G-band intensity as a function composition of Au-Ni nanoparticles. SWNT growth
was performed in a tube furnace with analysis completed with ex situ Raman spectroscopy. Inset

Raman spectra exhibit the presence of RBM, confirming SWNT growth.

3.3 Experimental Methods
3.3.1 Fabrication of Micropillar Substrates

Using a silicon on insulator (SOI) wafer, (Si device thickness 10 um, buried oxide thickness
>1 um), a hard mask, if used, was deposited (typically SiO2 through E-beam deposition). Next, a
positive photoresist, S1805, was spin coated onto the wafer at 4000 RPM, resulting in a film
thickness of ~450 nm. Photolithography was then performed using similar bake, exposure, and
develop methods used in fabricating Si masters for PPL arrays. Once the photoresist mask was
produced, if a hard mask was used, the SiO2 hard mask was etched, either by wet etching with HF

or dry etching with CF4 followed by the removal of the photoresist by acetone. If no hard mask
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was used, i.e. the photoresist is used as the mask for the Bosch cycle etch, a second hard bake
treatment was performed at 115 °C for 5 minutes. With the mask formed, a Bosch cycle etching
procedure was performed, oscillating between an etch step (SFs) and a protective deposition step
(C4Fs). This procedure was performed until the Si had been etched down to the buried oxide layer,
producing thermally isolated Si pillars on a SiOz2 film. Finally, the mask used was removed. If a
hard mask was used, a wet HF etch was performed to remove the SiO2 hard mask. While this will
also etch the exposed buried oxide layer, the hard mask (~500 nm) should be completely removed
prior to complete etching of the buried oxide layer (>1 pum). If hard baked photoresist was used as
a mask, an oxygen plasma cleaning treatment (5 min at 30-60 W) was performed to remove all
remaining photoresist. Before catalysts were deposited on the micropillar surface, the top of the
micropillar was modified to become an oxide surface, either Al203 or SiO2. For Al203, an ALD
method was used to deposit 3-5 nm of Al20s through sequential reactions of Al(CHs)s and water,
forming a monolayer of Al20s for during each cycle. For SiOz2, the Si pillar was thermally oxidized
through a dry oxidation treatment (4 hr at 900 °C in air). For patterning, these pillar were made
hydrophobic by vapor treatment, using a 1:1 hexamethyldisilazane:hexane solution in a sealed
desiccator for 24 hours.
3.3.2 Tube Furnace Growth of SWNTs

Substrates with catalytic nanoparticles were loaded into the center zone of a 1-inch diameter
quartz tube furnace. A calcination process was performed under air at 350-700 °C for 15 min to 2
hours. The furnace was then heated to the SWNT growth temperature (750-1000 °C) under a
constant flow of argon (500 sccm) and hydrogen (200 sccm). Once the furnace reached the growth

temperature, SWNT growth was initiated by flowing in controlled amounts of a hydrocarbon
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precursor (ethylene or ethanol) for 5-15 min. Following the growth period, the furnace was turned
off and allowed to cool to room temperature under a constant argon stream.
3.3.3 ARES Growth of SWNTs

For high throughput SWNT growth, a laser-induced system was used (ARES). Before being
placed into the vacuum chamber, the substrate with pillars was calcinated in a tube furnace under
air at 350-700 °C for 15 min to 2 hours to remove residual carbon from the nanoparticles. After
loading the substrate into the ARES chamber, it was pumped down to a base pressure of ~1x107°
torr overnight followed by backfilling the chamber with H2 to the growth pressure. Using a 532
nm laser, as both a heating source and a Raman excitation laser, 10 um pillars were heated to the
growth temperature under the growth atmosphere (20-50 torr containing varying partial pressures
of C2Hs and H2). The temperature was measured using the ratio of the Stokes and anti-Stokes Si
Raman peaks. The G-band carbon peak was integrated as a measurement of carbon deposited on
the pillar to calculate the growth kinetics. Due to a noisy Raman signal in the low frequency range,
radial breathing modes (RBM) were measured using post-growth Raman maps.
3.3.4 Imaging and Characterization of Nanoparticles and Resulting SWNTs

To collect AFM measurements of patterned polymer domes or nanoparticles, a Dimension Icon
(Bruker) was used to perform tapping mode measurements. For the analysis of features on top of
micropillars, it was vital to align the AFM cantilever with the center of the pillar to ensure the
system did not crash into the side of the pillar. Images were processed in Nanoscope Analysis
software. To investigate SWNT products from tube furnace growths and to analyze RBM on ARES
micropillars, additional Raman spectra were collected ex situ using a standard Raman microscope

(Renishaw InVia; 514.5-nm excitation).
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To collect scanning transmission electron microscopy on the Au-Cu nanoparticle catalysts,
polymer nanoreactors containing Au and Cu precursor ions were deposited on 15-nm silicon
nitride membranes using dip pen nanolithography and thermally treated under the same conditions
as used on ARES micropillars. Scanning transmission electron microscopy imaging was
performed on a JEOL ARM200 equipped with a CEOS probe corrector and dual energy-dispersive
X-ray spectroscopy detectors. The high-angle annular dark-field images were collected with a
collection angle of 68-280 mrad, and annular bright-field images were collected with a collection
angle of 8-34 mrad.

3.3.5 SWNT Catalyst Screening Platform Optimized Workflow

Polymer pen arrays were made using Si masters, which contained pyramidal pits with a pitch
and density to align with ARES substrates. Two polymer solutions, each containing a different
metal, were prepared and shaken overnight. Concurrently, the micropillar substrates were treated
with HMDS to make them hydrophobic. The next morning, the pen array was spray coated with a
composition gradient and used to pattern polymer domes onto the micropillars, using the spray
profiles to assign a specific composition to each patch number on the substrate. That night, the
substrates were loaded into a tube furnace under an Ar or Hz atmosphere and stepwise heat treated
to form a bimetallic nanoparticle in each polymer dome. Before being loaded into the ARES
vacuum chamber, a calcination was performed under air in a tube furnace to remove any residual
carbon resulting from decomposition of the polymer dome. The growth gases were back filled into
the ARES vacuum chamber and allowed to equilibrate. Growths were performed across the entire

gradient over 2-3 days. The in situ Raman spectra were analyzed using peak integration
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calculations. From start to finish, the screening platform allowed for comprehensive combinatorial

screening of multimetallic nanoparticles in 5-6 days.

3.4 Summary

Herein, the first property screened using combinatorial libraries synthesized using PPL and
SPBCL was described, the catalytic ability to grow SWNTSs. First, a substrate was fabricated to
allow for isolated heating of micropillars using laser induced heating. Through a multistep etching
process, thermally isolated Si micropillars (10 pum tall and 10 um in diameter) on a SiOz2 film were
fabricated. These micropillars can be exposed to a high energy laser (532 nm, 6 W maximum
power) which instantaneously heats the pillar to 700-1200 °C. This laser can also be used as an
excitation laser to collect in situ Raman spectra of the SWNTSs that are grown on the micropillar.
When catalysts are deposited on top of these micropillars, hundreds of individual SWNT growths,
with product analysis, can be performed in the time it would take to perform a single tube furnace
growth due to the ability to instantaneous heat and cool each micropillar. This allows for a higher
number of catalysts and growth conditions to be screened, greatly increasing the throughput of
materials discovery.

To fully take advantage of throughput of both the laser induced heating SWNT growth and the
SPBCL and PPL combinatorial nanoparticle libraries, the were first proved to be compatible.
SPBCL catalysts were confirmed to be catalytically active for SWNT growth when they are
synthesized in the correct size regime (2-5 nm in diameter) and properly heat treated (complete
calcination to remove excess carbon residues). When properly synthesized on a flat substrate,

multiple SPBCL catalysts (Co, Pt, Ag, Pt) were found to be catalytically active for the growth of
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SWNTSs. To pair SPBCL catalysts with the micropillar substrates, a rotational stage was added to
the patterning process to align custom made PPL arrays to align each pen with a micropillar. By
patterning polymer domes on top of each micropillar, various homogenous nanoparticles (Co, Ni,
Au, Ag, Cu, AuCu 1:1 alloy) were deposited and screened for optimal growth conditions.

With the confirmation of the compatibility of the two techniques (synthesis and screening),
combinatorial libraries of multimetallic nanoparticles were deposited onto micropillar arrays. Due
to the spacing of the micropillar patches, a near continuous gradient of AuCu alloy catalysts were
screened with a ~2% compositional resolution, the highest nanoparticle screening resolution to
date. Across two different temperature ranges, multiple trends were found, including a new catalyst
hit that was discovered at the composition AusCu. This process was repeated to complete the Au-
Cu-Ni bimetallic systems, including a traditional SWNT catalyst in Ni. Another previously
unknown catalyst hit was found at CuNis. In the AuNi system, which, at the 20-50 nm size range
studied in literature, does not form an alloyed particle but instead a Janus structure, was found to
contain a trend of increasing catalytic activity as a function of Ni content. Using these techniques
(SPBCL and PPL for synthesis and ARES for screening), a new high throughput screening
platform was developed with a throughput of catalyst screening dramatically higher than

traditional methods with a greatly increased compositional resolution.
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CHAPTER 4:
COMBINATORIAL SCREENING OF

CATALYTIC PROPERTIES

This chapter is based, in part, on the research described in the following publication:

Du, J.S.; Kluender, E.J.; Liu, M.; Ivankin, A.; Chen, P.C.; Hedrick, J.L.; Wolverton, C.;
Dravid, V.P.; Mirkin, C.A. “Combinatorial Assessment of Au-Cu Alloy and Intermetallic
Nanoparticle Electrocatalysts” in preparation for submission
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4.1 Background

Catalysts are responsible for a massive percentage of the worlds GDP. Almost the entirety of
chemical processes (90%) require a heterogeneous catalyst.?®® These catalyst materials are vital to
the synthesis of a wide range of chemicals, from drug synthesis?*° to fuel production.?*! A catalyst
is defined as a material or chemical that lowers the energy required for a chemical reaction, often
allowing for reactions to undergo that would not be possible without the catalyst, while remaining
present after the reaction has occurred. The majority of these catalyst are heterogeneous catalysts
which consist of a material on a surface that chemically interacts with reactants in a solution or
gas. By using heterogeneous catalysts, the catalysts no longer need to be separated from the
resulting products, removing a purification step that is required from homogeneous catalysts.
Nanomaterials have proven to be an ideal system for these catalysts due to their high surface area
to volume ratio and high surface energy.?*? By the simple nature of being extremely small, a large
percentage to the atoms that make up nanoparticles are on the surface and can directly interact with
the surrounding chemicals. Additionally, by having these surface atoms that are on curved surfaces,
they often contain a higher percentage of dangling bonds that allow for advantageous interactions
with chemical reagents.

Catalysts are measured by two properties: efficiency and selectivity. Efficiency is a direct
measurement of how well the catalyst is able to transform one chemical into another. When there
is a direct chemical pathway which results in one set of reactants turning into one set of products,
using high efficiency catalysts is the goal. This is an ideal situation though, as most chemical
reactions have multiple pathways and can result in multiple different products. Selectivity is the

measurement of just that, the ability of the catalyst to undergo a select chemical pathway, resulting
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in a homogeneous product. This is often more important than efficiency, particularly in the
pharmaceutical industry where complex molecules need to undergo specific chemical reactions.?*3

For each reaction, the ideal catalyst can vary wildly. Due to the specificity of the surface-
reactant and surface-product interactions required for efficient and selective catalysts, each
reaction performs differently on a surface. To tailor a specific catalyst to a specific reaction,
controlling the atomic surface structure is required. While some metals have proven to be
extremely catalytically active for a wide range of reactions (Pt,*?° Pd?*®), they are often expensive
materials. To mitigate the cost and to improve activity (both efficiency and selectivity), alloy
materials have been studied.?® °%-%2 Through the alloying of multiple elements, the surface energies
can be controlled, altering the surface-analyte interactions for each reaction.?** This requires not
only composition control, but also crystal phase control, as a random mixed alloy would act
differently than an ordered structure.?*> Catalytic processes which are based on the chemisorption
and desorption of molecules, are highly sensitive to the local atomic arrangement near the catalyst
surface. Particularly, even if the overall elemental composition is similar, the crystal structure or
chemical ordering of nanoparticle electrocatalysts could lead to drastically different
electrochemical properties presumably due to the different electron structure, strain, and
chemisorption sites.

While these controls allow for the specific tailoring of catalysts to reactions, it opens up a
massive parameter space. The discovery of new catalysts has predominantly been driven by
computational methods predicting surfaces of interest.19% 111 246 \While this has been a valuable
resource for materials discovery, ultimately, they are only calculated predictions and experimental

limitations may prevent a theoretically perfect catalyst. Scanning probe block copolymer



148

lithography (SPBCL) synthesis of multimetallic nanoparticles is an ideal method for investigating
these predicted structures of interest. Due to the nanoreactors used in SPBCL, it is capable of
synthesizing a wide range of complex multimetallic nanoparticles regardless of their
composition.® 92 % Paired with polymer pen lithography (PPL),% these nanoparticles can be
deposited onto a wide variety of substrates for different catalytic reactions and rapidly probed for
their activity, greatly increasing the throughput of material discovery. This was first shown in a
study of hydrogen evolution catalysts, computational methods led to the testing of two
compositions that were predicted to have ideal hydrogen binding energies: AuCuPt and AuNiPt.24
Upon synthesis of these materials, it was discovered that while AuCuPt performed as predicted (7
times more active than traditional Pt catalysts per Pt atom), AuNiPt did not perform nearly as well
and was only as active as AuPt by itself. With this information, the particle’s phase structure was
investigated using TEM and it was found that the AuCuPt formed a homogenous alloy (same as
used in the computational predictions), but the AuNiPt segregated into a Ni-AuPt Janus structure.
Ultimately, for any screening platform to be used to its full potential, it requires powerful
computational predictors combined with experimental measurements. This chapter will overview
the development of this screening platform for the selective characterization of nanoparticle
catalysts with composition spatially encoded. These studies seek to improve the fields ability to

rapidly probe complex nanoparticles for catalytic activity, driving the discovery of new materials.
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4.2 Results and Discussion
4.2.1 Universal Well-Plate Reactor for Heterogeneous Catalysis

With great control of composition and phase structure, SPBCL has the capability of being an
ideal synthetic method for screening for new catalyst nanomaterials. In addition to showing
catalytic activity for the growth of single walled carbon nanotubes in Chapter 3, SPBCL catalysts
have been shown to be catalytically active for a hydrogenation reaction.®® By altering the
nanoparticles composition, an alloy of Pd and Au was found to have higher catalytic activity for
the reduction of 4-nitrophenol. This was valuable as a proof-of-concept for catalytic activity, but
its catalytic methodology was extremely rudimentary (drop casting a reactant onto a substrate with
deposited nanoparticles) and not suitable for high throughput screening of libraries of materials on
a single substrate. To allow for the analysis of multiple locations of a single substrate, a well-plate
reactor was designed to investigate isolated sections of a single samples. This required a set of
materials that is able to form reliable sealed reactors on multiple locations of a substrate and be
compatible with extreme catalytic condition, specifically non-aqueous volatile solvents and high
temperatures. Additionally, the most promising application of SPBCL catalysts is in the field of
electrocatalysis, requiring each section to be electrically isolated.

To investigate individual locations on the library for their catalytic properties, a modified well-
plate reactor was developed that allows for the isolation of specific locations of the substrates
under a variety of conditions. The reactor is made of 6 separate layers to allow for reliable sealing
and isolation of each well: a base plate, a substrate support, a substrate-well seal layer, a bulk well
plate, a top seal, and a top plate (Figure 4.1). The base plate is made of a hard metal (in this case

stainless steel) with holes for screws to be ran through each layer to forms seals at the bulk well
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and top plate levels. The substrate support is made of thermally conductive elastomer to allow for
heating of the sample through the base plate, while limiting the hard-to-hard contact between the
substrate and the metal base plate that can cause fracturing of the substrate. The substrate-well seal
layer will be discussed later. The bulk well plate is made of a hard plastic or metal and makes up
the majority of the well volume and forms the isolated wells. The top seal is made of chemically
inert elastomer, same material as substrate-well seal layer, to prevent solvent in low-volume wells
from evaporating, particularly when using volatile solvents. The top plate is made of a hard metal
to compress the top seal and isolate the small solution volumes in the wells. The most important
layer of the reactor is the substrate-well seal layer. This layer needs to be pliable enough to form a
reliable seal between the wells without cracking the substrate, while also being stable enough to
withstand extreme chemical conditions. For screening performed at low temperatures (<100 °C),
kalrez, a fluoropolymer, was used. It exhibited limited swelling under a wide variety of solvents
and produced isolated wells for >48 hours of testing. For higher temperatures (>100 °C), a
polytetrafluoroethylene (PTFE) layer, coated in a perfluoropolyether lubricant, was used. This
PTFE layer was used at high temperatures because kalrez absorbs solvent at higher temperatures,
causing problematic swelling and well-to-well leakage. Both seal layers produced isolated wells
for >48 hours without leaching any impurities into the solvents loaded into each well. With this
reactor set up, individual reactions can be performed at isolated locations of the substrate under a
variety of extreme chemical conditions. To investigate the stability of this reactor during a reaction
of interest, a substrate was fabricated consisting of Pd nanoparticles and loaded into the reactor to
run a N-alkylation reaction using lubricated PTFE seal layers. 50 pl of an o-xylene solution,

containing 1 M 1-naphthylamine, 500 mM benzyl alcohol and a saturated FeCls 6-H20 cocatalyst,
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was loaded into a reactor well. The reaction ran for 18 hours at a reactor base plate temperature of
200 °C. After completion of the reaction, another 50 pl of o-xylene was added to the well and the
entire 100 pl was removed and analyzed using gas chromatography-mass spectroscopy (GC-MS)
(with a dodecane internal standard). While this reaction was performed with extreme excess of 1-
naphthylamine, the product formed with a selectivity for the fully reduced product (Figure 4.2).
This reactor shows the capability to be ran at high temperatures with a wide range of reactants and
solvents, allowing for the universal screening of catalytic reactions using substrate-based catalysts.
While this well-plate reactor was initially designed to screen a composition and size gradient
sample synthesized using SPBCL and PPL, it can also be used for reaction condition screening of

a more traditionally produced homogenous substrate.
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Figure 4.1: Set up of well-plate reactor, 5x5 arrays of 3.8 mm circular wells. (A) Substrates are
placed on substrate support inside of base plate, with screws facing upwards through 9 bolt
holes. (B) Substrate-well seal layer, in this example lubricated PTFE, is placed on top of the
substrates, aligning the wells with locations of interest on the substrate. Kalrez is used for
experiments performed <100 °C, and lubricated PTFE is used at higher temperatures. (C) The
bulk well layer is then loaded on top of the seal layer and screwed tight to isolate each well.
Once this is done, the wells are created, and solutions can be loaded. (D) The top seal layer is
placed over the wells to prevent evaporation of low volumes and the top plate is screwed down
to create a reliable seal. Reaction solutions can also be loaded at this step by piercing the top
seal layer with a needle. (E) Side view of the reactor once fully constructed. (F) Vertical scheme
of reactor fully constructed. Grey: base plate and top plate. Red: substrate support. Purple:

substrates. White: substrate-well seal layer. Yellow: bulk well plate. Blue: top seal layer.
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Figure 4.2: N-alkylation of 1-naphthylamine in well plate reactor. GC-MS spectra of the
resulting product after the reaction ran for 18 hours at 200 °C. These Pd catalysts exhibited a

high selectivity for the fully reduced product.

This reactor set up was originally investigated for the used in heterogeneous reactions
performed for the chemical transformations of different organic molecules. While this is a viable
use of the system, the low turnover of the catalysts due to the low catalyst loading and limited
diffusion (two difficulties that are often overcome by high surface area catalyst supports) make it
more challenging to produce high throughput testing of results as reactions need to run for longer
times. Another application of this reactor is electrocatalysis, which allows for the instantaneous
measurement of catalytic activity by measuring IV curves. The well configuration is readily
modifiable for a wide range of well sizes, allowing for both low volume heterogenous catalysis

(with volumes ~10 ul) as well as larger wells with enough space for electrodes to perform
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electrocatalytic screening without the top plate (Figure 4.3). By loading a conductive substrate into

the reactor and sealing the bulk well plate to form an open top reactor.
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Figure 4.3: Configuration of well plate reactor for electrocatalysis (A) Side view schematic of
reactor set up, similar to the use for heterogeneous catalysis without the top plate. The working
electrode in each well is connected in parallel and the reference and counter electrodes are
moved from well to well to test each section. (B) Photograph of well plate reactor testing one of

9 cells. Smaller wells are capable with smaller reference electrodes.

4.2.2 Electrochemical screening of AuCu on glassy carbon films

To perform electrocatalytic screening of bimetallic nanoparticles, Au-Cu nanoparticles were
chosen as an ideal test system. They had been extensively studied for their crystal structure and
have traditionally been studied for electrocatalytic applications.?*® For SPBCL catalysts to be used
as electrocatalysts they need to be patterned onto a conductive substrate. To deposit the isolated
nanoreactors that power the SPBCL technique, the surface that is used needs to be hydrophobic to
ensure high contact angles with the polymer domes and prevent multiple nanoreactors from

aggregating during the patterning and heat treatment processes. This has led to the used of oxide
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surfaces due to the ease of silane chemistry to functionalize the surface. While there are some
conductive oxides, such as indium tin oxide, their conductivity is not resilient to the heat treatments
under reducing atmospheres required for nanoparticle formation through SPBCL.

Therefore, glassy carbon (GC) substrates were used in place of oxide surfaces. GC is a carbon
species that is halfway between graphene and amorphous carbon, being made up of entangled
ribbons of layers of graphene.?*” This produces a thermally stable conductive substrate that
maintains its conductivity even under high temperatures in reducing atmospheres. To make GC
hydrophobic enough to pattern nanoreactors onto, it can be functionalized by hexafluorobenzene
(HFB). By spin coating HFB onto GC, the n-r interactions between the HFB and sp? carbon result
in a stable hydrophobic surface. To test the viability of the glassy carbon as a working electrode
substrate, mechanically polished GC substrates, treated with HFB, were patterned with AusCu,
AuCu, and AuCus composition nanoparticles. Using the well plate reactor described previously
(Figure 4.3), oxygen reduction reaction (ORR) tests were performed (each well contained 400 pl
of 0.1 M KOH). It was found that AusCu exhibited the lowest turn on voltage and AuCu exhibited
the highest current at its peak (Figure 4.4). While this was a positive proof-of-concept for the
viability of GC substrates, these trends proved difficult to scientifically explain. Specifically, the

lower onset voltage for AusCu and higher absolute current for AuCu.
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Figure 4.4: Catalytic screening of Au-Cu catalysts for oxygen reduction on non-uniform

mechanically polished GC.

It was determined that the variations in the IV curves, while partially due to nanoparticle
composition, could also be caused by variations in the substrate preparation, specifically the
uniformity of the GC substrate. Under further investigation of the mechanically polished GC
surface, it was found to have both nano and macro variations that would greatly impact the
patterned polymer domes. First, the local roughness of the substrates varied greatly from sample
to sample, resulting in inconsistent patterning and irregularly shaped polymer domes caused by
pinning of the polymer dome’s edges at rough locations of the substrate (Figure 4.5 B). Second,
large area bowing (Figure 4.6), attributed to the physical polishing process performed, led to

inconsistent patterning over large areas, preventing the full utilization of SPBCL and PPL for
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screening large libraries of nanomaterials. Similar to how bowing of the PPL array effects the
resulting patterning (Section 2.2.2), bowing of the substrate, even on the order of a micron, can

lead to massive patterning discrepancies (Figure 4.5 A).

A
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B
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Figure 4.5: Inconsistent patterning on mechanically polished GC. (A) Dark field optical images

of patterned polymer domes on an outward bowed GC substrate. While there are regions of the
pattern that resulted in uniform patterns and the PPL array was in proper contact with the
substrate, the center of the substrate applied too high of a force resulted in aggregations of
patterns and the edges did not contact at some points resulting in no patterns. (B) AFM image
of polymer domes patterned on a rough mechanically polished substrate. The resulting polymer
domes are non-uniform in shape due to increased roughness pinning the edges of the polymer

dome.
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Figure 4.6: Profilometry measurements of a set of GC substrates and a Si wafer. Due to the
mechanical polishing required for GC, large area height variations occur that prevent large area

patterning for reliable catalyst screening.

Ultimately it was determined that mechanically polished substrates would not be viable for
large area patterning and screening. To produce reliable conductive substrates that were flat both
on the nano and the macro scale, a thin film deposition method was developed. A thin GC film
was formed on top of a conductive Si substrate through polymer assisted deposition (PAD).?*® On
a Si or SiOz2 substrate, an aqueous solution of polyethylenimine (PEI) and glucose was spin coated

at spin rates ranging from 4-8 krpm. These wafers were then heat treated under a 10:1 Ar:H2



159

atmosphere at 1000 °C for 5 min, ramping with a rate of 2 °C per min. After cooling back to room
temperature, these substrates were characterized by AFM and Raman spectroscopy. To the eye,
the substrates appeared to retain the polished surface of the underlying Si wafer. By AFM, the bulk
of the samples exhibited a surface roughness of approximately +/- 1.5 nm (Figure 4.7 B). When
spin rates were above 6000 rpm, pinholes occurred (Figure 4.7 A) that would prevent single
particle formation once patterned on, indicating spin rates below 6000 rpm were necessary for
screening substrates. Raman spectroscopy confirmed the presence of sp? carbon and matches
literature spectra of GC (Figure 4.7 C). These substrates were found to be as conductive as the
mechanically polished GC substrates and would prove to be a viable substrate for electrochemical

testing.
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Figure 4.7: Characterization of PAD GC films. AFM images of as fabricated GC films when
spin coated at (A) 8000 rpm and (B) 6000 rpm. Faster spin rates resulted in non-uniform films
that produced pinholes that were not present in lower spin rates. (C) Raman spectra of GC films.
The D- (1350 cm™) and G- (1590 cm™) band peaks are present, along with a smaller 2D and

D+G band peak at 2800 cm™.

Using PAD GC films on conductive Si as electrodes, AuCu nanoparticles needed to be

deposited on it for screening. To examine the ability to pattern SPBCL inks onto PAD GC films,
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they were treated with HFB in the same method as the mechanically polished GC and AuCu loaded
polymer ink was patterned with the same conditions. The resulting polymer domes were uniform
in shape (Figure 4.8 A) and homogeneous in size across the entire patterned area (Figure 4.8 C).
This patterned sample was then heat treated to form nanoparticles and characterized with AFM,
showing high yield of single particle formation in each polymer dome. The PAD GC films resulted
in more uniform electrode for the fabrication of multimetallic libraries of nanoparticles. In order
to test the electrochemical activity of these nanoparticles, ORR reaction was ran using 0.1 M KOH
and the AuCu nanoparticles showed an enhanced catalytic activity relative to the bare PAD GC

film (Figure 4.9).
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Figure 4.8: Characterization of patterns on PAD GC. AFM images of (A) polymer domes
patterned on PAD GC and (B) the resulting nanoparticles after heat treatment showing high
yield of single particle formation. (C) Optical images of polymer domes patterned across the
entire patterned substrate showing high pattern uniformity over the necessary scales for

combinatorial screening.



163

Voltage (mV)

-600 -500 -400 -300 -200 -100
T T 0

Bare GC 1 -4
AuCu 5

Current (uA)

Figure 4.9: Characteristic voltage sweep measurements of PAD GC substrates with and without
patterned AuCu nanoparticles. The lower turn on voltage and higher peak current indicate that
the patterned nanoparticles are electrically connected to the GC substrate and accessible by the

reactant solution.

4.3 Experimental Methods
4.3.1 Fabrication of PAD GC

To prepare substrates for large area electrochemical screening, a polymer assisted deposition
method was used. An aqueous solution of 0.1 g/ml polyethylenimine (PEI) and 0.4 g/ml glucose
was prepared and shaken overnight. The concentration of PEI was always kept constant and the

thickness of the resulting films could be controlled by the concentration of glucose. This solution
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was spin coated onto a Si or SiO2 wafer at a spin rate of 6000 rpm for 1 min. Then the sample was
placed under a 10:1 Ar:Hz atmosphere for 1 hour. The substrates were then heated to 1000 °C over
the course of 8.5 hours, held at 1000 °C for 5 minutes and then allowed to cool to room temperature.
These substrates were then made hydrophobic by a hexafluorobenzene (HFB) treatment. 200 pl of
HFB was deposited on the substrate for 30 seconds, the excess HFB was removed via spin coating
at 2500 rpm for 1 min. The resulting substrates were then hydrophobic enough to be used as
patterning substrates for the deposition of SPBCL polymer inks.
4.3.2 Well-plate Electrochemical Measurements

To perform oxygen reduction electrochemical measurements in the well-plate reactors, 0.1 M
KOH solutions were prepared and bubbled with oxygen to ensure a saturated reaction solution for
all measurements. Linear sweep voltammetry measurements were performed on an Epsilon
Eclipse Workstation. Ag/AgCI reference and Pt wire counter electrodes were used in each well.
Each sweep was performed from an initial potential of 0 mV to a final potential of -600 mV, with

a 10 mV/s scan rate, sampling at 1 mV.

44 Summary

Herein, the analysis of multimetallic nanoparticles for electrocatalytic activity was investigated.
First, the properties available for screening was expanded to include heterogeneous and electro-
catalytic activity. To isolate individual sections of the combinatorial arrays of nanoparticles, a
universal well-plate reactor was fabricated. Using the same dimensions as a traditional 384-well
plate system traditionally used for high throughput screening in biological systems, a 6-layer
reactor created the necessary forces to seal each well of the reactor with the substrate. The materials

used in the reactor depended on the specific reaction it is used for, with extreme conditions
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requiring PTFE seal layers. For electrochemical reactions, a flexible fluoropolymer, Kalrez, was
used to for reliable seals at significantly lower pressures. Through this reactor, patterned
nanoparticle libraries were able to be used for combinatorial screening of nanoparticle catalytic
properties.

With a universal reactor to screen catalytic activity, combinatorial libraries of AuCu
nanoparticles were fabricated onto conductive substrates to determine an optimal catalyst for half
of the water splitting reaction, the oxygen reduction reaction (ORR). In order to pattern large area
substrates with uniform patterns, a new conductive substrate was fabricated, consisting of a
conductive Si surface coated in a thin glassy carbon film deposited through polymer assisted
deposition. This substrate produced a flat substrate to align with the large area PPL array to

facilitate the uniform patterning required for screening.
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CHAPTER 5:
SCREENING OPTICAL PROPERTIES OF

MULTIMETALLIC NANOPARTICLES ON PLASMONIC MIRRORS

This chapter is based, in part, on the research described in the following publication:
Kluender, E.J.; Bourgeois, M.R.; Cherqui, C.R.; Schatz, G.C.; Mirkin, C.A. “Multimetallic
Nanoparticles on Mirrors for SERS Detection” in preparation for submission to ACS Photonics
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5.1 Background

The physical properties of nanoparticles have been of significant human interest for a long
time, their plasmonic properties in particular. In fact, nanoparticles were used for their optical
properties before nanoparticles themselves were even discovered. One of the earliest uses of
nanoparticles for optical properties was in the famous Lycurgus cup, made in 4™ century Rome.!
The glass used in this cup, dichroic glass, consisted of normal glass with gold or silver
nanoparticles dispersed throughout. This gave the glass a color changing effect depending on the
direction light is hitting the glass, with transmitted light making it appear red and reflected light
appearing green. More recently, nanoparticles plasmonic properties have been exploited for
numerous applications, especially in the fields of microscopy,?*® sensors,?° and even medicinal
applications.?®! Plasmonic nanoparticles exhibit these optical properties due to the electron within
the nanoparticle interacting with incoming electromagnetic radiations. When interfaced with a
dielectric, the nanoparticles electron density will oscillate within and slightly outside of the
nanoparticle, creating localized surface plasmons (LSPs).

Nanoparticles are of such interest in the field of plasmonics due to their flexibility, with the
LSP of a single nanoparticle is tied to the composition,?? size, shape,*® and electromagnetic
environment. Using these three variables, nanoparticles are able to interact with light at any
wavelength, from UV to IR. In the visible regime, Ag, Au, and Cu are considered plasmonic
materials, with their absorption peaks falling between 400 and 600 nm.?? In the UV, Al
nanoparticles are often used in plasmonic applications such as solar cells to extend the region of
light utilized.?>® The wavelength of the plasmonic resonant frequency can be tuned through

composition by alloying these materials together. For example, by alloying Au and Ag, the location
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of the LSP resonance shifts from ~400 nm for pure Ag to ~540 nm for pure Au, following an
almost linear trend between the two as a function of relative composition.?>* In addition to
controlling the interactions of a single nanoparticle, plasmonic nanoparticles also exhibit coupling
effects when multiple plasmonic nanoparticles are brought together, with the specific geometries
and separation distances drastically enhancing the strength of the interaction as well as controlling
the location of the plasmonic resonance.?® 2%

Significant experimental advances have enabled fine control over interparticle interactions
allowing rational engineering of electromagnetic hot spots and ultra-small mode volumes. Such
systems often require fine control over interparticle separation and nanoparticle orientation to
facilitate strong plasmon-plasmon interactions This nanoparticle on mirror (NPoM) geometry,
consisting of a thin plasmonic film under an ultra-thin passivation layer supporting a nanoparticle,
has gained traction owing to less demanding fabrication requirements.?®” 2® Rather than
interactions occurring between discrete nanoparticles, electromagnetic coupling in NPoM
structures takes place between LSPs in the nanoparticle and their images induced in the underlying
thin film. This allows for the study of reproducible single particles with plasmonic near-field
magnitudes comparable to those achieved in dimer systems. Furthermore, by tuning the thickness
of the passivation layer, the strength of the electromagnetic coupling between nanoparticle and
substrate can be controlled.?%% 260

While plasmonic nanoparticles have been used over a wide range of applications, sensing has
been on the forefront due to the tunability of the different structures. From shifting the LSP
resonance by adsorbing an analyte?®! to quenching fluorescent dyes,?? plasmonic nanomaterials

have allowed rapid probing for many specialized sensors. One method that has produced the lowest
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limit of detection, even down to a single molecule,?® is surface-enhanced Raman spectroscopy
(SERS). By adsorbing a molecular analyte to the surface of a plasmonic surface, a laser with a
wavelength near the LSPR can be used as an excitation source for Raman spectroscopy. The laser’s
interaction with the nanoparticle creates a field enhancement that leads to a great increase in the
Raman signal. The field enhancement occurs twice, first for exciting the analyte by enhancing the
incoming laser source and a second time enhancing the Ramen scattered photons, leading to what
is known as the E* enhancement. Au and Ag are traditionally used as SERS surfaces due to their
plasmonic resonances in the visible regime where Raman spectroscopy is predominantly
performed.

In this chapter, study of the plasmonic properties of SPBCL nanoparticles is performed. First,
a mirror substrate is fabricated that is compatible with the sequential heat treatments required for
SPBCL synthesis. Second, monometallic NPoM geometries are studied, investigating the effect of
gap size. Finally, the first multimetallic NPoM geometry was produced, creating a substrate that
exhibited the SERS detection from a single nanopatrticle.
5.2 Results and Discussion
5.2.1 Fabrication of Thermally Stable Mirror Substrates

Scanning probe block copolymer lithography (SPBCL) is an extremely powerful nanoparticle
synthetic technique that uses attoliter volume nanoreactors to create complex multimetallic
nanoparticles on substrates in ordered arrays.®* 992 % This technique has been proven to be a
useful tool for screening multimetallic nanoparticles for their chemical properties®® 244 but can
also be used to investigate their physical properties, specifically their optical properties.

Synthesizing isolated nanoparticles with controlled composition and size over large areas can be



170

studied for bulk measurements for catalysis. For the study of optical properties, laser
measurements will only hit a single nanoparticle and white light measurements will either be
focused on a single nanoparticle or interact with large areas of the substrate without nanoparticles.
Therefore, studying SPBCL nanoparticles for optical properties is limited to single particle studies.
Initially, this may seem to be a bottle neck for the discovery of new optical materials, but it can
also be leveraged to increase the power of the platform. The structure of each deposited
nanoparticle can be directly correlated to its optical properties due to the controlled spatial
encoding of each nanoparticle. For fundamental studies of single nanoparticles, there are electron
imaging techniques that are able to measure the optical signal from a single isolated
nanoparticle,®* but these techniques require specialized instrumentation. Most optical
measurements will either take bulk solution measurements or study aggregated nanoparticles
which exhibit enhancement from coupling. Neither of these methods are available to SPBCL
nanoparticles as they are isolated and spaced microns apart. To increase the intensity of the signal
for single nanoparticles, nanoparticle on mirror (NPoM) geometries are required to functionally
dimerize the nanoparticle using a plasmonic thin film with a spacer layer.

The majority of literature on NPoM plasmonics use nanoparticles synthesized in solution
followed by coordination with a separately fabricated thin film substrate. For the use of SPBCL
nanoparticles on a mirror substrate, the synthesis of the nanoparticles will occur on the thin film
substrate. For this study, Au thin films are used as the mirror substrate due to their higher stability
compared to Ag thin films which are readily oxidized when exposed to air. While Au films can be
made hydrophobic, through simple thiol functionalization, and polymer nanoreactors can be

patterned directly on them, there are two challenges to achieving suitable NPoM geometries:
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thermal stability and heterogeneous nucleation. During the SPBCL process, the substrates are
heated to 150 °C to aggregate the metal precursors and 500 °C to fully reduce the metal precursors
and decompose the polymer dome to leave a single nanoparticle. For a mirror substrate to be
compatible with the SPBCL fabrication process it needs to retain its structure during these heat
treatment steps without dewetting, or surface roughness. This requires an adhesion layer between
the Au thin film and the underlying substrate (typically SiO2) due to the limited chemical
interaction between Au (a noble metal) and the substrate, as well as a surface passivation. For
electron beam (E-beam) deposition, either Ti or Cr are used as adhesion layers for Au on SiO2.
Both have a reasonable interaction strength with both the oxide substrate and the Au film on top,
increasing the film’s overall stability. For most pure Au thin film applications, Ti adhesion layers
are chosen, as Cr alloys with the Au at the interface.?®® When picking a composition for the
adhesion layer, the thermal stability is key for the NPoM application. For this reason, Cr was found
to be the better adhesion layer. While Cr alloys with the Au film at the interface, this interaction
is independent of temperature and the alloy phase is thermally stable up to 1000 °C.2%¢ When Ti-
Au thin films are heated, due to the immiscibility of Au and Ti, the Ti layer diffuses through the
Au thin film at the grain boundaries, creating a discontinuous Au surface (Figure 5.1 A).2%
Using Cr to increase the thermal stability of the Au thin film, the surface also requires a
passivation layer to prevent heterogeneous nucleation of the metal precursors in the nanoreactor
on the Au film. If a polymer nanoreactor were to be patterned onto the Au film and the two-step
heating process for SPBCL particle formation was performed, all of the metal precursors would
reduce onto the bare Au surface and the concentration of metal precursor’s in the nanoreactor

would not reach the levels necessary for homogeneous nucleation. To prevent this from occurring,
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a passivation layer, with controlled thickness is required. In addition to passivating the Au film
during the particle formation, the thickness of this layer is a critical variable in the NPoM geometry
system. In most NPoM studies, organic molecular layers are used to control the gap between
nanoparticle and thin film, either through self-assembled monolayers (SAMs)?% or coating the
nanoparticle in a core-shell structure.?®® Due to the roughness of the E-beam deposited Au film
(Figure 5.1 B), these molecular layers are not thick enough to prevent heterogeneous nucleation
on the film. Another common method of creating a gap layer is atomic layer deposition (ALD) of
Al203,2° which allows for the formation of sub-nm films. While these films prevented the
heterogeneous nucleation on the thin film noted above, the island growth of Al203 on the Au film
during the ALD process, which is due to the non-continuous formation of the first atomic layer,
created small pinholes that each nucleate a single nanoparticle and prevent complete aggregation

of a single nanoparticle in the nanoreactor (Figure 5.1 C).
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Figure 5.1: Characterization of NPoM substrates. (A) SEM image of thermally treated Ti-Au
thin film. (B) AFM image of as deposited Au thin film showing roughness of + 2 nm. (C) SEM
image of polymer nanoreactor on a Cr-Au-Al20s substrate after heat treatment. (D) SEM image

of polymer nanoreactor on Cr-Au-3MPTS-SiOz substrate after heat treatment.

Ultimately, it was determined that a physical deposition method was required to form a
homogeneous passivation layer thick enough to prevent heterogeneous nucleation on the surface.
To achieve this, a SiOz layer was deposited through E-beam deposition using a molecular adhesion

layer. Similar to the deposition of Au onto a SiOz2 substrate, the adhesion layer is required to form
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a uniform, thermally stable thin film. For this application, the Au thin film was treated with a
thiolated silane ((3-mercaptopropyl)trimethoxysilane or 3aMPTYS) in an ethanol solution overnight.
The thiol bonds to the Au surface and presents a silane for the deposited SiO:2 to adhere to. Using
this SiO2-Cr-Au-3MPTS-SiO2 substrate, SPBCL nanoreactors are able to be deposited onto the
mirror substrate and thermally treated to form single nanoparticles in each polymer dome (Figure
5.1 D). This substrate geometry opens up the possibility to synthesize any SPBCL mono- or
multimetallic nanoparticle on a mirror substrate to enhance the scattering intensity relative to the
single nanoparticles, facilitating the study of their optical properties.
5.2.2 Au nanoparticles on mirror substrates

Using the thermally stable substrate described in section 5.2.1, the first system studied was a
simple monometallic Au nanoparticle on a 50 nm Au thin film. In this system, there is one variable
that is easily controlled to investigate its role on the optical properties: the SiO2 gap layer thickness.
During the substrate preparation, the SiO2 layer that is deposited on the Au thin film can be
deposited as thin as 4 nm. This limit was determined by the original Au film roughness (Figure
5.1 B), ensuring that the SiOz layer thickness was double the film’s roughness to prevent any
possibility of the Au film being accessible to the precursors in the polymer dome. To investigate
the role of the gap between the nanoparticle and mirror film, three samples of ~40 nm diameter
Au nanoparticles were prepared above the following substrates: 4 nm SiO2 on 50 nm Au film, 8
nm SiO2 on a 50 nm Au film, and a bare SiOz substrate as a “semi-infinite” gap layer. These
samples were fabricated using dip pen nanolithography and were all patterned and heat treated
identically. In addition to experimental investigation, computation predictions were used compare

the trends between the gap layers.
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These samples were then analyzed using confocal dark field microscopy, using a white light
source. By spacing each nanoparticle 3 um apart from their nearest neighbor, the spectra from a
single nanoparticle was able to be collected. Using a piezo stage, maps were collected of the
nanoparticle arrays, showing that each nanoparticle had its own signal that did not overlap with
the neighboring nanoparticles (Figure 5.2). This allows for single particle measurements to be
made and correlated with SEM and AFM images to connect individual structures to individual
spectra. Over the three samples of varying gap thickness, two trends emerged: the signal intensity
and resonant wavelength both increased as the thickness of the gap layer decreased (Figure 5.3).
As expected, the single nanoparticle on the semi-infinite SiOz2 substrate had the weakest scattering
signal and peaked at approximately 560 nm. This is slightly red shifted from a spherical 40 nm
nanoparticles in solution, which was attributed to the interaction with the higher-index SiO2
substrate, which also promotes some amount of nanoparticle anisotropy (non-unity aspect ratio),
as well as the presence of residual amorphous carbon from the SPBCL fabrication. The presence
of a higher refractive index material (amorphous carbon is approximately n=1.9-22"*) surrounding
the nanoparticle will also result in a red shifting of the LSPR peak by up to 20 nm.?2 As the
thickness of the gap layer is reduced to 8 nm and then to 4 nm, the LSPR peak further red shifted
to 580 nm and 620 nm, respectively. This red shift arises from the longitudinal (head-to-tail)
coupling between the LSP excited in the nanoparticle and its image induced in the Au substrate,
the strength of which increase with decreasing gap thickness. Note that the gap thicknesses used
in this study are large enough (>1 nm) that carrier tunneling between nanoparticle and substrate is
not expected to occur. The longitudinal coupling underlying the gap-mod formation also leads to

a larger net dipole moment and increased scattering cross section. The nanoparticle on a 4 nm gap
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film showed a 10-fold increase in measured dark field scattering compared to the single

nanoparticle on the SiOz substrate.

Figure 5.2: Backscattering intensity heatmap at 630 nm scattering using white light. This is an
image of an array of 40 nm diameter Au Nanoparticles on a 5 nm gap Mirror substrate. When
using a white light excitation with an approximately 1 um diameter beam size, the backscattering
signal area from each particle matches the white light beam size. Due to the 3 um spacing

between particles, this allows for each nanoparticle to be individually investigated.
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Figure 5.3: Dark field spectra of 40 nm Au nanoparticles on three substrates. The bare
nanoparticle on a SiO2 substrate exhibited limited optical scattering. As the gap between the
nanoparticle and the plasmonic thin film is lowered, the resulting spectra increases in intensity

and red shifts significantly.

Near- and far-field optical properties of the NPoM structures were simulated using the finite-
difference time-domain method (FDTD). The same samples were calculated as were examined
experimentally, with the gaps rounded to 5 and 10 nm. The trends found in the theoretical models
matched those in the experimental results, increase in intensity of approximately 10-fold and a red-
shift of approximately 60 nm. The absolute positions of each peak were slightly blue shifted
compared to experimental results, likely due to the presence of amorphous carbon surrounding the
nanoparticle that was not included in the theoretical predictions. Using E-field heat maps to

visualize the spectra, the LSPR peaks were found to lead to the largest increase in E-field at the
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junction between the nanoparticle and the substrate, with an additional increase on the opposite

side of the nanoparticle. This matches literature precedent and explains the trends observed in the

experimental results.
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Figure 5.4: Theoretical modeling of Au-Au NPoM geometries. (A) Dark field spectra

predictions for nanoparticles on SiO2 (Semi-inf), Au film with 5 and 10 nm SiO2 gap layers. E-

field heat maps of Au nanoparticles on (B) SiOz, (C) 10 nm and (D) 5 nm gap substrates.

5.2.3 Multimetallic Nanoparticles on Mirror Substrates

Having determined that 4 nm

gap layers led to the maximum enhancement of the mirror

substrates studied, the next variable to examine is nanoparticle composition, a system that has yet

to be investigated in NPoM literature. The two proposed compositions of interest were AuAg and
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AuNi. Using SPBCL, both compositions can be readily synthesized by controlling the ratios of the
metal salts in the polymer inks. Au and Ag are completely miscible over the entire phase space
and forms a homogeneous alloy at every relative composition. Due to the immiscibility of Au and
Ni, the AuNi nanoparticle forms a Janus structure, with two separate Au and Ni phases. To preempt
the experimental examination of these systems, computational predictions were calculated. On the
same three substrates used in the Au system, calculations for the dark field scattering spectra for
AuosAgos and AuosNios were performed.

When running calculations for the AuNi nanoparticles, it was determined that the orientation
of the Janus structure played a large role in the structure’s spectra. When the Au phase of the
nanoparticle was in direct contact with the mirror substrate, the signal was almost twice as large
as when the Au phase is oriented upwards or when the interphase is perpendicular to the substrate
(Figure 5.5). The overall trends for the different substrates followed the same general trends,
increased intensity and red shift as the gap became smaller, but the orientation played a larger role.
Even for the 5 nm gap substrates, if the nanoparticle’s nickel phase was in contact with the
substrate or the interphase was perpendicular, the intensity would be lower than a nanoparticle
with the gold phase in contact with a 10 nm gap substrate. In addition to intensity, there is a small
red shift when the gold phase was in contact compared to other orientations. When AuNi
nanoparticles were synthesized on these substrates, the resulting spectra varied drastically, with
the average spectra of 5 nanoparticles for each sample showing the red shift trend, but not the
entire intensity trend (Figure 5.6). This is a result of the SPBCL synthesis process having no control
over particle orientation. The nanoparticle structure is consistent throughout the sample, but once

the nanoparticle is synthesized, how it is oriented with respect to the substrate is random. Imaging
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the orientation of SPBCL nanoparticles is possible with TEM and EDS, but for the NPoM
substrates, the samples are too thick for TEM, and SEM EDS does not have the resolution required
to determine Janus nanoparticle orientation. It may be possible to measure the nanoparticle
orientation using scanning tunneling microscopy.
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Figure 5.5: Theoretical modeling of AuNi-Au NPoM geometries. The dark field back scattering
spectra for the three substrates and the three nanoparticle orientations show a wide range of
possible spectra. The greatest intensity and highest wavelength LSPR were found when the Au
phase of the AuNi nanoparticle was in direct contact with a 5 nm gap mirror substrate. For each
nanoparticle orientation, similar substrate trends were found when compared to the Au-Au
geometries. It was found that nanoparticle orientation had an equal contribution to the LSPR,
with the rotation of the Janus structure creating overlap in the LSPR between different

substrates.
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Figure 5.6: Experimental spectra of AuNi nanoparticles on different mirror substrates. These
trends match theoretical calculations but are difficult to fully characterize due to the lack of
orientation control. The determination of the orientation of each nanoparticle is not currently

possible due to the thick substrate preventing high resolution TEM characterization.

The AuAg nanoparticle calculations produced three distinctly different spectra dependent on
the substrate it was placed on. Each sample produced a single spectrum due to the alloy structure
formed by AuAg nanoparticles (Figure 5.7). For a AuAg nanoparticle on a SiO2 substrate, the
spectra matched literature precedent, producing a single LSPR peak at ~470 nm, roughly halfway
between pure Au and pure Ag. When placed on a mirror substrate, that LSPR peak split into two
peaks, one slightly red shifted from the original 470 nm peak and one emerging close to 575 and

590 nm for the 10 nm and 5 nm substrates, respectively. When on a 10 nm gap mirror substrate,



182

these two peaks were both roughly the same intensity. On a 5 nm gap mirror substrate, the 590 nm
peak was significantly greater in intensity compared to the 460 nm peak, which lowered compared
to the 10 nm gap substrate peak at the same wavelength. This indicates that the peak at 470 nm
does not involve strong interaction with the underlying substrate and the 560 nm is the gap mode
between the mirror and nanoparticle as it increases in intensity as the gap is shrunk and is not

present when the nanoparticle is on bare SiOx.
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Figure 5.7: FDTD calculations for AuAg-Au NPoM geometries.
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To confirm the theoretical predictions, 70 nm AuAg nanoparticles were deposited onto a 4 nm
gap layer substrate using DPN. This was followed by an oxygen plasma treatment (5 min at 30 W)
to remove any excess amorphous carbon that remained after the SPBCL heat treatment. The dark
field scattering spectra matched theoretical predictions, with two peaks present, 490 and 600 nm,
and the gap mode peak exhibiting roughly double the intensity (Figure 5.8 A). With the
confirmation of the plasmonic properties, their use as SERS active materials was investigated. The
oxygen plasma treatment removed any contaminants on the nanoparticle, leaving the bare surface
to be functionalized with 1,4-benzenedithiol (BDT). Raman spectroscopy was performed on an
isolated nanoparticle, using a 633 nm laser for excitation which aligns with the gap mode of the
dark field spectra. Using this substrate preparation, SERS detection of BDT was achieved using a
single nanoparticle (Figure 5.8 B). While the signal is relatively low, the ability to detect a
molecule using a single spherical nanoparticle has limited literature precedent, as the majority of
SERS measurements rely on anisotropic nanoparticles with sharp vertices or multiple nanoparticle

conjugates.
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Figure 5.8: Experimental characterization of AuAg-Au NPoM geometry substrates. (A) The
dark field scattering spectra of a 70 nm Auo.sAgdo.s nanoparticle on a 5 nm gap substrate produced
the two expected LSPR peaks at 500 and 600 nm. (B) When functionalized with BDT, SERS
detection was achieved using a single isolated Auo.sAgos spherical nanoparticle (red trace on the

nanoparticle, blue trace off of the particle, green trace bulk BDT).

5.3 Experimental Methods
5.3.1 Fabrication of NPoM Samples

To fabricate the thermally stable substrate used for SPBCL NPoM samples, first the thin film
mirror was deposited. Using E-beam deposition (Kurt J. Lesker PVD 75 E-beam Evaporator), 5
nm of Cr followed by 50 nm Au were deposited. It is crucial for the Cr to be in the metallic state,
as any oxidation will limit the thermal stability during the heat treatment. After deposition of the
Au film, the substrate was treated overnight in a 10 mM 3MPTS solution in dry ethanol. If the
ethanol was not completely dry, the 3MPTS will hydrolyze and silica will crash out of solution
preventing a uniform monolayer from forming on the Au surface. The substrate was then reloaded

into the E-beam evaporator for the deposition of a SiO2 passivation layer, where 4-10 nm of SiO2
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were deposited. When deposited using E-beam evaporation, SiO2 does not melt, which leads to a
gradient in the thickness of the deposited film over cm scale areas. This inconsistency prevents the
ability of using internal thickness sensors in the E-beam evaporator, so in order to measure the
exact gap thickness of the substrates, AFM characterization is required. To pattern on these
substrates with DPN, they were made hydrophobic through a hexamethyldisilazane (HMDS)
treatment, where the substrate was placed in a sealed desiccator overnight with a 50:50 solution of
HMDS and hexane.

To form the nanoparticles on these mirror substrates, 5 mg/ml solutions of poly(ethylene
oxide)-b-poly(2-vinylpyridine) (PEO-b-P2VP) were prepared with metal salts of the final
nanoparticles composition. For Au, Ni, and Ag containing nanoparticles, HAuCls, Ni(NO3)2, and
AgNOs3 were used, respectively. The solutions containing Ni and Ag were brought to a pH below
4 by the addition of nitric acid to prevent polymer micelle formation. To pattern the polymer
solutions, 2 ul of the solution was drop cast onto a HMDS treated SiO2 substrate and allowed to
dry in a 70% humidity chamber. Using a Park XE-150 modified AFM, a DPN tip array was dip
coated in the now concentrated PEO-b-P2VP solution. This ink was then patterned onto the mirror
substrates in ordered arrays with 3 um between each feature to ensure no crosstalk occurred during
optical characterization. Once the polymer domes were patterned onto the substrate, they were
heat treated in a tube furnace under a Hz atmosphere, first at 150 °C for 12 hours to aggregate the
metal precursors and then at 500 °C for 4-6 hours to reduce the precursors and decompose the
residual polymer dome. For nanoparticles on mirror substrates, the second treatment is required to
be shorter to ensure the stability of the mirror and passivation layers. Additionally, this heat

treatment is required to be performed under a Hz atmosphere to keep the Cr adhesion layer fully
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reduced throughout the process. If the application required the surface of the nanoparticle to be
free of amorphous carbon left from the decomposed polymer dome, an oxygen plasma treatment
was used to remove it. This treatment, while more aggressive than traditional thermal calcination
methods, allowed the excess carbon to be removed within minutes and from a top-down approach
which retained the mirror substrate stability.
5.3.2 Characterization of NPoM Samples

For the optical and Raman spectroscopy characterization of the NPoM samples, a confocal
Raman microscope (Witec alpha300 R) was used. Using a 50x dark field objective and a white
light LED source, the nanoparticles were located, and a single nanoparticle was focused on. White
light scattering spectra were collected using the 50x dark field objective, with 10-30 second
integration times. For SERS measurements, the NPoM substrates were placed in a 10 mM 1,4-
benzenedithiol in dry ethanol for 2 hours. After repeated washing with pure ethanol, the
nanoparticles were found using white light excitation with the dark field objective. A low powered
633 nm laser was then focused on the nanoparticle. It is vital to use the laser at powers below 1
mW due to the high intensity of the laser when focused onto a single nanoparticle on the surface.
If the laser is above 1 mW, the nanoparticle may melt, and any chemically adsorbed molecules
will be removed. For the physical characterization of NPoM substrates, AFM (Bruker Dimension
Icon) and SEM (Hitachi SU8030) were used.
5.3.3 Finite Difference Time Domain Calculations

The finite-difference time domain (FDTD) method is a numerical method of solving
Maxwell’s equations in the time domain. This is accomplished by propagating any incident fields

in both space and time across a simulation region, which encloses the material system and is
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terminated by specifying a set of boundary conditions. The propagation of the fields is
accomplished using the leapfrogging algorithm developed by Yee,?”® which uses central finite-
differencing on spatially-offset cartesian grids for the E and H fields to evaluate the curl of the E
and H fields, respectively, at time step tn. Inspection of Maxwell’s equations makes plain that the
curl of E (H) at time step tn can be used to evaluate H (E) at time step tn+1. This procedure is
repeated for each time step until some termination criterion is reached. Frequency domain
guantities can be determined once the simulation has finished by performing a discrete Fourier
transform on time domain data.

The intensity of back-scattered light and near-field spatial distributions of the NPOM structures
were calculated using the implementation of the FDTD method by Lumerical Inc. (version
8.16.871). A cross section through the X-Z plane of the 2,000 nm x 2,000 nm x 2,000 nm
simulation region of the 40 nm diameter NP above a 100 nm Au thin film situated above a semi-
infinite SiO2 half space. The simulation region is terminated using perfectly matched layer (PML)
absorptive boundary conditions. Two overlapping total-field scattered-field (TFSF) sources were
used to inject counter-propagating plane wave fields along the +X-directions and polarized along
the Z-axis in order to approximate the dark-field excitation of the gap mode supported by the
NPoM system. The TFSF sources include both the incident and scattered fields within the interior
of the TFSF boundary, while only the scattered field is present on the exterior. Therefore,
calculation of the net electromagnetic flux integrated over the enclosing regions on the interior and
exterior of the TFSF sources allows the calculation of the absorption and scattering cross sections,

respectively. The spectrum of back-scattered light was evaluated by integrating the flux of the
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scattered field across a finite 500 nm x 500 nm planar region displaced 800 nm above the NP,
which corresponds to a half-collection angle of approximately 17.35 degrees.

Near-fields spatial distributions of the electric field and back-scattering spectra were calculated
for 40 nm diameter Au and Ag monometallic NPs, AgAu alloy NPs, and AuNi Janus NPs. Fits to
the bulk dielectric function data of Johnson and Christy were used for the monometallic Au, Ni,
and Ag components,?’* and a parameterized dielectric function for the AuAg alloy was taken from
the literature.?’

5.4 Summary

Herein, the optical properties of multimetallic nanoparticles were investigated, utilizing NPoM
geometries to enhance the signal generated from a single patterned nanoparticle. First, a thermally
stable substrate was developed that was able to withstand the extended treatment at high
temperatures required for SPBCL nanoparticle synthesis. Using the proper adhesion layers
between the multilayered films, it was found that a SiO2-Cr-Au-3MPTS-SiO2-HMDS substrate
was able to be patterned on with DPN and survive the SPBCL heat treatment. Using this substrate,
Au nanoparticles were first investigated to determine the effect of the gap thickness on the LSP of
the nanoparticle-mirror structure. Using this substrate, with a gap thickness of 4 nm, it was found
to increase the intensity of the plasmonic signal by a factor of 10. Additionally, the gap thickness
could be used to control the LSPR peak location, with a thinner gap leading to a larger red shift in
the peak, allowing for the peak to be shifted anywhere between 560 nm and 620 nm. By enhancing
the signal of a single nanoparticle, the throughput of the analysis was increased due to the lower

integration times required to collect a high signal and did not require specialized instrumentation.
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In addition to studying a monometallic system, AuNi and AuAg nanoparticles were
investigated, the first multimetallic NPoM geometry study reported to date. Using SPBCL, the
composition of the nanoparticles can be readily controlled by changing the concentrations of the
metal precursors in the polymer ink. This allows the thermally stable mirror substrate to be used
to study a wide range of nanoparticle compositions. In this chapter is was found that AuNi
nanoparticles require an orientation control that is not currently accessible to the platform, as the
Janus structure of the AuNi nanoparticle resulted in multiple presenting LSPR’s depending on
orientation. This technique in the future could be used to elucidate the exact structure function
relationship for these complex structures, but imaging techniques need to be developed in order to
take full advantage of the platform. AuAg alloy nanoparticles were also investigated, as they
presented a single LSPR for each composition-gap system. It was found that there are two LSPR
peaks that arise when the AuosAgos nanoparticle is deposited on a mirror substrate: a nanoparticle
peak and a gap peak. The ratio of these peaks is determined by the thickness of the gap layer. Using
these AuAg NPoM substrates, SERS detection of BDT was achieved using a single nanoparticle.
This opens up the ability use more complex nanoparticle structures for SERS detection in which
each phase of a Janus nanoparticle could be designed to adsorb a different molecule, leading to a

more versatile SERS detection platform.
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CHAPTER 6:

FUTURE OUTLOOK
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There are many ways in which the work presented in this thesis can continue. While the new
screening platform described three different applications (SWNT growth, catalysis, and
plasmonics), only a small portion of the structures of interest were investigated and was limited to
bimetallic spherical systems. When looking at the materials landscape of nanomaterials, there are
billions of different compositions that can be accessed and studied for each application, as well as
different shaped nanoparticles. Before going into further detail on the future directions of the
applications presented in this work, the further development of the nanoparticle library platform
will be addressed. With respect to synthesis, the inclusion of shape control will primarily be the
focus. Through the control of nanoparticle composition, the structure of the nanoparticle (alloy vs
Janus vs multiphase) can be determined by the phase diagram of the elements that make up the
nanoparticle, but the nanoparticle will be relatively spherical due to the thermal treatments. The
Janus structured nanoparticles will become oval in shape to decrease the interface area. In order to
create a bare particle, the polymer dome needs to be removed, which is currently done by high
temperature treatments which result in thermodynamic products. Shape of these patterned
nanoparticles can be altered through secondary treatments to form more catalytically active or
optically interesting shapes. Using seed mediated growth protocols, the nanoparticles can be grown
into different shapes (Figure 6.1 A). These protocols have been widely used in solution synthesis
of metallic nanoparticles and can be translated to SPBCL nanoparticles on a surface. Additionally,
this also opens the ability to investigate the exact growth mechanism of these anisotropic
nanoparticles due to the site isolation of each SPBCL nanoparticles allowing for 1-to-1 starting
material product analysis, compared to population analysis in solution. Through Bi modifications,

the nanoparticles can be transformed into tetrahexahedral (THH) nanoparticles (Figure 6.1 B).



192

These THH nanoparticles present high index 210 facets that greatly increase the nanoparticles
catalytic activity. By adding the control of nanoparticle shape to the composition and size gradients,
the parameter space that is accessible greatly increases.
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Figure 6.1: Shape control of patterned SPBCL nanoparticles through secondary treatments. (A)

-Rh

using traditional seed mediated secondary growth treatments, each nanoparticle can be grown
into an anisotropic shape, determined by the solution surfactants and reduction rates. (B) Using
a novel Bi CVD method, THH nanoparticles can be fabricated at large scales to increase the

catalytic activity of each nanoparticle composition. Figure adapted from reference.?’®

In addition to shape control, expanding beyond bimetallic systems is necessary to achieve the
full reach of the screening platforms. This can be achieved with the two air brushes by using
multimetallic inks in each brush. For example, the left ink could contain MaMs and the right ink
could contain MaMc. By spraying the linear gradient using these two inks, the gradient would
range from MaosMgo.43Mco.07 10 MaosMgo.07Mco.43, based off a typical 15:85-85:15 percentage
gradient. Changing the relative compositions in each ink will allow the entire phase space to be

spanned. A more interesting method of expanding the compositional phase space accessible would
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be to introduce a 3™ air brush, creating a triangular 3 composition spray profile (Figure 6.2Figure
6.2:). This was preliminarily studied and achieved but was not applied to any applications. This
would allow the trimetallic nanoparticle phase space to be examined in greater detail. Previously,
it had been shown that across a trimetallic system, multiple phases become stable at different
relative compositions, spanning both Janus and alloy systems. By patterning these systems, the

entire composition and structure phase space can be studied on a single substrate.

Figure 6.2: Trimetallic phase spray configuration. By introducing a third gaussian spray profile,

each profile’s linear regime can be overlapped, creating a triangular compositional gradient.

The ARES screening technique powered the highest resolution of nanoparticles composition
to date and can continue to be used to as a powerful screening tool for SWNT growth. In this work,

the three bimetallic systems in the Au-Cu-Ni system were investigated for their ability to grow
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SWNTs. Two main directions for future work would be to expand composition and study chirality.
Using refractory metals, such as W, would be initial avenues to study, as they have shown to have
high catalytic activity and selectivity. Additionally, by using the tri-gradient (Figure 6.2)
trimetallic nanoparticles could be investigated. While there are some limited studies into
multimetallic nanoparticles past bimetallic for SWNT growth, there have been no complete studies
of any trimetallic systems. Studying more complex compositions is the easiest direction to
continue this work, but the most impactful would be to find a chiral selective catalyst. The main
factor preventing SWNTs from wide usage is the lack of synthesis methods for homogeneous
populations due to the wide range of electronic structures across the different chirality’s. For
example, a small portion of metallic SWNTs will inevitably short any device made out of a largely
semiconductor population. Current limitations on the throughput of the chirality analysis is the
need of radial breathing mode (RBM) mapping through secondary Raman characterization. The
collaborators on this project at AFRL at Wright Patterson Air Force Base have begun developing
analytical methods to perform high throughput diameter and chiral determination using the in situ
Raman spectra collected in the ARES instrument. The implementation of this analysis would allow
for the screening of not only absolute catalytic activity, but also selectivity, greatly increasing the
power of the screening platform.

Following from Chapter 4, the proof-of-concept of the universal sealed well plate reactor will
be expanded to functional screens for catalytic activity and selectivity. Unfortunately, due to the
Covid-19 pandemic, the full characterization of the AuCu composition phase space on the stable
PAD GC is still ongoing. As a whole, the screening of heterogeneous catalysts and electrocatalysts

has the possibility to greatly impact almost every aspect of human life. While this may seem like
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a dramatic claim, the use of catalysts for drug synthesis, fuel production, polymer synthesis, and
other material fabrication processes, leads to a massive global impact of a new catalyst. Even
finding a catalyst that performs 1% better in a billion-dollar industry, will have its impact felt. The
well plate reactor system is a functional screening platform, and does produce in situ measurements
for electrochemical reactions, but ultimately will not match the throughput of the synthesis
platform. Similar to the throughput of ARES, for a screening platform to reach its potential, a in
situ detection method with 100 um resolution is required. Work towards this aim will likely use
fluorescent or thermal imaging in a microfluidic reactor. Microfluidics, and even nanofluidics,?”’
flow extremely small volumes of reactants over a catalyst, greatly increasing the interactions
between the catalyst on the surface and the solution. These fluidic devices can be made out of
transparent materials and can often be ran at high temperatures and pressures provided the proper
materials are chosen. Fluorescent dyes have been used in literature as a direct and indirect
measurement of catalytic activity.’®® For direct measurements, either the reactant or product are
required to be fluorescent, limiting the chemicals accessible. Indirect measurements have
traditionally used pH sensitive dyes, which are powerful in electrochemical reactions which often
produce H* or OH" ions as byproducts. Thermal characterization has the most promise as a
universal screening technique as a large majority of catalytic reactions are exothermic. This will
require a sensitive IR camera, but provided the catalytic turnover is great enough, which would be
the case for optimized catalysts of interest, large arrays of nanoparticles can be screened in parallel,
determining catalytic efficiency directly by the heat generated. Developing these screening

methods will overcome the bottleneck of analysis for these catalytic reactions.
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In Chapter 5, the plasmonic properties of multimetallic nanoparticles were the first physical
property examined for SPBCL nanoparticles. Using the nanoparticle on mirror (NPoM) geometry,
the signal was enhanced by an order of magnitude. Using SPBCL nanoparticles in this geometry
show promise as single nanoparticle sensors, as well as a method of studying the plasmonic
properties of complex multimetallic nanoparticles. Developing methods of controlling, or at least
imaging, the orientation of Janus nanoparticles will increase this platforms impact. In addition to
plasmonic properties, the other physical property of interest is magnetics. By patterning
magnetically active nanoparticles, magnetic force microscopy (MFM) can be used to image the
magnetic moments of single nanoparticles. Additionally, the investigation of plasmonic-magnetic
hybrid materials (such as AuNi) allow for the study of the effects of magnetic fields on plasmonics.
Similar to how the NPoM uses a plasmonic thin film to boost the plasmonic activity of the
nanoparticles patterned on them, a magnetic thin film could also be used to increase the magnetic
signal. Studying the entire spectrum of electromagnetic properties of nanoparticles will allow for
the discovery of new materials for sensors, signal generators, or optical electronics.

Overall, the ability to synthesize these massive arrays of nanoparticles opens up a wide range
of applications that were not previously accessible. The daunting task of screening the entire
nanomaterial landscape is overwhelming when each structure of interest is synthesized
individually. By fabricating these arrays in parallel, the rate of material discovery can skyrocket.
The bottleneck will continue to be on the characterization of the nanoparticle arrays, but as the
work in this thesis has shown, the rate of analysis can be greatly increased by shrinking the
combinatorial library onto a single substrate. Ultimately, the future outlook of this work will be

determined by scientist’s ability to develop screening techniques to match the synthetic throughput.
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There are countless chemical reactions that can be improved by nanoparticle catalysts, it is just a
matter of how fast they can be found in the massive materials landscape. Hopefully, this platform

will become the magnet that helps scientists find that needle in a haystack.
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