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ABSTRACT

The Controlled, Site-Isolated Synthesis of Polyelemental Nanostructures in Polymer
Nanoreactors
Pengcheng Chen

Polyelemental nanoparticles are an attractive class of materials due to their potential
applications, which span the fields of catalysis, plasmonics, electronics, magnetics, targeted drug
delivery, and bio-imaging. However, conventional synthetic methods for such structures are
limited, especially when the number of elements exceed three. Moreover, the challenge of
systematically exploring polyelemental nanoparticles is daunting, due to the vast compositional
and structural parameter space that must be examined to adequately elucidate the governing
composition and size structure-property relationships. This thesis focuses on the development of
methodology for synthesizing polyelemental nanoparticles in a manner that allows for systematic
control over structure and composition and is amenable to high throughput screening.

Chapter One begins with an overview of polyelemental nanoparticles and their importance
in chemistry and materials science. State-of-the-art synthetic methods for polyelemental
nanostructures are reviewed, along with the applications of such materials in the catalysis field.

Chapter Two describes the concept of scanning probe block copolymer lithography
(SPBCL), which allows one to generate metal ion-containing polymer nanoreactors in order to
synthesize individual nanoparticles. Using five elements (Au, Ag, Co, Cu, and Ni) as a model
system, SPBCL was used to synthesize and study all combinations of the five elements at a fixed
particle size. This work is important since it sets the stage for using SPBCL as a novel tool for

rapidly synthesizing and exploring entire new classes of polyelemental nanoparticles, and points
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toward the ability to rapidly define their structures and corresponding physical and chemical
properties. Chapter Three further investigates the formation pathway of polyelemental
nanoparticles in nanoreactors. A three-stage nucleation and growth process has been identified as
central to particle formation.

Chapter Four reports a library of novel SPBCL-synthesized nanoparticles composed of up
to seven elements and four phases. Design rules for engineering the configuration of interfaces in
polyelemental heterostructured nanoparticles are enumerated. The power of these rules was
demonstrated by synthesizing an unprecedented tetra-phase nanoparticle with a six-interface
architecture. Given the importance of heterostructured materials in catalysis and energy, these
design rules provide a way of engineering polyelemental systems with unprecedented complexity
and control.

Chapter Five describes the scale-up synthesis of polyelemental nanoparticles on
centimeter-scale substrates with cantilever-free scanning probe techniques. Nanoparticle arrays
with a size gradient are used to demonstrate how this technique can be used for particle library
generation and high-throughput catalyst screening.

Finally, Chapter Six provides an outlook on polymer nanoreactor-mediated nanoparticle

synthesis and highlights several future research directions.

Thesis Advisor: Prof. Chad A. Mirkin
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elemental mapping of nine neighboring AuAgCu nanoparticles in an array. The nanoparticles are
heterodimers where one domain is a AuAg alloy and the other domain is a AuCu alloy. Au is
mainly concentrated in the AuCu domain. Color codes: Au (yellow), Ag (red), Cu (purple). Scale
bars in EDS mapping iMages: 10 MM ...ttt 76

Figure 2.27 HAADF-STEM images and corresponding EDS elemental mapping of a AuAgCu
nanoparticle. (A) AuAgCu nanoparticle generated by annealing at 500 °C in Hx for 12 h. (B) The
same nanoparticle after being thermally annealed at 300 °C in O for 12 h. Scale bars: 20 nm. (C)
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XPS spectra of AuAgCu nanoparticles made by drop-casting a polymer ink solution followed by
the thermal annealing process used in SPBCL (black line) and the same sample after being further
thermally annealed at 300 °C in Oz for 12h (red liNE). ......ccovviiiiriiiisereee s 77

Figure 2.28 HAADF-STEM images, EDS spectra, and detailed EDS mapping information of the
quaternary and quinary nanoparticles in Figure 2.9E and 2.9F. (A) Auo.32Ag0.19CUo.27Nio.22, (B)
AQo.27CU0.22C00.35Ni016, (C)  AU026Ago22C00.16NiI03s, (D)  Auo.15Ag0.20CU0.18C00.38,  (E)
AU 23CU0.42C00.16Ni0.19, (F) Alo.19Ad0.24CU028C00.14Nio.15. Scale bars: 15 nm. The STEM images
and EDS mapping information of (F) are shown in Figure 2.29. .........cccccvviiienieie e 78

Figure 2.29 Quinary heterostructured nanoparticles (A) HAADF-STEM image of a typical
AuAgCuCoNi nanoparticle (Auo.19Ag0.24Cu0.28C00.14Nio.15). (B) Schematic illustration of the
structure of AuAgCuCoNi nanoparticle in (A). The nanoparticle phase segregates into three
domains: AuAg alloy, AuCu alloy, and CoNi alloy. (C-G) EDS elemental mapping of the
AuAgCuCoNi nanoparticle in (A). (C) Distribution of each metal inside the nanoparticle. (D)
Overlay of the element maps of Au, Ag, and Cu. (E) Overlay of the element maps of Ag, Cu, and
Co. (F) Overlay of the element maps of Co and Ni. (G) Overlay of the element maps of all five
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Figure 2.30 EDS elemental mapping of a AUAgCuCoNi nanoparticle. Scale bar: 15 nm. The phase
boundary between AuAg alloy and AuCu alloy is not parallel with the phase boundary between
AuCu alloy and CoNi alloy. Dashed lines highlight the position of phase boundaries................ 81

Figure 2.31 Compositional uniformity of SPBCL-generated AuAgCuCoNi nanoparticles (sample
size: 50). The metal loading ratio of the ink solution is: 20% Au, 20% Ag, 20% Cu, 20% Co, and
20% Ni. Since EDS has an inherent error of less than 5% due to x-ray absorption and fluorescence,
only elements with content larger than 5% are considered as an effective component when counting
the number of CoOmMpPONENtS IN PAMTICIES. ........ooiiiiie s 81

Figure 3.1 Nucleation and growth of monometallic nanoparticles in polymer nanoreactors. (A) A
scheme of the nucleation and growth process. (B) Ex-situ ADF-STEM images of the aggregation
and growth of Au nanoparticles in polymer features annealed at 100 °C. Dashed circles indicate
the edge of polymer features. Scale bar: 300 nm. (C,D) The number (C) and average diameter (D)
of the nanoparticles formed in polymer features annealed at 100 °C. The assignment of Stage | and
I1in (C) and (D) applies to the polymer features with diameters of 1500 NM...........cccccvvrvrnnnne 88

Figure 3.2 Remaining free Au in polymer features (1.5 pm) annealed at 100 °C over time. The
remaining Au content was calculated by comparing the diameters of intermediate particles to the
diameters of the final particles (assuming all Au precursors in a reactor aggregated to form the
final particle). The molar ratio between HAuUCIls and PEO-b-P2VP in the starting polymer
NANOTEACLONS IS Li4.A8. ...ttt b et b et e e b e st e sbeebeeneesbe e e 89

Figure 3.3 Ex-situ ADF-STEM images of Au aggregation in polymer features annealed at 100 °C
over time. Dashed circles mark the edge of polymer nanoreactors. ............cccocveevveiieiieesieeinnns 89

Figure 3.4 (A) The number of nanoparticles and (B) the average diameter of nanoparticles formed
in polymer features annealed at 100 °C over time. Solid curves are guide to the eye. The
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assignments of Stage I and 11 in (A) and (B) apply only to polymer nanoreactors with diameters of
550 nm and 800 nm. For polymer features with a diameter of 300 nm, Stage I is not observed. This
observation suggests that the polymer nanoreactor is not large enough for nucleation of more than
ONE PAITICIE. ... b bbbt b et 90

Figure 3.5 An ADF-STEM image of an 8-by-6 array of polymer nanoreactors containing Au salt
precursor. The polymer nanoreactors were annealed at 100 °C for 1h to form a single Au NP in
each nanoreactor. SCale DAr: 3 M. ..o e 91

Figure 3.6 (A) An ADF-STEM image of a NaCI/KCI particle formed in a blank polymer
nanoreactor annealed at 100 °C for 1h. The dashed circle marks the edge of the polymer
nanoreactor. An EDS spectrum of the crystal is shown underneath the STEM image. Al signals
are from the TEM sample holder. (B) An ADF-STEM image of a polymer nanoreactor annealed
at 100 °C for 1h. The polymer was purified by dialysis with deionized water for 48 h
(ThermoFisher dialysis cassettes, 2K MWCO). The dashed circle marks the edge of the polymer
nanoreactor. EDS characterization of the polymer reactor shows no observable Na, K, and ClI
SIONAIS. .ttt bbbt R ettt b et b s 91

Figure 3.7 (A) Ex-situ ADF-STEM images of the aggregation of Au in polymer nanoreactors
annealed at 100 °C. Dashed circles indicate the edge of the polymer nanoreactors. Scale bar: 400
nm. (B) Ex-situ ADF-STEM images of the aggregation of Au in polymer nanoreactors annealed
at 150 °C. Dashed circles indicate the edge of polymer nanoreactor. Scale bar: 400 nm. (C) The
average diameter and number of nanoparticles formed in polymer nanoreactors annealed at 100
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Figure 3.8 Ex-situ ADF-STEM images of the aggregation process for (A) Au and (B) Ag
precursors in polymer nanoreactors annealed at 120 °C. Dashed circles indicate the edge of
polymer nanoreactor. Scale bars: 200 nm. (C) Enlarged views of the aggregated particles within
the nanoreactors in (B). Scale bar: 50 NM. ..o 93

Figure 3.9 (A) An ADF-STEM image of the particles formed in a single polymer nanoreactor that
contains Ag precursor (AgNO3). The polymer feature was annealed at 120 °C for 30 min. EDS
spectra of the particles reveal the presence of a Ag/AgCI/NaCl mixture along with Ag, and NaCl
particles. Al signals are from the TEM sample holder. (B) HRTEM images of the AgCl and
KCI/NaCl particles formed in polymer nanoreactors that were annealed at 120 °C for 30 min. The
observed lattice spacings are 3.17 A and 3.60 A, which correspond to AgCl (111) and KCI (111)
PlANES, TESPECTIVEIY. ... bbbttt 94

Figure 3.10 (A-F) ADF-STEM images of representative polymer nanoreactors that contain
Cu(NO3)2 subjected to thermal treatment. (G) A Cu 2p XPS spectrum of particles formed by
thermally annealing a drop-cast polymer ink solution that contains the Cu precursor at 260 <C for
] o S USURPRPR 95

Figure 3.11 Comparison of the aggregation rates during the formation of different monometallic
nanoparticles. (A-C) ADF-STEM images showing the aggregation of Au, Ag, or Cu'" species in
polymer features annealed at 240 °C. Dashed circles indicate the edge of polymer features. Scale
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bar: 200 nm. (D-E) The average diameter (D) and number (E) of the nanoparticles formed in
polymer features annealed at 240 °C. Dashed curves are guide to the eye. ..........cccoeviiinnnnne 96

Figure 3.12 (A) The average diameter and (B) number of nanoparticles formed in polymer
nanoreactors (diameters ~ 1 um) using either AgNO3 or Cu(NOz3). precursors that were annealed
at 240 °C. Dashed curves are guide t0 the BYE. ......ccvcveiieii e 96

Figure 3.13 Remaining free metal species in polymer nanoreactors that contain one type of
precursor and are annealed at 240 °C. (A) Amount of free Ag in polymer features (1 pm). (B)
Amount of free Cu in polymer features (1 pm). For each monometallic system, the molar ratio
between the metal precursor and PEO-b-P2VP in the starting polymer nanoreactors is 1:4.48. The
remaining Ag or Cu content was calculated by comparing the diameters of intermediate particles
to the final particles (assuming all metal precursors in a reactor aggregate to form the final particle).
....................................................................................................................................................... 97

Figure 3.14 EDS spectra of the initially nucleated nanoparticles in Figure 2. (A) Au and (B) Ag
nanoparticles formed in polymer nanoreactors that were annealed at 240 °C for 1 h. (C) Cu"
nanoparticles formed in a polymer nanoreactor that was annealed at 240 °C for 2 h. The Al signals
in the spectra are from the TEM sample hoIder. ..........covoviiieiiccc e 98

Figure 3.15 (A) ADF-STEM image of a representative polymer nanoreactor that contains equal
amounts of the metal salt precursors, HAuCls and AgNOs, annealed at 120 °C for 30 min. The
white dashed circle indicates the edge of the polymer nanoreactor. (B) STEM images along with
EDS elemental maps are shown for the particles located within the yellow dashed squares in (A).
....................................................................................................................................................... 99

Figure 3.16 Formation of AuAg nanoparticles in polymer nanoreactors. (A) ADF-STEM images
of representative polymer features that contain either equal amounts of HAuCls and AgNOs, only
HAUCI4, or only AgNOs metal salt precursors. The features were annealed at 120 °C for 2h. White
dotted circles indicate the edge of polymer features. (B) EDS elemental maps of the AuAg particles
located inside the yellow dashed squares in (A). (C) An ADF-STEM image of a polymer feature
that contains equal amounts of the metal salt precursors, HAuCls and AgNOs, annealed at 160 °C
for 4h. (D) ADF-STEM images and EDS elemental maps of the AuAg particle (Auos1Ago.49,
atomic composition) located inside a yellow dashed square in (C). The particle was stepwise
annealed at (i) 160 °C for 4h, (ii) 160 °C for 18h, and (iii) 260 °C for 4h. (E) Schematic of the
structural evolution of AuAg nanoparticles in polymer nanoreactors deposited with SPBCL. . 100

Figure 3.17 An ADF-STEM image of particles formed in a representative polymer nanoreactor
that contains equal amounts of the metal salt precursors, HAuCls and Cu(NO3)2, annealed at 160
°C for 1 h. Inset: An ADF-STEM image of the polymer nanoreactor containing the nanoparticles.
The white dashed circle indicates the edge of the polymer nanoreactor. A primary nucleated
particle is observed in the polymer nanoreactor along with some small Cu' particles that contribute
to coarsening as the reactor is heated. EDS elemental mapping of the primary particle is shown in
FIQUIE B.L8. it bbb bbbttt b e bbb 103

Figure 3.18 ADF-STEM images and EDS elemental maps of representative primary particles
formed in polymer nanoreactors that contain equal amounts of the metal salt precursors, HAuCls
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and Cu(NO:zs)., annealed in different conditions: (A) 160 °C for 1h, particle contains 72% Au and
28% Cu and (B) 160 °C for 18h, particle contains 54% Au and 46% Cu, (C) 200 °C for 4h, particle
contains 50% Au and 50% Cu, (D) 240 °C for 4h, particle contains 50% Au and 50% Cu, (E) 260
°C for 4h, particle contains 53% Au and 47% Cu. Scale bars: 10 nm. The particle obtained after
annealing at 160 °C for 1h has more Au content compared to the other conditions, suggesting that
Au aggregates at a faster rate than the Cu SPECIES. ......cueviiieiiiiiee e 104

Figure 3.19 Formation of AuCu nanoparticles in polymer nanoreactors. (A-E) ADF-STEM images
and EDS elemental maps of a AuCu particle (44% Au, 56% Cu, atomic composition) formed in a
representative polymer feature that contains equal amounts of the metal salt precursors, HAuCl4
and Cu(NOz)2. White dashed circles indicate the edge of polymer features. The polymer feature
was stepwise annealed at (A) 160 °C under Ar for 4 h, (B) 240 °C under Ar for 2 h, (C) 240 °C
under Ar for 2 h, (D) 260 °C under Ar for 2 h, and (E) 500 °C under H; for 12 h. Scale bars: 10
nm. (F) Au 4f and Cu 2p XPS spectra of particles synthesized by thermally annealing a drop-cast
polymer ink solution at 260 <C for 18 h. Red lines correspond to polymer ink containing both Au
and Cu precursors. Black lines correspond to polymer inks containing only one type of precursor.
(G) HRTEM image of a AuCu nanoparticle in a polymer feature that is formed by being annealed
at 260 <C for 18h. The observed lattice spacing is 1.99 A (extracted from fast Fourier transform),
which closely matches the AuCu alloy (200) PIaNE........cceeveiiiie e 105

Figure 3.20 Formation of AgCu nanoparticles in polymer nanoreactors. (A) ADF-STEM images
and (B) EDS elemental maps of a particle formed in a representative polymer feature annealed at
160 °C for 4 h that contains equal amounts of the metal salt precursors, AQNO3z and Cu(NO3)z.
White dashed circles indicate the edge of the polymer feature. (C) Ag 3d and Cu 2p XPS spectra
of particles synthesized by thermally annealing a drop-cast polymer ink solution at 260 <C for 18h.
Red lines correspond to polymer ink containing both Ag and Cu precursors. Black lines correspond
to polymer inks that contain only one type of precursor. (D-G) ADF-STEM images and EDS
elemental maps of a AgCu particle (55% Ag, 45% Cu, atomic composition) formed in a
representative polymer feature that was stepwise annealed at (D) 160 °C under Ar for 18 h, (E)
260 °C under Ar for 2 h, (F) 260 °C under Ar for 4 h, and (G) 500 °C under H> for 12 h. Scale
bars: 15 nm. (H) Schematic depicting the structural evolution of AgCu nanoparticles in polymer
features during thermal trEAMENT. .........ooiiiiie e 107

Figure 3.21 (A,B) EDS spectra of (A) AuCu and (B) AgCu nanoparticles obtained after annealing
polymer nanoreactors at 500 °C under Hz for 12 h to achieve their final structures. Al signals are
from the TEM sample holder. (C,D) Cu 2p XPS spectra of (C) AuCu and (D) AgCu particles
formed by thermally annealing a drop-cast polymer ink solution at 500 <C under H for 12 h. 108

Figure 3.22 ADF-STEM images and corresponding EDS elemental mapping of representative
kinetic AgCu nanoparticles formed in nanoreactors annealed at 160 <C for 18 h and then 260 <C
for 2 h. Scale bars: 15nm. Ag aggregates faster and always enriches in the center of the particles
while Cu mainly adsorbs on the periphery of the particles. Since the kinetic particles are formed
through random aggregation of particles/atoms, the morphology varies from particle to particle.
..................................................................................................................................................... 108
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Figure 3.23 (A-C) ADF-STEM images and EDS elemental maps of particles formed in
representative polymer nanoreactors that contain equal amounts of HAuCls, AgNOs, and
Cu(NO3)2 precursors. (A) A polymer nanoreactor annealed at 260 °C under Ar for 0.5h, resulting
in a particle composed of 48% Au, 43% Ag, and 9% Cu. (B) A polymer nanoreactor annealed at
260 °C under Ar for 4h, resulting in a particle composed of 36% Au, 39% Ag, and 25% Cu. (C)
The particle in (B) was further annealed at 500 °C under H; for 12h. Scale bars: 20 nm.......... 109

Figure 3.24 Formation of AuAgCu nanoparticles in polymer nanoreactors. (A-D) ADF-STEM
images and EDS elemental maps of a AuAgCu particle (33% Au, 39% Ag, 28% Cu, atomic
composition) formed in a representative polymer feature that contains equal amounts of the metal
salt precursors, HAUCls, AgNOs, and Cu(NOz3)2. The polymer nanoreactor was stepwise annealed
at (A) 260 °C under Ar for 1.5 h, (B) 260 °C under Ar for 2 h, (C) 260 °C under Ar for 3 h, and
(D) 500 °C under Hz for 12 h. Scale bars: 20 NIM. .......cooiiiiieieeeeseeee e 110

Figure 3.25 ADF-STEM images and corresponding EDS elemental mapping of representative
kinetic AUAgCu nanoparticles formed in nanoreactors annealed at 260 <C for 3 h. Scale bars: 15nm.
Au and Ag aggregate faster and always enrich in the center of the particles while Cu mainly
localizes on the periphery of the PartiCles..........c.cooveiiiiiieie e 111

Figure 3.26 Au 4f, Ag 3d, and Cu 2p XPS spectra of particles formed by thermally annealing a
drop-cast polymer ink solution containing equal molar amounts of HAuCls, AgNO3, and Cu(NO3):
at 260 <C for 2 h. The Au and Ag components in nanoparticles annealed at 260 <C for 2h are in
the metallic state while the Cu component is in the Cu® and Cu" states. ..........cccccevvvrvrveennnns 111

Figure 3.27 EDS elemental analysis of the AuAgCu particle shown in Figure 3.24. (A-D) ADF-
STEM images and EDS elemental maps. The particle was annealed stepwise at 260 °C under Ar
for 1.5 h, 260 °C under Ar for 2 h, 260 °C under Ar for 3 h, and 500 °C under Hz for 12 h. White
dashed rectangles in the EDS maps enclose the main part of the particle that excludes the Cu"
clusters on the fringe. Yellow dashed rectangles enclose the entire particle. Scale bars: 20nm. (E)
The composition of the part of the particle within white dashed rectangles. (F) The composition of
the entire particle enclosed in the yellow dashed rectangles. From (A) to (D), the content of Cu in
the particle (yellow dashed rectangle) changes slightly from 24% to 28%, while the content of Cu
in the main portion of the particle (white dashed rectangles) increases from 13% to 28%,
suggesting that the Cu'" clusters on the fringe diffuse into the main part during thermal annealing.
..................................................................................................................................................... 112

Figure 3.28 ADF-STEM images and EDS elemental maps of a AuAgCu particle (48% Au, 26%
Ag, 26% Cu) formed in a polymer nanoreactor that contains the metal salt precursors, HAUCls,
AgNOs3, and Cu(NOs)2 (molar ratio 50%:25%:25%), that were stepwise annealed under different
conditions: (A) 260 °C under Ar for 4h, (B) 260 °C under Ar for 2h, and (C) 500 °C under H for
120, SCale DAIS: 20 MM .. ettt sr e e e 113

Figure 4.1 Configuration of interfaces in multi-phase nanoparticles. (A) Theoretically possible
number of interfaces in heterodimer, heterotrimer, and heterotetramer NPs. All of these NP
architectures are observed and characterized in this work except for the striped tetra-phase
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structure with three interfaces. (B) The relationship between the architecture of bi-, tri-, and tetra-
PRESE NPS. ..t b bbbttt 119

Figure 4.2 (A) HRTEM image of a representative Pdo.75Sno2s nanoparticle synthesized in a
polymer nanoreactor (scale bar, 5 nm). (B) Fast Fourier transform (FFT) and (C) EDS spectrum
of the nanoparticle in (A) indicate that the nanoparticle possesses a PdsSn intermetallic structure.
..................................................................................................................................................... 121

Figure 4.3 ADF-STEM images, EDS elemental mapping, and EDS spectra of (A) Au-Co
(AuosCoos), (B) Au-PdSn (Auos7Pdo27Snois), and (C) Co-PdSn (Coo.e6Pdo.17Sno.17)
heterostructured nanoparticles synthesized in polymer nanoreactors (Scale bars, 20 nm). The Cu
Ka signals at 8.0 keV in the EDS spectra are from the TEM sample holder. ............c.cccoovvnnees 121

Figure 4.4 Stability test of (A,B) Au-PdSn and (C,D) Co-PdSn heterodimers subjected to thermal
annealing. The particles were heated under H> at different conditions and quickly cooled down to
ambient temperature in 0.5 h. (A) and (C) show schematic illustration, ADF-STEM images, and
EDS mapping of a typical Au-PdSn nanoparticle and a typical Co-PdSn nanoparticle after each
annealing step. Scale bar, 20 nm. (B) and (D) show the composition variation of each domain in
Au-PdSn and Co-PdSn heterodimers after thermal treatment. The results are calculated based on
composition tracking of 15 particles for each type of heterodimer. .........ccccccovvvvieiieniviieninennnns 124

Figure 4.5 ADF-STEM images and corresponding EDS elemental mapping of a Au-PdSn
heterodimer thermally annealed at increasing temperatures. Scale bar, 20 NM.............ccccvveneee. 125

Figure 4.6 (A,B) ADF-STEM images and corresponding EDS characterization of AuCoPdSn
nanoparticles with different molar ratios between Pd and Sn (Pd:Sn = 1:1, Auo.24C00.27Pdo.24Sno.2s;
Pd:Sn = 2:1, Auo.30C00.26Pdo.30SN0.14; Pd:Sn = 3:1, Auo.30C00.20Pdo30Sno11; and Pd:Sn = 4:1,
Auo.38C00.33Pdo.23SNno.0s). The Pd:Sn ratios of each particle are noted above the STEM images. (C)
ADF-STEM image and EDS mapping of a AuNiPdSn nanoparticle with Pd:Sn = 20:1
(Auo.18Nio.38Pdo.42SN0.02). Scale bars, 20 NM. ...c.oviviiieiieeee e 126

Figure 4.7 Au-Co-PdSn tri-phase heterostructured nanoparticles with three interconnected
interfaces. (A) ADF-STEM image of a representative Au-Co-PdSn NP (Auo.30Co0.37Pdo.19Sno.14,
scale bar, 10 nm). (B) Schematic illustration of the miscibility relationship between the Au, Co,
and PdSn phases. (C-F) EDS elemental mapping of the NP in (A). Overlay of selected element
maps shows the phase boundaries of (D) Au-Co, (E) Au-PdSn, and (F) Co-PdSn. (G) Overlay of
all element maps showing the configuration of the three phase boundaries in a Au-Co-PdSn NP.
(H) HRTEM image of the tri-phase junction in a Au-Co-PdSn NP (Auo.25C00.36Pdo.29Sno.10, scale
bar, 3nm). Dashed lines highlight the position of the three phase boundaries. Insets are an ADF-
STEM image and EDS mapping of the entire NP. (I) left column: FFT of the regions indicated in
(H). right column: EDS spectra of the Au, Co, and PdSn domains of the NP in (H). ................ 127

Figure 4.8 EDS characterization of Au-Co-PdSn nanoparticles with different compositions. The
molar ratio of Pd:Sn is approximately 1:1 in each nanoparticle. The varying content of Au, Co,
and PdSn only changes the size of each domain in the particles. All the particles possess the same
architecture with three interconnected phase boundaries. Scale bar: 20 nm. ...........cccccovveieen. 128
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Figure 4.9 ADF-STEM images and EDS elemental mapping of Au-Co-PdSn nanoparticles whose
interfaces are not all perpendicular to the image plane. Dashed lines/circles in the overlay of
selected element maps highlight the position of interfaces as a guide to the eye. Scale bars, 15 nm.
(A) Auo57C00.17Pdo.16SNn0.10, Au-PdSn and Co-PdSn interfaces are perpendicular to the image plane
while Au-Co interface is inclined/parallel with the image plane. Scheme depicts the proposed
structure of this particle. (B) Auo.33C00.3sPdo.18Sno.15, Au-PdSn interface is perpendicular to the
image plane while Co-PdSn and Au-Co interfaces are inclined with the image plane. Scheme
depicts the proposed structure of this PartiCle.............cooviiiiiiici 128

Figure 4.10 (A-D) HRTEM and ADF-STEM characterization of Au-Co heterodimers synthesized
in polymer nanoreactors. In each panel, the left column shows TEM and STEM images of entire
particles; the right column shows a zoomed-in HRTEM image of the interface region between the
Au and Co phases. Insets are FFTs of the Au domain or Co domain. (A) Au is oriented along the
[011] zone axis. Co is along the [411] zone axis. The Moirépattern (D = 1.02 nm) at the interface
is attributed to periodical lattice matching between the Co {220} and Au {220} planes. (B) Au and
Co are epitaxial, both oriented along the [111] zone axis. The two phases share {220} planes at
the interface. (C) Au is oriented along the [111] zone axis while Co only shows lattice fringes in
one direction that corresponds to one set of {220} planes. (D) Au and Co are epitaxial, both
oriented along the [111] zone axis. The two phases share {422} and {220} planes at the interface.
..................................................................................................................................................... 129

Figure 4.11 (A-C) HRTEM and ADF-STEM characterization of Co-PdsSn heterodimers
synthesized in polymer nanoreactors. In each panel, the left column shows TEM and STEM images
of entire particles; the right column shows a zoomed-in HRTEM image of the interface region
between the Co and PdsSn phases. Insets are FFTs of the PdsSn domain or Co domain. (A) The
FFT of Co domain indicates that Co is on the [200] zone axis. The FFT of PdsSn domain only
show one pair of reflections corresponding to PdsSn (210) planes. (B) Co is oriented along the
[111] zone axis while no lattice plane is observable at the same direction in the PdzSn domain. (C)
Co and PdsSn are on the [411] zone axis. The two phases share {311} planes at the interface. 130

Figure 4.12 (A-C) HRTEM and ADF-STEM characterization of Au-PdsSn heterodimers
synthesized in polymer nanoreactors. In each panel, the left column shows TEM and STEM images
of entire particles; the right column shows a zoomed-in HRTEM image of the interface region
between the Au and PdsSn phases. Insets are FFTs of the PdsSn domain or Au domain. (A) Au is
oriented along the [111] zone axis. PdsSn shows lattice fringes that can be attributed to {220}
planes. The two phases share {220} planes at the interface. (B) Au and Pd3Sn share {111} planes
at the interface. (C) Au and PdsSn share {111} planes at part of the interface. Stacking faults are
Present iN the AU OMEIN. ......oiii i e et e e st e be e eaaeeannas 131

Figure 4.13 HRTEM and ADF-STEM characterization of Au-Co-PdsSn heterotrimers synthesized
in polymer nanoreactors. In each panel, the left column shows TEM and ADF-STEM images of
entire particles. The right column shows a zoomed-in HRTEM image of the tri-phase junction
between the Co, Au, and PdsSn domains. Insets are FFTs of the Co, PdsSn or Au domains. Dashed
lines highlight the position of the three phase boundaries. (A) The FFT of Co is indicative of Co
along the [411] zone axis. The FFT of Au and PdsSn show reflections in the same direction that
correspond to {220} planes. (B) Au and Co are both oriented along the [411] zone axis. The two
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phases share {311} planes at the interface. PdzSn domain only shows (224) crystallographic planes.
(C) Au is along the [310] zone axis. PdsSn is along the [110] zone axis. Meanwhile, no lattice
plane is observed in the Co domain. The HRTEM images of all the Au-Co-PdsSn nanoparticles
confirm the formation of three solid-state interfaces in one particle. Despite the same domains (Au,
Co, and PdsSn) constituting the nanoparticles in (A-C), the interfacial lattice structure differs
between each individual NANOPAITICIE. ............ccoiiiiii s 131

Figure 4.14 (A) ADF-STEM images and EDS elemental mapping of Au-Co-PdSn tri-phase
nanoparticles (Pd:Sn = 1:1) with different angles between the three phase boundaries. (B) ADF-
STEM images and EDS elemental mapping of Au-Co-PdSn tri-phase nanoparticles (Pd:Sn = 2:1)
with different angles between the three phase boundaries. Scale bars, 15 nm. While the
nanoparticles in (A) or (B) are composed of the same material phases, the angles between the three
phase boundaries are different in each particle. This suggests that the interfacial lattice structures
in these nanoparticles are different. The nanoparticles all have a pie-shaped architecture. ....... 132

Figure 4.15 (A) DFT-simulated relaxed structures of the (111) interfacial planes between Ag, Cu,
and Co. (B) The surface energies of Ag, Cu, and Co (111) planes and the interfacial energies
between Ag, Cu, and Co (111) planes. (C) Calculated total surface and interfacial energies of Ag-
Cu-Co nanoparticles (diameter 20 nm) with equal volume of each phase. (D) ADF-STEM image
and EDS mapping of a Ag-Cu-Co nanoparticle (Ago.23Cuo.47C00.30). Scale bar: 15 nm............. 133

Figure 4.16 DFT simulation of the architecture of Au-Co-PdsSn tri-phase nanoparticles. (A) DFT-
simulated relaxed structures of the (111) interfacial planes between Au, Co, and PdsSn. (B) The
Surface energies of Au, Co, and PdsSn (111) planes and the interfacial energies between Au, Co,
and PdsSn (111) planes. (C) Calculated total surface and interfacial energies of Au-Co-PdsSn
nanoparticles with equal volume of each phase (diameter 20 NM). ........cccvvveieiiece e, 133

Figure 4.17 2D projections of spherical nanoparticle models with either (A) three or (B) two
interfaces. Both sphere models consist of three different domains (denoted as D1, D2, and D3).
The three domains in Type | nanoparticles are interconnected and have identical shape and size.
The three domains in Type Il nanoparticles form two interfaces where D1 and D3 are not connected.
The volume of the three domains in each model are equal, i.e., V(D1) = V(D2) = V(D3)........ 134

Figure 4.18 (A,B) ADF-STEM images and EDS mapping of representative Au-Co-PdSn kinetic
structures synthesized in polymer nanoreactors. Dashed circles in the ADF-STEM images outline
the position of the Co phase as guides for the eye. Scale bars, 20 nm. During the final annealing
step of particle synthesis (500 °C, H>), kinetic particles were trapped after 0.5 h, which results in
particles containing more than three metal domains. In (A) Auo32C00.31Pdo23Sno14 and (B)
Aluo.27C00.34Pdo.27SNno.12 nanoparticles, the Co phases are not fully aggregated to form one integral
metal domain. Continuous annealing for another 1 h effectively triggers intraparticle coarsening
between the diSCrete CO AOMAINS. .......cciiieiiere e e e e e nreenee e 135

Figure 4.19 Structural evolution of Au-Co-PdSn tri-phase nanoparticles during thermal annealing.
(A) ADF-STEM images (top row) and corresponding EDS mapping (bottom row) of a Au-Co-
PdSn NP (Auo.33C00.24Pdo 26SNno.17) annealed under flowing Hz at 500 °C over time. Dashed yellow
lines outline the position of phase boundaries. Scale bar, 15 nm. (B) Statistical distributions of NPs
(n = 150) with different architeCIUIES. .........coiiiiiiiiieeee s 136
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Figure 4.20 A seven-element library of multi-phase heterostructured nanoparticles that utilize
PdSn as the basic building block. Here one specific composition for each combination of metals
is shown. (A) Heterodimers can be synthesized by combining PdSn with any of the other five
metals, which lead to Au-PdSn, Ag-PdSn, Cuo.92Pdo.0s-Cuo.2(PdSn)os, Co-PdSn, and Nio.sSno.s-
Nio.os(PdSn)o.e2. (B) AuAg-PdSn, AuCu-PdSn, CuNi-PdSn, and CoNi-PdSn are heterodimers. Au-
Co-PdSn, Au-NiSn-PdSn, Ag-Cu-PdSn, Ag-NiSn-PdSn, and Ag-Co-PdSn are heterotrimers with
three interconnected interfaces. Co-Cu-PdSn is a heterotrimer with two disconnected interfaces.
(C) AuAg-AuCu-PdSn, AuCu-CuNi-PdSn, AuAg-Co-PdSn, AuAg-NiSn-PdSn, AuCu-Co-PdSn,
Au-CoNi-PdSn, Ag-CuNi-PdSn, Ag-CoNi-PdSn are heterotrimers with three interconnected
interfaces. CoNi-CuNi-PdSn is a heterotrimer with two disconnected interfaces. Ag-Cu-Co-PdSn
is a heterotetramer with four interfaces. (D) AuAg-CoNi-PdSn and AuCu-CoNi-PdSn are
heterotrimers with three interfaces. AuAg-AuCu-NiSn-PdSn and AuAg-AuCu-Co-PdSn are
heterotetramers with five interfaces. Ag-Cu-CoNi-PdSn is a heterotetramer with four interfaces.
(E) AuAgCu-CoNi-PdSn is a heterotrimer with three interfaces. The number of phases in one
particle is highly dependent on particle composition. For example, CoNiPdSn NPs with two
different compositions show either a bi-phase structure (Figure 4.20B) or a tri-phase structure
(Figure 4.31B), respectively. Detailed information about the nanoparticles shown in this figure can
DE TOUN IN FIQUIE 4.21-4.24........oooiieeeee ettt 139

Figure 4.21 ADF-STEM images, EDS spectra, and detailed EDS mapping of the ternary
nanoparticles in Figure 4.20A. (A) Auo.s57Pdo.27Sno.16, (B) Ago.s5Pd0.26SN0.19, (C) Cuo.46Pd0.39SN0 15,
(D) Coo.50Pdo.32Sno.18, and (E) Nio.32Pdo.37Sno.31. Scale bars, 15 M. ......ccooveieiiiiiiccee, 140

Figure 4.22 ADF-STEM images, EDS spectra, and detailed EDS mapping of the quaternary
nanoparticles in Figure 4.20B. (A) Auo21Ago.32Pdo32Sno15, (B) Auo31C0034Pdo21SNno.14, (C)
Auo 25Nig24Pdo20Sno31, (D)  Auo24CuoszsPdo2sSnois, (E)  Ago3oCuoz0Pdo27Sno1s,  (F)
Ago22Nio24Pdo21Snoss,  (G)  AQo43C0023Pdo23Sno11, (H)  CuoasNio.32Pdo.1sSnoas, (1)
CU0.20C00.34Pdo.21SNno.16, and (J) Coo.38Nio.23Pdo.18SNo.21. Scale bars, 15 nm.........c.cccoeeveieinennne 140

Figure 4.23 ADF-STEM images, EDS spectra, and detailed EDS mapping of the quinary
nanoparticles in Figure 4.20C. (A) Auo.122Ad0.30CUo.28Pdo.20SN0.10, (B) Auo.12Cuo.19N10.26Pd0.23SN0.20,
© AUo.06AJ0.10C00.24Pd0.39SN0 21, (D) AUo.20Ago.16Ni0.21Pdo.19SN0 24, (E)
Auo 25Cu 25C00.18Pdo.22SNo.10, (F) Auo.24C00.2:Nio.15Pd0.17SN0.23, (G) Ago.25Cuo.25Nio.20Pdo.16SNo0.14,
(H) Ag0.32CU0.20C00.21Pdo.15SNo.12, m Cuo0.38C00.15Ni0.12Pdo.20SNo 15, and )
Ago.31C00.18Ni0.13Pd0.21SN0.17. SCAIE DArS, 15 NM......vivieiiiciccecce e, 141

Figure 4.24 ADF-STEM images, EDS spectra, and detailed EDS mapping of the senary and
septenary nanoparticles in Figure 4.20D and 4.20E. (A) Auo.16Ag0.09CUo.18Nio.15Pd0.22SN0.20, (B)

Ago.25CU0.16C00.16N1i0.15Pd0.17SN0 11, ©) AUo.10Ag0.19C00.19NIi0.15Pdo.20SN0.17, (D)
AUo.18Ag016CU0.20C00.23Pd0.13SN0.10,  (E)  AU0.14CU0.18C00.22Ni0.16Pdo.17SN013,  and  (F)
AUo.16A00.13CU0.16C00.15Ni0.15Pdo.155N0.10. Scale bars, 15 NM.......cccooiviiiiiiicicce e 141

Figure 4.25 Tetra-phase heterostructured nanoparticles with four interfaces. (A) Schematic
illustration depicting the architectures of tri- and tetra-phase NPs composed of Ag, Cu, Co, and
PdSn phases. Dashed lines outline the position of the phase boundaries. (B) ADF-STEM images
(top row) and EDS mapping (bottom row) of representative tri-phase NPs for all phase
combinations. The compositions of the four tri-phase NPs are Ago.23Cu0.47C00.30,



24

C00.32CU0.29Pdo.21SN0.16, Ago.30CU0.30Pd0.27SN0.13, and Ago.33C00.23Pdo.27Sno.17. (C) ADF-STEM
image (top row) and EDS mapping (bottom row) of a representative tetra-phase NP composed of
Ag, Cu, Co, and PdSn phases (Ago.32CuUo.20C00.21Pdo.15Sn0.12). Overlay of selected element maps
(middle row) reveals the relative position of the four phases in the NP. Scale bars, 15nm. ...... 142

Figure 4.26 ADF-STEM images and detailed EDS elemental mapping of the tri-phase
nanoparticles in Figure 4.25B (Ago.23Cuo.47C00.30, C00.34CUo.29Pdo.21SNo.16, Ago.30CU0.30Pd0.27SN0.13,
and Ago.33C00.23Pdo.27SNno.17). Scale bars, 15 nm. Overlay of all element maps (second column) and
selected element maps (third to fifth columns) show the relative position of the three phases in
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Figure 4.27 ADF-STEM images and EDS elemental mapping of three representative Ag-Cu-Co-
PdSn tetra-phase nanoparticles (Ago.2sCuo.23C00.23Pdo.165N0.10, Ago.31CU0.10C00.2:Pdo.17SN0.12, and
Ago.29CU0.21C00.22Pd0.17SN0.11). Scale bars, 15 nm. Overlay of all element maps (middle column)
and selected element maps (right column) reveal the configuration of the four phases in Ag-Cu-
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Figure 4.28 Tetra-phase heterostructured nanoparticles with five interfaces. (A) Schematic
illustration depicting the architectures of tri- and tetra-phase NPs composed of AuAg, AuCu, Co,
and PdSn phases. Dashed lines outline the position of phase boundaries. (B) ADF-STEM images
(top row) and EDS mapping (bottom row) of representative tri-phase NPs for all phase
combinations. The compositions of the four tri-phase NPs are Auo30Ago.19CU0.20C00.22,
Auo.12Ag0.30CU0.28Pdo.20SN0.10, AUo.06AJ0.10C00.24Pd0.39SN0.21, and Auo.13CU0.27C00.30Pdo.155N0.15. (C)
ADF-STEM image (top row) and EDS mapping (bottom row) of a representative tetra-phase NP
composed of AuAg, AuCu, Co, and PdSn phases (Auo.18Agdo.16CU0.20C00.23Pdo.13SN0.10). Overlay of
selected element maps (middle row) shows the relative configuration of the four phases in the NP.
Dashed lines highlight the position of the five phase boundaries. Scale bars, 15 nm. ............... 145

Figure 4.29 ADF-STEM images and detailed EDS elemental mapping information of the tri-phase
nanoparticles in Figure 4.28B  (Auo0.30Ago.19CU0.20C00.22,  Auo.12Ad0.30CUo.28Pd0.20SN0. 10,
AUo.06A00.10C00.24Pdo.39SN0 21, and Auo.13CU0.27C00.30Pdo.15SN0.15). Scale bars, 15 nm. Overlays of
all element maps (second column) and selected element maps (third to fifth columns) show the
relative position of the three phases in each particle. ..., 146

Figure 4.30 ADF-STEM images and EDS elemental mapping of representative (A) AuAg-AuCu-
Co-PdSn (Auo.11Ado.15CU0.17C00.28Pdo.10SN0.10 and  Auo.17Ado.15CU0.17C00.23Pdo.18SNo.10) and (B)
AUAg-AuCu-NiSn-PdSn  (Auo.17Ado.12Cuo.22Ni0.14Pdo.19SN0.16) tetra-phase nanoparticles. Scale
bars, 15 nm. Overlays of all element maps (middle column) and selected element maps (right
column) reveal the configuration of the four phases in the nanoparticles. Dashed yellow lines
indicate the position of the five phase boundaries in each nanoparticle. ............ccocoocieniiinnnn. 146

Figure 4.31 Tetra-phase heterostructured nanoparticles with six interfaces. (A) Schematic
illustration depicting the architectures of tri- and tetra-phase NPs composed of Au, CoNi, NiSn,
and PdSn phases. Dashed lines outline the position of the phase boundaries. (B) ADF-STEM
images (top row) and EDS mapping (bottom row) of representative tri-phase NPs for all phase
combinations. The compositions of the four tri-phase NPs are Co0o.13Nio.35Pdo.26Sno.2s,
AUo.37C00.18N10.36SN0.09, AUo.20C00.17Nio.19Pdo.20SN0.15, and Auo.25Nio.24Pdo.20Sno 31. (C) ADF-STEM
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image (top row) and EDS mapping (bottom row) of a representative tetra-phase NP composed of
Au, CoNi, NiSn, and PdSn phases (Auo.20C00.11Ni0.30Pdo.21Sno.18). Overlay of selected elemental
maps (two middle rows) show the relative position of any two of the four phases. Dashed
lines/circles outline the position of the six phase boundaries in the NP. Scale bars, 15 nm. ..... 147

Figure 4.32 ADF-STEM images and detailed EDS elemental mapping information of the tri-phase
nanoparticles in Figure 4.31B (C00.13Nio.35Pdo.26SNo.2s, AU .37C00.18Ni0.36SN0.09,
AUo.290C00.17Ni0.190Pdo.20SN0.15, and Auo.25Nio.24Pdo.20Sno.31). Overlays of all element maps (second
column) and selected element maps (third to fifth columns) show the relative position of the three
phases in each particle. Scale bars, 15 NM. ... 148

Figure 4.33 (A,B) Additional EDS mapping information of the Au-CoNi-NiSn-PdSn tetra-phase
nanoparticle in Figure 4.30C. The overlay of selected element maps clearly indicates that the
particle consists of four phases with six phase boundaries. (C) EDS mapping of the same particle
after rotating the particle 60°. Dashed circles in the images outline the position of CoNi phase as
guides for the eye. The CoNi phase moves from the bottom of the image to the center of the image,
indicating that the CoNi domain is on top of the particle. Scale bar, 15 nm. ...........cccccocvrvnnnne. 149

Figure 4.34 (A) ADF-STEM image and EDS mapping of a Au-CoNi-NiSn-PdSn tetra-phase
nanoparticle with six phase boundaries (Auo.18C00.14Nio.33Pdo.18SNo.17). (B) ADF-STEM image and
EDS mapping of the same particle after rotating the particle 60°. Scale bars, 20 nm. Dashed circles
in first and second columns of the images outline the position of the CoNi phase as guides for the
eye. After rotating the nanoparticle, the CoNi phase moves from the center of the image to the
bottom of the image, indicating that the CoNi domain is on top of the particle......................... 149

Figure 4.35 (A) ADF-STEM images and EDS elemental mapping of two representative Au-CoNi-
NiSn-PdSn tetra-phase nanoparticles (Au0.17C00.11Ni0.33Pdo.24Sn0.15 and
Auo.18C00.09Ni0.33Pdo.25SN0.15). Overlays of all element maps (middle column) and selected element
maps (right column) indicates that the CoNi phases are either on top of the particle or at the bottom
the of particle. (B) ADF-STEM images and EDS elemental mapping of a Au-CoNi-NiSn-PdSn
tetra-phase nanoparticle (Auo.20C00.12Nio.32Pdo.20Sn0.16) with the CoNi phase located on the edge.
Dashed circle outlines the position of the CoNi phase as a guide. Scale bars, 20 nm................ 150

Figure 4.36 Distributions of Au-CoNi-PdSn-NiSn heterotetramers with different architectures
(calculated based 0N 30 PArTICIES). .....oeiiiieieee s 150

Figure 5.1 Schematic illustration of the screening of nanostructures for a wide variety of properties
with a substrate containing particles spatially-encoded with respect to size and composition. . 157

Figure 5.2 Schematic illustration of polymer pen lithography (PPL) for centimeter area molecular
01 L1 o PRSPPI 159

Figure 5.3 PPL patterning of centimeter-scale AuPd nanoparticle arrays. (A) Dark-field optical
microscopy image of a large-scale pattern of polymer dots. (B) Magnified dark-field image shows
a 25-by-25 dot array with 3 um dot spacing. (C) SEM image of the polymer dot arrays printed by
PPL. (D) SEM image of corresponding AuPd alloy nanoparticles formed after thermally annealing
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Figure 5.4 Centimeter-scale AuUAgNi nanoparticle arrays generated by a combination of SPBCL
and Polymer Pen Lithography (PPL). (A) Dark-field optical microscopy image of a section of the
centimeter-scale pattern of polymer features. (B) SEM image of the polymer features printed by
PPL. (C) SEM image of the arrays of AuAgNi nanoparticles synthesized from the polymer
nanoreactors that were printed DY PPL. .........coooi e 160

Figure 5.5 Centimeter-scale AuPd nanoparticle arrays generated on TiO support. (A-C) SEM
images of (A) a pristine TiO substrate, (B) polymer features printed on TiOz, (C) an array of AuPd
nanoparticles synthesized from the printed polymer features. Scale bars, 5 um. ..........c..co........ 160

Figure 5.6 Reduction of 4-nitrophenol catalyzed by a PPL-patterned nanoparticle array. (A)
Scheme of the catalysis process. A 10 uL aqueous droplet containing 4-nitrophenol and NaBH4
was dispensed onto a nanoparticle array. In the presence of nanoparticles, 4-nitrophenol was
converted into 4-aminophenol. (B) The diameters of the contact area between droplets and various
substrates were determined by a contact angle goniometer. About 0.7 million nanoparticles were
covered by each droplet. Inset is a typical photograph of reactant droplet on PPL-patterned
nanoparticle array. (C) UV-Vis absorption spectra of the droplet solution after running catalysis
on different substrates with product and reactant peaks at 296 nm and 400 nm, respectively. (D)
Conversion percentage and turnover number of the reaction catalyzed by control sample (no
particles), AUNP (16 + 2 nm diameter) arrays, PANP (16 + 3 nm diameter) arrays, and AuPdNP
(16 £ 2 NM AIAMELET) AITAYS. . .eeuveevieiteeieeeeseesteere e ste et e ste e re s e e s b e e te e b e sseesteeseesreesaeaneesraesreeneens 161

Figure 5.7 General pathways for the hydrogenation of trans-cinnamaldehyde. ........................ 162

Figure 5.8 Gas chromatograms of the catalytic hydrogenation of cinnamaldehyde mediated by Si
(control, black line), PPL-patterned Pd nanoparticles with 1.5 um pitch (blue line, particle density
0.44 NP/um?), and spin-coated Pd nanoparticles (red line, particle density 40 NP/um?). Reaction
conditions: 120 pL 0.5 mM cinnamaldehyde, 0.3 cm™ samples, 1 MPa Hz, R.T., 24 h. ........... 163

Figure 5.9 (A) SEM image of PPL-patterned Pd nanoparticles with 2.5 um pitch on a Si substrate.
(B) Zoom-in SEM image of a single nanoparticle showing carbon residue around the particle.163

Figure 5.10 Gas chromatograms of the catalytic hydrogenation of cinnamaldehyde mediated by
Si (control, black line), PPL-patterned Pd nanoparticles with 1.5 um pitch (green line), and PPL-
patterned Pd nanoparticles (1.5 um pitch, red line) annealed at 400 °C in O2 and Hz successively
to remove carbon residue. Reaction conditions: 120 pL 0.5 mM cinnamaldehyde, 0.3 cm samples,
L MPA H2, RuT., 24 Nttt ettt st ebenteereenes 164

Figure 5.11 Particle size effect on the activity of AuPd catalysts for the reduction of 4-nitrophenol.
(A) Scheme of using a tilted polymer pen array to generate polymer dot array and corresponding
AuPd nanoalloy array with size gradient. (B) Dark-field optical image of the gradient polymer dot
array. (C) SEM images of the polymer dots on left, middle, and right sites of the gradient sample.
Insets are SEM images of the resulting AuPd nanoalloys. The scale bars apply to all panels and
insets. (D) The dependence of polymer dot size and corresponding alloy nanoparticle size on the
distance from the one side of the gradient sample. (E) Conversion and turnover number of the
reaction catalyzed by AuPd nanoalloy with various size. To study the size effect, three regions of
the gradient sample are used, namely the left side, middle, and right side (corresponding to the
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blue, green, and orange sections shown in (D)). The nanoparticle sizes in three regions are 20 + 3
nm, 15 + 3 nm, and 9 + 4 nm, respectively. The activity increases in the sequence of 20, 15, and 9
MM NANOPAITICIES. ..ttt e bbbt 165
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1.1 Motivation and Introduction
Polyelemental nanoparticles (NPs), commonly referred as multimetallic NPs, are an
important frontier of nanomaterials due to their promise in many fields, including catalysis,*®
plasmonics,®1%13 electronic devices,'** magnetics,®*%" target drug delivery,'® and bio-
imaging.’®*?* On one hand, the high surface-area-to-volume ratio inherent to NPs imparts
multimetallic NPs with enhanced surface properties as compared to their bulk counterparts. On the
other hand, the incorporation of multiple metals into a single NP enables delicate tuning of the
chemical and physical properties of NPs. This property engineering is achieved by the hybrid
chemical, electronic, and magnetic interactions between metal components,®89121322-33 or by the
combination of different properties associated with each pure metal component.!>18343° For
example, in the field of catalysis, first-row transition metals (e.g., Fe, Co, Ni, and Cu) are often
doped into a precious metal NP catalyst to adjust the activity of precious metals while lower the
overall cost.>>740 The integration of two catalytic components into one NP have also proven to
be useful for enhanced tandem catalysis. 34144
To date, many methods have been developed to synthesize multimetallic nanomaterials.
Nonetheless, control over the size, structural, and compositional homogeneities of multimetallic
NPs within a wide range of elemental stoichiometric ratios remains difficult due to the fundamental
differences in reduction kinetics of different metal precursors,®* the site-selective nucleation of
each metal,>*>*° and the phase-separation potentially occurring at the nanoscale.>*%° Besides,
conventional process of optimizing multimetallic NP catalysts usually requires experimentalists to
synthesize enormous batches of NPs with specified size and composition in order to

comprehensively establish the composition-structure-activity relationship. Indeed, the lack of a
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methodology to facilely obtain polyelemental NPs by design and to efficiently study the enormous
parameter space constitutes the major challenge that prohibits the advance of this field. For this
reason, numerous research endeavors are continuously put on inventing novel strategies that will
enable well-controlled synthesis and facile investigation of multimetallic NPs. This thesis seeks to
develop a versatile method for the synthesis of polyelemental NPs with size, composition, and
architectures challenging to achieve via conventional means. Moreover, the method is intended to
be directly amenable to high-efficiency NP catalyst screening, thus avoiding the inefficient process
of serially making and characterizing polyelemental catalyst in a stepwise fashion. As such, this
thesis contributes to the fields of material science, chemistry, physics, and nanoscience.

1.2 Catalytic Applications of Polyelemental Nanoparticles

The use of heterogeneous catalysts is prominent both in scientific research and industrial
production of chemicals. It is reported that around 90% of the industrial chemical processes
involve some types of heterogeneous catalysts.®% As an important class of heterogeneous catalysts,
NPs (particularly multimetallic ones) have proven to provide chemical reactions with superior
reactivity and selectivity, while possessing the inherent advantage of easy handling and
recycling.82%4 Currently, NPs have been widely studied as catalysts for reactions including
hydrogenation,®*%”  Suzuki coupling,®® CO oxidation,*"? alcohol oxidation,”*"" CO;
reduction,’®"® etc.40.81-85

Hydrogenation is one of the major catalytic reactions that are utilized in pharmacy industry
for making complex molecules. In addition, hydrogenation is also prevalently used in petroleum
refining industry to saturate compounds, crack hydrocarbons, and remove sulfur

(hydrodesulfurization), nitrogen (hydrodenitrogenation), and other heterogeneous atoms.® Due to
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the importance of hydrogenation, the search of high-efficient catalysts has continuous been a major
field of research during past few decades. The mechanism of catalytic hydrogenation was first
proposed by Horiuti.®” As shown in Figure 1.1, unsaturated reactants such as ethylene are adsorbed
onto catalyst surface while the H-H bond in hydrogen (H>) is cleaved to form metal-hydrogen bond
on the catalyst surface. Through this way, the activation energy of reaction is decreased so that

hydrogen atoms can be transferred to ethylene to form a new C-H bond.
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Figure 1.1 Mechanism of heterogeneous hydrogenation of ethylene.®’

Currently, both monometallic and multimetallic NPs have been utilized for chemo-
selective hydrogenation of compounds that contains multiple functional groups. For example,
AUNP is an extensively-studied catalyst for the hydrogenation of «,f-unsaturated ketones and
aldehydes (Figure 1.2). In 1999, Hutchings et al. reported that the hydrogenation of crotonaldehyde
can be catalyzed by AuNPs (2-4 nm) on ZnO supports with an 82% selectivity of crotyl alcohol.®
The presence of sites at the Au-support interface is considered to be responsible for the preferential

activation of the carbonyl group. However, the combination of AuNPs with ZnO supports suffers
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from a low reaction conversion (less than 10%). In contrast, when the catalyst support is switched
to Fe2Os, AUNP promotes the hydrogenation of ¢, f-unsaturated aldehydes with both high reaction
conversion (90%) and high selectivity of unsaturated alcohols (95%).2° Besides the impact of
catalyst supports, other factors including AuNP size, morphology, and synthetic methods are also
found to affect catalyst activity considerably. For example, when AuNPs are utilized for the
hydrogenation of acrolein, the selectivity of allylic alcohols increases with increasing NP size from
1to 5 nm.*® Apart from particle size, the structure of AUNPs, namely the presence of multiply twin
defects and the degree of rounding also affect the selectivity.”* Specifically, AUNPs with higher
degree of rounding and a smaller number of twin defects were found to show the highest selectivity

towards allylic alcohols.

Saturated product

3

/ Hydrogenation of vinyl \

/K/L

Hydrogenation of carbonyl

Figure 1.2 Chemo-selective hydrogenation of unsaturated carbonyl compounds.®

In addition to Au, other commonly used monometallic NP catalysts include Pt, Pd, Ru, Rh,
etc.8® Likewise, many factors such as NP size, shape, and synthetic method are reported to
influence the catalytic activity and selectivity.8929 Somorijai et al. reported that cuboctahedral Pt
NPs exhibited superior catalytic activity over cubic Pt NPs when used for benzene hydrogenation

(Figure 1.3).%2 The effect of morphology on the catalytic activity is also reported in PANP system,



33

where cubic PdNPs are more active than spherical PANPs for styrene oxide hydrogenation.®?
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Figure 1.3 Dependence of nanoparticle catalytic activity on exposed facets. (A) TEM image of
tetradecyltrimethylammonium bromide (TTAB)-stabilized cubic Pt particles. (B) TEM image of

TTAB-stabilized cuboctahedral Pt particles. (C,D) The turnover rates of cyclohexane and
cyclohexene in benzene hydrogenation with cubic and cuboctahedral Pt NPs as catalysts.%2

Despite the excellent activity of the aforementioned noble metal NPs, they are also limited
by the high cost owing to the scarcity of noble metals on earth. As driven by the economic concerns,
researches have emphasized the significance of using first row transition metals (Fe, Co, Ni, Cu,
etc.) to lower catalyst cost.2® To this end, multimetallic NP catalysts that contains non-noble metals
have emerged as an important frontier of NP catalysts. The incorporation of multiple metals into
a single catalyst is found to be effective in optimizing the binding strength between reactants and
catalysts, which imparts multimetallic nanocatalysts with superior performance as compared with
their monometallic analogues. For example, Nerskov et al. developed a NiZn nanocatalyst for the
selective hydrogenation of acetylene (Figure 1.4).% Different compositions were studied to reveal

that the selectivity of catalysts increased with increasing Zn content while Nio.25Zno.75 possess the
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highest selectivity of ethylene. The content of by-product (ethane) was restricted below 0.01%
even when the reaction conversion is approaching 100%. Modeling results suggested that both
acetylene and ethylene adsorbed onto Ni sites. The change in adsorption properties from Ni
catalyst to NiZn catalyst is because Zn changes the electronic properties of Ni rather than Zn
increases reactants binding sites. The appropriate binding energy of acetylene with NiZn and low
binding energy of ethylene with NiZn contributes to the high selectivity and reactivity. Similar
enhancement of reactivity and selectivity of bimetallic NP catalysts were also observed in the
hydrogenation of «,f-unsaturated aldehydes*® and nitrobenzaldehyde.*® Besides bimetallic NP
catalysts, some studies investigated the possibility of using even more complex catalysts (such as
trimetallic NPs) for hydrogenation. The introduction of a third component dramatically
complicates the catalyst system, increasing the number of parameters need to be thoroughly
investigated in order to elucidate the material-structure-activity relationship. Nevertheless, many
pioneering works have proven an enhanced activity of trimetallic NPs as compared with either

monometallic or bimetallic NPs.%97
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Figure 1.4 NiZn bimetallic catalysts for hydrogenation of acetylene. (A) Measured concentration
of ethane (byproduct) at the reactor outlet as a function of acetylene conversion for seven catalysts.
(B,C) Modeling of the adsorption of acetylene (B) and ethylene (C) on NiZn catalysts (blue: Ni;
gray: Zn; black: C; white: H).%*
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In general, multimetallic NPs show great potentials for catalytic hydrogenation. The
mechanistic understanding is still far behind the advances in experimental discovery, which is due
to the difficulty associated with the synthesis covering a vast parameter space, as well as the
characterization of catalytic sites at atomic level. Nonetheless, multimetallic NPs will continuous
be a promising class of catalytic materials for chemical transformations, if computational and
experimental methods can be developed to synthesize and study them more efficiently.
1.3 Synthetic Methods of Polyelemental Nanoparticles

The discovery of new multimetallic NP catalysts that expand the scope and catalytic
activity will increase the sustainability and efficiency of chemical processes, which will benefit
both industrial and academic communities. To this end, synthetic methods with precise control
over NP parameters are highly desired. Currently, many synthetic methods for multimetallic NPs
have been explored, including the synthesis in gas-phase, in solution-phase, and on certain
substrates. Compared with the synthesis of monometallic NPs, the introduction of more than one
metal component dramatically increase the system complexity. Depending on the characteristics
of each method, NP structures and properties can be tailored in different manners.
1.3.1 Wet Chemical Reduction

Since being discovered by Michael Faraday one hundred years ago, wet chemical reduction
has become the most commonly used strategy for NP synthesis.2367% |n a typical synthesis
process, metal precursors are mixed with a reducing agent (e.g., NaBHa4, hydrazine) in the presence
of a ligand (stabilizer) such as citrate, alkyl thiol, etc. The reducing agent converts metal precursors
to metal atoms, which are subsequently aggregated into NPs. During the entire process, the ligand

passivates NP surfaces to prevent NPs from agglomeration. To date, wet chemical reduction has
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been generalized to NPs composed of materials including Fe, Co, Ni, Cu, Ag, Ru, Rh, Pd, Ir, Pt,
Au, etc..1"3% The size, shape, and structure of NPs are controlled by synthetic conditions such as
temperature, reaction time, and the types of reducing agents, solvents, and capping agents. For
example, cubic and cuboctahedral Pt NPs with different facets (Pt (100) and Pt (111)) can be
obtained by adjusting the reduction kinetics of Pt precursors (Figure 1.3).921% As for multimetallic
NPs, the difficulty in controlling the homogeneity of NPs is increased, which requires more
delicate design of the synthesis protocol. Generally, multimetallic NPs can be obtained in three
pathways, i.e., 1) one-pot synthesis: mixing metal precursors and reducing them simultaneously;
2) stepwise growth: reducing precursors in a successive manner; 3) post-modification: modifying
existing NPs with element-exchange to incorporate more elements.

In the first paradigm, the preparation of uniform NPs is a complex process since more than
one metal precursors are existing in the system. Due to the differences in reduction potentials
inherent to metals, it is challenging to balance the co-reduction and nucleation of all components
over a wide range of stoichiometric ratios.?445% Specifically, one could expect the occurrence of
by-products such as monometallic NPs during the synthesis. In order to avoid separate nucleation
of two metals, the reducing agent and the reaction system need to be selected carefully. If the
reducing agent employed is too strong, the reduction process becomes less controllable. For
example, when hydrazine is used as the reducing agent to synthesize NiCo and NiCu NPs, the
reduction process was too fast that leads to products far from the intended composition and size
distribution.'® In contrast, higher quality NPs could be achieved using a combination of reducing
agent and proper ligand (Figure 1.5).1921% For instance, borane-tert-butylamine (TBAB) and

hexadecanediol were used as reducing agents to synthesize a uniform batch of truncated-octahedral
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PtsNi alloy NPs.” During the synthesis process, adamantanecarboxylic acid or adamantaneacetic
acid was added as ligands to control the reaction kinetics. In addition to TBAB, other reported

mild reducing agents for the preparation of uniform alloy NPs include oleylamine,'%

ethylene
glycol, % L-ascorbic acid,**!° etc. Nevertheless, with the wet chemical co-reduction method, it is
still time-consuming to figure out an appropriate combination of reducing agent, ligand, and

reaction medium for each type of NPs.!!
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Figure 1.5 Uniform bimetallic nanoparticles synthesized by chemical co-reduction method. (A-D)
TEM, HRTEM, HAADF-STEM images, and size distribution of (A-D) PtNi2 octahedrons, (E-H)
PtNi truncated octahedrons, and (I-L) PtNi2 cubes. Element maps show the distribution of Pt in
yellow and Ni in red.*%

The second strategy to prepare polyelemental NPs via wet chemical reduction is successive
reduction of metal precursors, where one metal is reduced first and then function as a seed to direct
the deposition of the second metal. Depending on the affinity of two metals, there are three possible
scenarios.®® If the second metal deposits on the entire surface of the preformed seed of the first

metal, core-shell NPs can be synthesized.!*23 If the deposition only occurs on specific sites of
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preformed nuclei, then heterostructured NPs will be obtained.*6-#8114-120 |f the second metal is able
to diffuse into the lattice of preformed nuclei, alloy NPs will be synthesized.*?! Currently,
successive reduction is broadly used to prepare core-shell and multi-shell NPs. Sun et al. prepared
AuPd core-shell NPs by depositing a thin Au shell onto Pd NPs with oleylamine as a reducing
agent.® Through rationally designing the sequence of metal deposition, multi-shell trimetallic
NPs (Au@Pd@PtFe) can be further synthesized.*'° With respect to catalysis, one important design
of core-shell NPs is to make the core consisting of transition metal catalysts while the shell
consisting of oxide supports (Figure 1.6).”>!2 The oxide shell can potentially prevent NP sintering
during catalysis, but it needs to be porous enough so that the reactants can easily diffuse onto and
leave the core surface. Another important design of core-shell NPs is to make a core consisting of
less-noble metals covered by a thin shell consisting of more-noble metals.'?>!23 In this way, the
utilization of precious metals can be minimized while the catalytic activity of shell layer can be
engineered by tuning the core materials.

In addition to core-shell structures, stepwise growth is also broadly used for the synthesis
of heterostructured NPs. By carefully choosing the sequence of metal deposition on a seed particle,
heterostructured NPs possessing up to four domains and diverse architectures have been
successfully synthesized (Figure 1.7).3248 Moreover, studies on heterostructured NPs reveal that
the catalytic properties of NPs are highly dependent on particle architectures, i.e., the arrangement

of domains/phases within a NP.2%%2
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As-synthesized
Pt@"SiOz

Figure 1.6 Pt@SiO2 core-shell nanoparticles synthesized by stepwise method. (A) Schematic
representation of the synthesis of Pt@SiO. core-shell nanoparticles. (B-D) TEM images of
Pt@SiO- nanoparticles after calcination at 350°C, 550°C, and 750°C, respectively.?®
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Figure 1.7 Non-centrosymmetric heterostructured nanoparticles synthesized by stepwise method.
(A-D) Structural model, HRTEM image, and single-point EDS of each type of nanoparticles. In
HRTEM images, color-dashed curves outline boundaries of different subunits, and solid color lines
highlight lattice orientations of each subunit. (E) Time-dependent normalized optical density of
methylene blue molecules (reactant) at 677 nm with different photocatalysts.>?

For the third strategy, post-modification reactions such as oxidation, sulfurization,
nitridation, phosphorization, and cation-exchange, can be applied to the preformed NPs to generate
higher order of compositional and structural complexity.>82124-126 Recently, Schaak et al. reported

a library of 47 distinct heterostructured metal sulfide NPs that are made by cation-exchange
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reactions.'?® They used Cu$S nanospheres, nanorods, and nanodiscs as the starting materials (Figure
1.8). Upon manipulating the sequence of cation-exchanges (Ag, Cd, Zn, Co, etc.), additional
elements were successively introduced into the CuS NPs while novel heterostructures including
asymmetric, patchy, porous, and sculpted nanoarchitectures were obtained. This generalizable
strategy provides predictable retrosynthetic pathways to complex polyelemental NPs that are
otherwise difficult to access. In a contrary vein to adding elements, post-etching has been used to
selectively remove metals in polyelemental NPs. This allows the generation of unprotected cavities
in a NP, of which the outside surface is protected by ligands. Such materials have the potential to

mimic the geometric architecture and property of enzymes.*?’

CdS-Cu, ;S—(PY),

Figure 1.8 A library of heterostructured nanoparticles synthesized by stepwise cation-exchange.
(A) Schematic representation of using cation-exchange reactions to create complex
heterostructured nanoparticles with CuS nanosphere, nanorod, and nanodisc as the starting
materials. Cu (red), Cd (blue), Zn (green), Ag (pink), Mn (Cyan), Ni (orange), Co (purple). (B-
D) Complex nanostructures formed by combining multiple cation exchange steps with
regioselective deposition or etching. Cu, Cd, Pt, and Au are shown in red, blue, green, and
yellow, respectively.'?8
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1.3.2 Thermal Decomposition

Thermal decomposition is another commonly used method to synthesize NP catalysts.
Through thermolysis of salt precursors or organometallic complexes, monometallic and
multimetallic NPs can be generated either in solvent!?®13! or on catalyst supports.*>* One unique
advantage of NPs synthesized by thermal decomposition is their good stability under harsh reaction
conditions, as compared with the analogues synthesized by chemical reduction routes.**> However,
thermal decomposition encounters a similar challenge of the chemical reduction strategy, i.e., the
difficulty in controlling the reduction kinetics of different metal precursors. As a result, the product
composition is normally inconsistent with the molar ratio of metal precursors. For example, Caps
et al. studied the synthesis of FeCo NPs via thermolysis of Fe(CO)s and C02(C0)s.'?° In
tetrahydronaphthalene solvent, Coz(CQO)s decomposes at 150 °C while Fe(CO)s decomposes at 200
°C. If the decomposition was carried out at 200 °C, separate phases of Co and Fe could be formed
due to the faster decomposition rate of Co2(CO)s. To solve this problem, one strategy is to use
molecular bimetallic compounds (such as [FeCos(CO)12]", [FesPts(CO)1s]?*, and [FeNis(CO)13]%)
as the single source of metals.**® The preformed metal-metal bonds promote the alloying of metals,
leading to products with similar composition to precursors. Nonetheless, molecular bimetallic
complexes are still limited to some specific systems. To synthesize multimetallic NPs covering
broad material library, delicate design of novel metal precursors is requested.
1.3.3 Molecular Template Mediated Synthesis

Since the co-nucleation and growth of multiple metals is difficult to manipulate at the bulk
scale, one strategy circumventing this problem is to use molecular templates as nanoreactors.

Through physically confining precursors into discrete reactors (effectively dividing bulk solution
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into many small unit volumes of solution), NP synthesis can be localized at a smaller length scale,
thus gaining better control over the co-nucleation and growth process.**® Particularly, single NPs
can be obtained in each reactor if the size of reactors is small enough. In this case, it in principle
enables the facile tuning of particle composition if the ratio of metal precursors in templates can
be controlled. Furthermore, template-mediated synthesis can also be used to shape the morphology
of multimetallic NPs when the nanoreactors possess well-defined shapes.’*"'® Thus far,
dendrimers,t3613%-143  microemulsions,**#1%¢  organic molecular cages,**’ and polymer
micelles'®"13:148 have been utilized as nanoreactors to guide the synthesis of multimetallic NPs.
The loading of multiple metal precursors in nanoreactors in a uniform and adjustable way remains
challenging,**® which limits the application of this strategy for polyelemental NP synthesis. In
addition to chemical/thermal co-reduction and molecular template mediated synthesis, other
methods for preparing NPs at a bulk scale include electrochemical deposition,**° radiolysis,**°
sonochemical redution,®! laser ablation,*®? etc.

1.3.4 Lithographic Methods

Studies on NPs have revealed that their catalytic properties for each specific reaction are
mandated by many factors including size, structure, composition, etc. While the aforementioned
methods have realized delicate synthesis of complex multimetallic NPs, the serially making and
characterizing nature is not inherently amenable to high-efficiency catalyst discovery. Especially
for multimetallic NPs with more than three components, the number of parameters needed to be
explored separately is vast. To free experimentalists from batches of tedious synthesis, one
potential approach is to utilize lithographic techniques to integrate multiplex NP arrays on certain

substrate surfaces.'>® In an ideal case, the size, structure, and composition of each NP within the
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array can be exclusively defined by local lithographic parameters, thus integrating tremendous
amounts of different NPs onto one chip and making high-throughput catalyst screening feasible.

To date, several lithographic methods have been developed to prepare mono- or
multimetallic NPs on substrates. These approaches can be generally divided into two categories,
i.e., synthesis-then-positioning and positioning-then-synthesis. In the former strategy, NPs are first
synthesized by wet chemistry and then organized on surfaces using lithographically defined
templates or more-tedious pick-and-place approaches such as microdroplet dewetting,'>* NP
sliding, %% and direct writing.*>" In the latter strategy, characterized as precursor-positioning-
then-synthesis, metal precursors are physically confined in patterned nanoreactors on substrates
and subsequently chemically converted into NP. This strategy uses the advantage of nanoreactor-
mediated synthesis (section 1.3.3). Examples of nanoreactors include polymer domains defined by
block copolymer lithography,>>1°8-183 nanoreactors generated by ink-jet printing,*®41%®> and
nanocavities prepared by photolithography®6-% or electron-beam lithography.%°-"t However,
none of the methods can control both NP size and composition while guaranteeing the presence of
a single multimetallic NP at a precise location, leaving the on-site synthesis of arbitrarily chosen

NPs an open challenge.

Figure 1.9 Schematic representation of dip-pen nanolithography (DPN). A water meniscus forms
between a solid substrate and an AFM tip that is coated with molecule ink. The size of the meniscus,
which is controlled by relative humidity, affects the ink transport rate, the effective tip-substrate
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contact area, and the DPN resolution.1’?

Dip-pen nanolithography (DPN) is a molecular printing technique invented in 1999 for
preparing nanostructures on surfaces via a direct-writing manner.1’>17® In a typical DPN process,
an ink-coated atomic force microscopy (AFM) probe is moved to a solid substrate and brought
into contact with the substrate surface. During this process, the ink molecules are transferred from
the AFM tip to the substrate and a pattern of the ink molecules can be generated through
programmed movements of the AFM piezo-scanner (Figure 1.9). Thus far, several groups have

attempted to print NPs directly by DPN, but the resulting pattern usually contains multiple NPs in

each feature (Figure 1.10).177179

Figure 1.10 (A) Schematic illustration of the direct writing of nanoparticles by DPN. (B) AFM
topographic image of one patterned dot with multiple nanoparticles inside.*’’-17

In 2010, Mirkin et al. developed a method, termed scanning probe block copolymer
lithography (SPBCL) that integrates polymer-mediated NP synthesis and DPN to synthesize single
NPs on surfaces.®!! As shown in Figure 1.11, the underlying concept of SPBCL is to first deliver
attoliter-scale volume of metal-coordinated block copolymers to a desired location via scanning
probe lithographic techniques. These polymer features subsequently function as nanoreactors in
which single nuclei of metal precursors are formed with thermal annealing. After removing the

polymer by thermal decomposition, a single NP is synthesized in each nanoreactor.
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Figure 1.11 (A) Schematic illustration of polymer-mediated synthesis of nanoparticles by SPBCL.
The method consists of four steps: precursor loading, polymer deposition, precursor aggregation,
and particle formation. (B) Heating profile of the annealing process. The two heating cycles (Al
and A2) correspond to the cycles at Tiow and Thigh in (A). (C) SEM image of Au nanoparticles
produced by SPBCL. (Inset) Fourier transform of the SEM image. (D) High-resolution TEM image
showing a crystalline Au nanoparticle with a diameter of 8 nm. (Inset) Electron diffraction pattern
of the synthesized Au nanoparticle. 8018

One major advantage of SPBCL is that it can be used to pattern individual NPs over large
areas with the properties of each NP controlled by local lithographic parameters. The tuning of NP
size within the range of 3-50 nm is realized by changing polymer feature size, which is controllable
by patterning parameters such as humidity, dwell time, tip-withdrawing speed, etc."218%181 X _ray
photoelectron spectroscopy (XPS) studies have revealed three chemical pathways for synthesizing

different NPs by SPBCL (Figure 1.12).%8! Depending on the reduction potential of metal precursors,
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metals can be chemically reduced by poly(ethylene oxide) (PEO) when annealed at Tiow (Pathway
1, Au and Ag), thermally reduced when annealed at Thigh (Pathway 2, Pd and Pt), or end up in the
same oxidation state as the metal precursors (Pathway 3, Co, Ni, Cu, and Fe). Based on the three
pathways, SPBCL has been generalized to include a broad range of materials such as metals (Pd,
Ag, Au, Pt),76181 metal oxides (Fe20s, C02,03, NiO, Cu0),'®! one semiconductor (CdS),'®? and

one metal alloy (AuAg).'8!
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Figure 1.12 XPS spectra collected before annealing (black), after annealing at Tiow (blue), and
after annealing at Thigh (red) for Au (Left), Pt (Center), and Fe (Right) to show the three chemical
pathways of forming nanoparticles in SPBCL.!8!

Although SPBCL constitutes a very promising platform to develop multiplex NP arrays for
combinatorial catalyst screening. The catalytic activity of synthesized NPs and the generality of
SPBCL to polyelemental NPs remains unclear. In the following chapters of this thesis, major
breakthroughs in the synthesis of polyelemental NPs and in the control of NP structures are

presented. In particular, Chapter Two describes the scope of SPBCL for polyelemental NPs, which
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develops SPBCL into a combinatorial synthetic method for polyelemental NPs; Chapter Three
details the formation mechanism of polyelemental NPs in polymer nanoreactors, showing
unprecedented control over NP structures with SPBCL; Chapter Four presents a set of design rules
for polyelemental heterostructures that are distilled based on the architectures of SPBCL-
synthesized NPs. The rules guided the synthesis of unprecedented tetra-phase NPs with six phase
boundaries; Chapter Five demonstrates the scale-up synthesis of polyelemental NPs with polymer

pen lithography (PPL) and investigates the catalytic activity of SPBCL-synthesized NPs.
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Combinatorial Synthesis of Polyelemental Nanoparticles
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Portions of this chapter have been published in: J. Am. Chem. Soc., 2015, 137, 9167-9173 and
Science, 2016, 352, 1565-1569.

HRTEM characterization of nanoparticles was done in collaboration with Xiaolong Liu.
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2.1 Introduction
Unary, binary, and even ternary nanostructures can be synthesized by incorporating up to
three metals into a single nanoparticle (NP) in an alloyed or phase-segregated state with a variety
of synthetic techniques.?894748.105144183 |ndeed, the controlled combination of multiple metals at
the nanoscale offers an effective way to tune the chemical and physical properties of NPs, either:
(i) by facilitating hybrid chemical, electronic, and magnetic interactions between metal
components,2°222% or (ii) by combining different properties associated with each pure
component.’®3 These properties make multimetallic NPs promising materials for diverse
applications, spanning catalysis,?%2282122 plasmonics,'®?® therapy,*® and biological imaging.2%%
Moreover, in the context of both catalysis and plasmonics, a multimetallic NP often has properties
that exceed the capabilities of unary particles consisting of pure forms of each element 81082122 Tg
date, several tools have been developed for screening the composition space of macroscopic
multicomponent materials. However, at the nanoscale, controlled synthesis and positioning of
multimetallic nanofeatures become increasingly important for systematic study. In NP synthesis,
important advances have been made in bulk solution based (either one-pot or stepwise),*’:4:105
microfluidic,® and microemulsion methods,'** but none of these offers the ability to
systematically examine compositional diversity in a high throughput manner or beyond three-

element particles.
Recently, we reported a method, termed scanning probe block copolymer lithography
(SPBCL),18-182185 that integrates polymer-mediated particle synthesis and molecular printing
techniques such as dip-pen nanolithography (DPN)216 and polymer pen lithography (PPL)€6:187

to pattern single NPs on surfaces. The principle behind SPBCL is to first deliver attoliter-scale
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volumes of metal-coordinated block copolymers to a desired location via scanning probe
lithography. These polymer features subsequently function as nanoreactors in which single NPs
are locally synthesized.!8%181185 The NP size is controlled by the volume and metal loading of the
polymer feature, and in principle, the composition can be controlled by adjusting the types and
ratios of metal precursors loaded within the block copolymer nanoreactor.'8%-182 Thys far, SPBCL
has been generalized to include a broad range of materials such as metals,'®-'% metal oxides'8.-1#
and one semiconductor.*®? In addition, the synthesis of a AuAg alloy NP was effected by patterning
Ag and Au precursors simultaneously,*8! which suggests this may be a general approach for
preparing multimetallic NPs, which could be useful for many applications. In this chapter, we
study the scope of this approach and evaluate the potential for controlling the composition of the
resulting NPs. We show that a library of NPs with controlled composition and structure could be
systematically synthesized by SPBCL.

2.2 Nanoparticles Composed of Miscible Elements

Figure 2.1 Representative SPBCL process for preparing an alloy nanoparticle array. (A) SEM
image of nanoreactors patterned on a hydrophobic silicon substrate. (B) AFM topographical image
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of a patterned polymer dot array. The diameter and height of the dots are 300 nm and 80 nm,
respectively. (C) Enlarged SEM view of six polymer nanoreactors. (D) After annealing, metal

precursors aggregate inside the polymer nanoreactors. (E) Further thermal annealing reduces the
precursors and decomposes the polymer to form arrays of single nanoparticles.

Previous studies have shown that SPBCL can be used to control the size of single-
component NPs by tuning the volume and metal loading of the polymer feature,'8%-182 effectively
determining the amount of available precursors for forming NPs. However, when considering the
synthesis of multimetallic NPs, it is not obvious that a single NP will be formed. Thus, we initially
explore the synthesis of alloy NPs composed of six combinations of transition-metals, i.e., AuPd,
PtNi, PdNi, PtCo, PdCo, and CoNi, which are widely used for catalysis.>® In a typical experiment
(Figure 2.1), two species of metal precursor (e.g., HAuCls and Na>PdCl,) were mixed in a solution
with a block copolymer, resulting in the metal ions becoming coordinated to the polymer. Here,
poly(ethylene oxide)-b-poly(2-vinyl pyridine) (PEO-b-P2VP) was used as it has been found that
the P2VP block coordinates the metal precursors and functions as a carrier to transport metals
while the hydrophilic PEO block facilitates the transport of polymer during patterning
experiments.*®® Following ink preparation, an array of atomic force microscopy (AFM) probes
was coated with the polymer ink and brought in contact with hydrophobic silicon substrates to
deposit the metal-coordinated polymers onto the surface. Figure 2.1A-2.1C show typical scanning
electron microscopy (SEM) images and an AFM topographical image of the deposited polymer
dot arrays. By virtue of performing this patterning with a scanning probe, the pattern of polymer
dots can be predefined and controlled through programmed movements of the AFM piezo-scanner,
while the size of each polymer dot is controlled by the tip-substrate contact time and tip withdrawal
speed.1”>1® Following patterning, the polymer dot-coated substrate was annealed at a temperature

(150 °C) higher than the glass transition temperatures of PEO (-76 °C) and P2VP (78 °C), thus
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inducing the aggregation of various metal precursors inside each dot. Interestingly, single nuclei
were observed to form in each polymer dot (Figure 2.1D). These results suggest that once a nucleus
is formed in a polymer nanoreactor, the remaining free metal precursors, regardless of their
composition, aggregate onto it due to the lower energy barrier of particle growth than homogenous
nucleation of a new particle.*® This confined nucleation process ensures the formation of one alloy

NP in each polymer spot.

Figure 2.2 Representative SEM images of arrays of various alloy nanoparticles synthesized by
SPBCL. Each image shows a 6-by-4 array of nanoparticles.

It is important to emphasize that the success of this process is based upon the assumption
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that homogenous nucleation is less likely than particle growth, a condition that one would expect
to be violated as the reactor becomes larger. Experimentally we found that nearly all nanoreactors
smaller than 350 nm in diameter formed single NPs, but as nanoreactor diameter was increased to
1 um, nearly all of the nanoreactors formed multiple nuclei. After the first annealing step, the
sample was further annealed at 500 °C to remove the polymer and reduce the metal precursors.
Importantly, in all cases studied, the synthesis resulted in the formation of arrays of single alloy
NPs, suggesting that the precursors conclude the experiment in the same NP (Figure 2.2).180:181

To further confirm the formation of a single alloy NP in each polymer nanoreactor, we
carried out scanning transmission electron microscopy (STEM) and high-resolution transmission
electron microscopy (HRTEM) characterization of NPs synthesized on TEM grids. As shown in
STEM images, only one alloy NP was observed on each site of the square arrays of each bimetallic
system (Figure 2.3). The inset high-angle annular dark-field (HAADF) STEM images of individual
alloy NPs exhibit even contrast, indicating the uniform alloying of each binary system. The
morphology of most alloy NPs is quasi-spherical. Since STEM does not allow for chemical
fingerprinting, this characterization was paired with energy dispersive X-ray spectroscopy (EDS)
elemental mapping to investigate the compositional distribution within the alloy NPs. Specifically,
EDS mapping confirmed that the NPs were homogeneous mixtures of each binary system (Figure
2.3-2.5). This observation can be attributed to the miscibility of these binary metal mixtures.*® In
addition to bimetallic NPs, arrays of single trimetallic NPs were also synthesized by formulating
an ink with PEO-b-P2VP and three precursors (i.e., HAuUCls, NazPdCls, and AgNO3) for SPBCL
(Figure 2.6). The three elements employed here are miscible at arbitrary compositions,**® which is

validated by the EDS elemental mapping of AuAgPd NPs.
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Figure 2.3 Various 1:1 alloy nanoparticles generated by SPBCL: (A) AuPd, (B) PtNi, (C) PdNi,
(D) PtCo, (E) PdCo, (F) CoNi. (First column) HAADF-STEM images of a 2-by-2 nanoparticle
array of each system. Dotted circles highlight the position of nanoparticles as a guide to the eye.
The insets are zoomed-in images of single alloy nanoparticles. Only one nanoparticle was observed
at each site. One scale bar applies to the insets and the other applies to square array STEM images.
(Second to fourth columns) EDS elemental mapping of each bimetallic nanoparticle (scale bar: 5
nm).
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Figure 2.4 EDS spectra of various alloy nanoparticles synthesized by SPBCL.
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Figure 2.5 HAADF-STEM image of a square array of AuPd nanoparticles. The EDS elemental
mapping images corresponding to the nanoparticles at each corner. Color codes: Au (yellow), Pd

(red).

Figure 2.6 (A) SPBCL pattern of an array of AuAgPd trimetallic nanoparticles imaged by
HAADF-STEM and (B) bright-field STEM. (C) EDS elemental mapping of a single AuAgPd
nanoparticle. The overlay of Au, Ag, and Pd signals provides evidence for the alloying of these
three elements.
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2.3 Nanoparticles Composed of Immiscible Elements

Figure 2.7 (A) SPBCL pattern of a AuNi nanoparticle array imaged by HAADF-STEM. Dotted
circles highlight the position of nanoparticles as a guide to the eye. (B) Enlarged view of a single
AuNi nanoparticle. (C) EDS elemental mapping of a single AuNi nanoparticle showing that the
nanoparticle is phase-segregated.

In addition to alloy NPs, we also studied NPs comprised of immiscible metals such as Au
and Ni. Notably, STEM imaging of AuNi NPs revealed that Au and Ni were heterogeneously
structured in the NP (Figure 2.7), with one region being a Ni subcluster and the other part being a
Au subcluster. The brightness contrast between Au and Ni in the STEM image is attributed to
atomic number contrast. EDS elemental mapping also confirmed the formation of a phase-
separated NP. This phenomenon can be understood by considering the immiscibility of Au and Ni,
which form two phases at 500 °C.*%

2.3 Composition Control of Nanoparticles Synthesized by SPBCL
The size of SPBCL NPs can be specified by controlling the amount of available precursors

for forming NPs.18%182 |n a similar vein, the composition of SPBCL alloy NPs can in principle be
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controlled by tuning the amount of each constituent metal precursor. To test this compositional
control, AuPd and PtNi alloy NPs were synthesized using nine ink solutions with different metal
loading ratios. After patterning these inks and subjecting them to heat treatment, the resulting alloy
NPs were examined using EDS. As shown in Figure 2.8, the composition of each alloy NP was
within error of the ratio of precursors in the original ink composition with a standard deviation of

less than 10%.
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Figure 2.8 Atomic composition in alloy nanoparticles versus atomic composition in polymer ink.
The black dashed line indicates the ideal case.

Importantly, this result is not a priori obvious since different metals coordinate to PEO-b-
P2VP with different affinities. We rationalize that the ink loading composition is reproduced in
the NPs due to the fact that the vast majority of coordination sites are not occupied, thus mitigating
the effects of competitive binding of metal precursors. As a result, the size and composition of
alloy NPs are determined exclusively by the polymer feature and ink formulation. It is important

to emphasize that this remarkable compositional uniformity of SPBCL alloy NPs is independent
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of the miscibility of elements. Generally, it is difficult to use wet chemistry to synthesize multi-
metallic NPs composed of immiscible metals with narrow size and composition distributions.*"103
2.4 Synthesis of a Polyelemental Nanoparticle Library

While the study on bimetallic and trimetallic NPs demonstrates an impressive synthetic
capability of SPBCL, such nanostructures could also be made by other methods. Because SPBCL
can be potentially used with millions of tips over areas as large as square centimeters to generate
nanoscale features consisting of, in principle, a limitless number of polymer types, the technique
could become a powerful approach to nanocombinatorics, where new particle compositions,
including those not accessible by conventional techniques, can be generated en masse, and
characterized and screened in a systematic and site-isolated fashion. To test this hypothesis, we
investigate the combinatorial synthesis of particles consisting of five different elements, Au, Ag,
Cu, Co, and Ni, via SPBCL.

We chose Au, Ag, Cu, Co, and Ni as example elements because they are often components
of nanomaterials used in a wide variety of fields, spanning catalysis,?? plasmonics,%? magnetics,*’
electronics,***® and biology.*®2¢ In addition, there are readily available salt precursors that can be
easily incorporated into block copolymers such as poly(ethylene oxide)-b-poly(2-vinyl pyridine)
(PEO-b-P2VP). To synthesize NPs composed of these elements, a polymer preloaded with the
appropriate metal salt(s) was used as an ink and deposited onto a substrate as hemispherical domes
via dip-pen nanolithography (DPN) (Figure 2.9A).172 After deposition, the polymer domes were
thermally annealed in a two-step procedure. The first step was carried out in Ar at 120°C for 24 h
and induced aggregation of the metal salts within the polymer dome.'® The second step was

carried out under flowing H at 500°C for 12 h, which results in decomposition of the polymer as
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well as reduction and coalescence of the aggregate metal ion precursors into a single-metal NP.18!
Moreover, the long-term thermal treatment at relatively high temperature allows the constituent
metals to adopt a stable configuration (alloy or phase-separated) based on the compatibility of the
elements. This approach allows one to make and study all combinations of the unary, binary,

ternary, quaternary, and quinary NPs in a systematic and controlled manner (Figure 2.9B-2.9F).
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Figure 2.9 The SPBCL-mediated synthesis of multimetallic nanoparticles. (A) Scheme depicting
the process: a polymer loaded with metal ion precursor is deposited onto a substrate in the shape
of a hemispherical dome via dip-pen nanolithography. After two-step thermal annealing, the metal
precursors are aggregated and reduced, the polymer is decomposed, and individual nanoparticles
result from each dome feature. (B) Unary (top row is a color-coded diagram of the anticipated
result; bottom row is each particle, as characterized by EDS Mapping), (C) Binary nanoparticles
consisting every two element combination of the five metals; the alloy versus phase-segregated
state was consistent with the bulk phase diagrams for each two element combination, (D) Ternary
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nanoparticles consisting of every three element combination of the five metals; the prediction of
alloy versus phase-segregated state was based upon the miscibility of the three components,
extracted from the binary data, (E) Quaternary nanoparticles consisting of every four element
combination of the five metals; the prediction of alloy versus phase-segregated state was based
upon the miscibility of the four components, extracted from the binary and ternary data, and (F) A
quinary nanoparticle consisting of a combination of Au, Ag, Cu, Co, and Ni; the prediction of alloy
versus phase-segregated state was based upon all of the previous data for the unary through
quaternary systems.
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Figure 2.10 HAADF-STEM images and EDS spectra of the unary nanoparticles in Figure 2.9B.
(A) Au, (B) Ag, (C) Cu, (D) Co, (E) Ni. Scale bars: 15 nm.

To evaluate the capability of SPBCL to develop a combinatorial library of NPs, we first
prepared the simplest structures, monometallic NPs, on transmission electron microscopy (TEM)
grids using ink solutions containing only one type of metal ion precursor. The resulting NPs were
characterized by high-angle annular dark-field (HAADF) STEM and EDS. Figure 2.9 shows
HAADF-STEM images of SPBCL-prepared Au, Ag, Cu, Co, and Ni NPs with diameters
deliberately tailored to ~40 nm. The sizes of NPs were controlled by adjusting the volume and
metal loading of the polymer nanoreactors, which dictates the number of metal ions used for

forming each NP.18-18 EDS analysis provides an effective way to reveal the chemical composition
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and elemental distribution of each NP product (Figure 2.9B and 2.10).

As part of the library, bimetallic NPs were accessed by equally loading two metal ion
precursors into the polymer ink (Figure 2.9C and 2.11). Interestingly, among the 10 binary
combinations consisting of Au, Ag, Cu, Co, and Ni, four of them (i.e., AuAg, AuCu, CuNi, and
CoNi) result in alloy NPs, as validated by the even contrast in HAADF-STEM images of NPs and
the overlap of EDS element maps (Figure 2.9C and 2.11). In contrast, the other six combinations
result in heterodimers, indicative of phase segregation in each binary mixture. The difference in
contrast in the HAADF-STEM images of these heterostructured particles reflects the difference in
atomic number between two metal domains, while EDS analysis confirms the separation of the
majority of the elements that comprise the NPs. Slight mixing between incompatible metals may
still occur, but if so, it is below the detection limit of EDS. The orientation of phase boundaries in
heterostructured NPs is random with respect to the substrate (i.e., the image plane). Here, particles
with phase boundaries perpendicular to the substrate are used to clearly show the separation of
metals. Although there is no reason to believe that nanostructures will necessarily follow the
mixing behavior associated with bulk phase diagrams, the binary NPs we explored and prepared
herein do.'*® Since no one knows how three, four, and five component particle systems will behave,
it is important to build a library of nanostructures in successively more complex fashion, so that
each layer of complexity can be used to understand the next series of entries (e.g., ternary

structures).
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Figure 2.11 HAADF-STEM images, EDS spectra, and detailed EDS mapping information of the
binary nanoparticles in Figure 2.9C. (A) Auo.48Agos2, (B) AuossC004s, (C) Auoss Nioss, (D)
AU 49CUo 51, (E) Ago.42CUoss, (F) Agos7Nio.s3, (G) Ago.s3C00.37, (H) Cuo.seNio.a2, (1) Cuo.41C0o.59, (J)
Coo.60Nio.40. Scale bars: 15 nm.

The syntheses of ternary NPs via conventional methods are usually constrained by the
difficulties in balancing the reduction Kinetics of the different metal ion precursors,?* controlling
the site-selective nucleation of each metal as opposed to forming multicomponent structures,*’#°
and controlling phase separation at the nanoscale.’”*® However, trimetallic particles are easily
accessible via SPBCL because this method pre-confines precursor ions in a single nanoreactor and
subsequently transforms them into a single particle, thus bypassing the issues involving precursor
reduction potentials and element-specific nucleation. To evaluate the scope of this approach, we
synthesized all of the ternary NPs consisting of every combination of Au, Ag, Cu, Co, and Ni
(Figure 2.9D and 2.12). While the study of binary particles shows the possibility of controlling

particle structure based on metal compatibility, the combination of metal compatibility in ternary
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particles is more complicated, which includes four possible combination types. The first
combination type (1) occurs when all three components are miscible with each other at any
composition, which results in a single alloy particle (Figure 2.6). For the 10 ternary combinations
of Au, Ag, Cu, Co, and Ni, the other combination types that occur are ones where: (11) two metals
are miscible with each other while the third is not with either, (111) all three metals are immiscible

with each other, and (I'V) two metals are immiscible while the other is miscible with the other two.
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Figure 2.12 HAADF-STEM images, EDS spectra, and detailed EDS mapping information of the
ternary nanoparticles in Figure 2.9D. (A) Auo.23Cuo.17Nioso, (B) Auo.25Ago19C0056, (C)
AUo21CU035C0044, (D) Auo32C0020Ni039, (E) Ag04s8C00.28Nio24, (F) Agos0Cuo2sNio2s, (G)
Cuo.33C00:52Ni0.15, (H) Auo.24Ago.24Nio52, (1) Ago.35CU0.38C00.27, (J) AUo.20Ago.37CU0.34. Scale bars:
15 nm. The STEM images and EDS mapping information of (H-J) are shown in Figure 2.13 and
Figure 2.25.
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Figure 2.13 AuAgNi and AgCuCo heterostructured nanoparticles generated by SPBCL. (A)
HAADF-STEM image and EDS elemental mapping, and (B) schematic illustration of a
representative AuAgNi nanoparticle (Auo.24Ago2sNios2). (C) HRTEM image of a AuAgNi
nanoparticle. The observed lattice spacings near the interface are 2.36 A and 2.02 A, which closely
match the AuAg alloy (111) and Ni (111) planes, respectively. (D) A comparison of the
nanoparticle composition (20-60nm) with the precursor ink composition. The dashed black line is
the ideal 1:1 correlation case. (E) HAADF-STEM image and corresponding EDS mapping of
AuAgNi nanoparticles as a function of Ni content. Scale bars: 10 nm. (F) EDS elemental mapping,
(G) schematic illustration, and (H) HAADF-STEM image of a representative AgCuCo
nanoparticle (Ago.35Cu0.38C00.27). The Ag, Cu, and Co are immiscible with each other, resulting in
a heterotrimer. (1) Dark-field STEM images and EDS elemental mapping of AgCuCo nanoparticles
consisting of different compositions. From left to right, the content of Cu is approximately constant
at 45% while the content of Ag is 39%, 25%, and 14%, respectively. Scale bars: 15 nm.
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Figure 2.14 EDS elemental mapping of four neighboring AuAgNi nanoparticles in an array. All
four of nanoparticles are heterodimers where one domain is AuAg alloy and the other domain is
Ni. Color codes: Au (yellow), Ag (red), Ni (green). Scale bars of insets: 10 nm.

We first explored the combination of Au, Ag, and Ni (Figure 2.13A-2.13E, 2.14, and 2.15),
which resulted in type 11 particles, where the first two metals are miscible (Au and Ag), while the
third one (Ni) is immiscible with the other two.'®® We synthesized AuAgNi NPs on silicon
substrates or on TEM grids using an ink solution with a metal loading ratio of 25% Au, 25% Ag,
and 50% Ni. As shown by HAADF-STEM images (Figure 2.14), arrays of AuAgNi NPs could be
synthesized, and only one NP was observed in each position within the array. Increasing the
magnification reveals that each AuAgNi NP is heterogeneously structured (Figure 2.13A and
2.13B). Each AuAgNi NP was a dimeric heterostructure consisting of a AuAg alloy domain and a

Ni domain. The contrast in the HAADF-STEM image arises from the difference in atomic number
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between the AuAg alloy and Ni. High-resolution TEM shows that the two domains in the AUAgNi
NP are crystalline (Figure 2.13C). Finally, in addition to AuAgNi, the other five ternary
combinations that lead to type 11 particles are AuAgCo, AuCuCo, AuCoNi, AgCuNi, and AgCoNi

(Figure 2.9D and 2.12).
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Figure 2.15 HAADF-STEM images and the corresponding EDS elemental mapping of a AuAgNi
nanoparticle. (A) AuAgNi nanoparticle generated by the regular SPBCL process. (B) The same
nanoparticle after being thermally annealed at 300 °C in O for 12h. Scale bars: 20 nm. (C) XPS
spectra of AuAgNi nanoparticles made by drop-casting polymer ink solution after the thermal
annealing process used in SPBCL (black line), and then the same sample after being further
thermally annealed at 300 °C in O for 12h (red line).
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Figure 2.16 Compositional diagrams assessing the uniformity of SPBCL-generated AuAgNi
nanoparticles. The metal loading ratio of the ink solution is: (A) 40% Au, 40% Ag, 20% Ni, (B)
33% Au, 33% Ag, 33% Ni, (C) 25% Au, 25% Ag, 50% Ni, (D) 17% Au, 17% Ag, 66% Ni, and
(E) 10% Au, 10% Ag, 80% Ni. (sample size: 50 for each composition). The composition of the
nanoparticles follows the composition of the ink solution.

One advantage of using SPBCL for generating NPs is the homogeneity of the patterned
nanoreactor, which yields particles that have metallic constituent ratios reflecting those of the ink.
This enables straightforward tuning of the particle composition. We used this ability to study the
effect of altering metal ratios on the particle structure by examining five ink solutions (Figure
2.13D and 2.13E). The five solutions contained increasing Ni content from 20 to 80% while a 1:1
ratio of Au and Ag was maintained; the NPs were then investigated by EDS to determine elemental
distribution and composition. As shown in Figure 2.13E, the varying Ni content in the ink solution
effectively changes the relative size of the Ni domains and AuAg alloy domains, respectively,
while the dimeric heterostructure of AuAgNi NPs was maintained for all compositions studied.

Experimentally, the majority of the AuAgNi NPs (yield = 80%; sample size was 50) match the
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composition of ink solutions with a compositional variation of less than 10% (Figure 2.13D and
2.16). The remaining 20% of the NPs exhibit large composition fluctuations and even include
bimetallic NPs (i.e., AuAg, AuNi, or AgNi), which is likely caused by the imperfect distribution

of precursors in ink solution.
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Figure 2.17 (A, B) DF-STEM images of AuAgNi nanoparticles synthesized from bulk polymer
ink solution with the two-step annealing procedure used in SPBCL. (C) The EDS spectra of the
two nanoparticles in B, showing that bulk synthesis results in a mixture of different types of
nanoparticles. (D) The compositional uniformity of the AuAgNi nanoparticles synthesized from
bulk polymer ink solution (sample size: 50).

The formation of one NP per polymer reactor is crucial for this composition control. Indeed,
attempts to synthesize NPs in a bulk polymer solution through a similar thermal annealing
procedure resulted in heterogeneous mixtures of particles of varying size and composition (Figure
2.17 and 2.18), as is commonly observed in one-pot solution syntheses of multimetallic NPs
because different metal precursors exhibit different reduction kinetics and element-specific

nucleation.**8 In some polymer reactors (ones consisting of a features diameter > 1 um), failure of
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the atomic precursors to coalesce into a single NP was also observed, which prevented control

over NP size and composition because of the formation of multiple particles (Figure 2.19).
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Figure 2.18 (A, B) DF-STEM images of AgCuCo nanoparticles synthesized from a bulk polymer
ink solution with the two-step annealing procedure used in SPBCL. (C) EDS spectra of the two
nanoparticles in B, showing that bulk synthesis results in a mixture of different types of
nanoparticles. (D) The compositional uniformity (or lack thereof) of the AgCuCo nanoparticles
synthesized from bulk polymer ink solution (sample size: 50).

Figure 2.19 Incomplete coalescing of metal precursors results in multiple nanoparticles forming
within a single polymer dome. (A) HAADF-STEM image of multiple AuAgCoNi nanoparticles
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formed in one large polymer dot. The polymer dot was prepared from an ink solution with a metal
loading ratio of 25% Au, 25% Ag, 25% Co, and 25% Ni. The circle highlights the contour of
original polymer reactor. (B) Zoomed-in HAADF-STEM image of four representative

nanoparticles. (C) EDS elemental mapping of the four nanoparticles. Color codes: Au (yellow),
Ag (red), Ni (green), Co (cyan). (D) Overlay of the element maps of Au, Ag, Co, and Ni.

In the third combination type 111, the three constituent metals, such as Ag, Cu, and Co, are
not miscible with each other, and trimeric heterostructures were expected. As proof-of-concept,
we synthesized AgCuCo NPs using an ink solution with a metal loading of 33% for each metal.
HAADF-STEM images along with EDS characterization confirm that Ag, Cu, and Co segregate
into three segments in a AgCuCo NP (Figure 2.13F-2.13H, 2.20, and 2.21), consistent with the
compatibility of these metals.®°
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Figure 2.20 (A) Compositional uniformity of SPBCL-generated AgCuCo nanoparticles (sample
size: 50). The metal loading ratio of the ink solution is: 33% Ag, 33% Cu, and 33% Co. (B) EDS
elemental mapping of nine neighboring AgCuCo nanoparticles in an array. All nanoparticles are
heterotrimers where Ag, Cu, and Co segregate into three segments. Color codes: Ag (red), Cu
(purple), Co (cyan). Scale bars in EDS mapping images: 15 nm.

If the Cu content was kept constant while changing the relative loading ratio of Ag and Co
in the ink solution, the sizes of the Ag and Co domains, respectively, vary according to the ink
formulation, but no apparent alloying of either two metals is observed for all compositions

examined (Figure 2.131). Notably, in the case of all ink compositions studied, the three metal
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domains in the NPs shared a common structural feature: a central Cu domain is capped by a Ag or
Co domain on each end. The phase boundaries between Ag-Cu and between Cu-Co are not always
parallel, as evidenced by STEM and EDS (Figure 2.22 and 2.23). This structural motif for AgCuCo
NPs suggests a higher interfacial energy between Ag and Co than the interfacial energy between
Ag and Cu or between Cu and Co. Nevertheless, AgCuCo NPs with adjacent Ag-Co domains can
be realized when the Cu content is < 20%. Indeed, under these circumstances, the amount of Cu is

not sufficient to completely segregate the Ag and Co domains (Figure 2.24).
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Figure 2.21 HAADF-STEM images and EDS elemental mapping of a AgCuCo nanoparticle. (A)
AgCuCo nanoparticle generated by annealing at 500 °C in H; for 12h. (B) The same nanoparticle
after being thermally annealed at 300 °C in O for 12h. Scale bars: 20 nm. (C) XPS spectra of
AgCuCo nanoparticles made by drop-casting polymer ink solution followed by the thermal
annealing process used in SPBCL (black line) and the same sample after being further thermally
annealed at 300 °C in O for 12h (red line).
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Ag+Cu+Co

Figure 2.22 Nonparallel phase boundaries in AgCuCo nanoparticles generated by SPBCL. (A)
Dark-field STEM image and corresponding EDS elemental mapping of a AgCuCo nanoparticle
with nonparallel phase boundaries. Dashed lines highlight the position of Ag-Cu phase boundary
and Cu-Co phase boundary. The two interfaces are perpendicular with respect to image plane.
Inset: scheme depicting the proposed structure of this nanoparticle. (B) Another representative
AgCuCo nanoparticle with nonparallel phase boundaries. Here, the Cu-Co interface is
perpendicular to the image plane while the Ag-Cu interface is inclined with respect to the image
plane. Inset: scheme depicting the proposed structure of this nanoparticle.

Figure 2.23 (A) HRTEM image of the interface between Ag and Cu in a AgCu nanoparticle. The
observed lattice spacings near the interface are 2.34 A and 2.08 A (extracted from FFT), which
closely match the Ag (111) and Cu (111) planes. The inset shows the particle with the zoomed-in
region indicated with a dashed square. (B) HRTEM image of the interface between AuCu and Co
in a AuCuCo nanoparticle. Cu and Co have a very close lattice parameter and similar atomic
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number contrast in HRTEM. It is difficult to directly identify the Cu-Co interface in a CuCo
nanoparticle using HRTEM. Here, 15% Au was added into CuCo nanoparticles to increase the
contrast between Cu domain and Co domain. The observed lattice spacing around the interface are
2.21 Aand 2.03 A, which can be assigned to the AuCu (111) and Co (111) planes. The inset shows
the particle with the zoomed-in region indicated with a dashed square.

Figure 2.24 SPBCL AgCuCo nanoparticle with low Cu content and three phase boundaries. (A)
Dark-field STEM image of a AgCuCo nanoparticle (Ago.43Cuo.19C00.38). Inset: scheme depicting
the structure of this nanoparticle. (B) EDS elemental mapping of the nanoparticle. (C) Overlay of
the element maps of Ag, Cu, and Co. (D) Overlay of the element maps of Ag and Co. (E) Overlay
of the element maps of Cu and Co. Dotted circles highlight the position of Ag-Co phase boundary.
When the content of Cu is less than 20% in AgCuCo nanoparticles, the amount of Cu is not enough
to fully block the contact between Ag and Co. Consequently, a AgCuCo nanoparticle with Ag-Cu,
Cu-Co, and Ag-Co phase boundaries is observed.

For the final combination type 1V, two metals (e.g., Ag and Cu) are not miscible while the
third one (e.g., Au) is miscible with the other two. Compared with the previous two types, the
particle structure is more dependent on composition because of the increased complexity of
interactions between the metals. To further show the advantage of SPBCL in studying
composition-dependent phase separation in multimetallic NPs, we synthesized AuAgCu NPs using

four ink formulations. The four solutions contained increasing Au content from 10 to 70% while
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the Ag and Cu contents were kept equal in each solution. The NPs obtained from these inks are

shown in Figure 2.25-2.27.

A  Ag-AuAg-AuCu
1
i ‘-‘ 10%
: Cu ' Ag+Cu+Au
B L) n..
C AuAg-AuAgCu-AuCu
| 1
@ 50%
D AuAgCu
A 4

_|Au lAg BElcCu
Figure 2.25 AuAgCu heterostructured nanoparticles. (A-D) Schematic illustration, HAADF-
STEM images and EDS elemental mapping of four representative AuAgCu nanoparticles with
different Au content. From A to D, the Ag content and Cu content are equal in each nanoparticle
while the Au content is 10%, 30%, 50%, and 70%, respectively. Scale bars: 20 nm.
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When the Au content in the NPs was only 10%, Ag and Cu phase-segregated into two
domains (Figure 2.25A). Experimentally, Au shown a higher affinity for Cu, as indicated by the
enrichment of Au in the Cu domain. When the Au content was increased to 30%, Au diffused into
the Ag domain, resulting in a Janus NP in which one part is a AuAg alloy and the other part is a
AuCu alloy (Figure 2.25B). Further increasing the Au content to 50% resulted in NPs without a
distinct boundary between Ag and Cu (Figure 2.25C). Instead, the Ag and Cu started to diffuse
into each other’s domain, indicating the formation of an intermediate region in the center that
consists of a AuAgCu alloy. Finally, when the Au content was increased to 70%, Au was found
throughout the entire NP structure and forms an alloy (Figure 2.25D). In addition to AuAgCu, the

other two ternary combinations that satisfy type 1V are AuCuNi and CuCoNi. Similar to the
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AuAgCu system where Au shows preference for Cu over Ag, Cu had a higher affinity for Au than
Ni in the AuCuNi system, and Ni has a higher affinity for Co than Cu in the CuCoNi system
(Figure 2.9D and 2.12).
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Figure 2.26 (A) Compositional uniformity of SPBCL-generated AuAgCu nanoparticles (sample
size: 50). The metal loading ratio of the ink solution is: 20% Au, 40% Ag, and 40% Cu. (B) EDS
elemental mapping of nine neighboring AuAgCu nanoparticles in an array. The nanoparticles are
heterodimers where one domain is a AuAg alloy and the other domain is a AuCu alloy. Au is
mainly concentrated in the AuCu domain. Color codes: Au (yellow), Ag (red), Cu (purple). Scale
bars in EDS mapping images: 10 nm.

To confirm that the NPs are mainly composed of metals after being annealed under H; at
500 °C, we thermally annealed AuAgNi, AuAgCu, and AgCuCo NPs in Oz and characterized the
morphology change of NPs with STEM-EDS. As shown in Figure 2.15, 2.21 and 2.27, when Cu,
Co or Ni are transformed into oxides, they collapse onto the substrate (alumina on a SizN4 film is
used here) and change the configuration of original NPs. This suggests that particles composed of
oxides are not stable enough to maintain their structures when they are subjected to long-term
thermal treatment. The oxidation state of the metals that comprise the NPs was further explored
by XPS with drop-cast samples (Figure 2.15C, 2.21C, and 2.27C). The Co, Ni, and Cu components
in the NPs are in the 0-valent state after being annealed under H» at 500 °C. However, once the

particles are exposed to air, the Co, Ni, or Cu components begin to oxidize.
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Figure 2.27 HAADF-STEM images and corresponding EDS elemental mapping of a AuAgCu
nanoparticle. (A) AuAgCu nanoparticle generated by annealing at 500 °C in Hz for 12 h. (B) The
same nanoparticle after being thermally annealed at 300 °C in O for 12 h. Scale bars: 20 nm. (C)
XPS spectra of AuAgCu nanoparticles made by drop-casting a polymer ink solution followed by
the thermal annealing process used in SPBCL (black line) and the same sample after being further
thermally annealed at 300 °C in O for 12h (red line).

We further extended the library by synthesizing all quaternary combinations of Au, Ag,
Cu, Co, and Ni. The structures of the quaternary NPs were highly dependent on particle
composition. Here, we examined one specific ink composition for each combination of metals
(Figure 2.9E and 2.28). The aforementioned studies on bimetallic and trimetallic systems are
instructive for elucidating and assigning the structure of each quaternary NP. For example, the
structure of the AUAgCoNi NP was assigned as a AuAgCo heterodimer primary particle and Ni as
the fourth component. The location of the fourth component depends on its miscibility with the

three components in the primary particle. Ni is miscible with Co but immiscible with Au and Ag.
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Thus, AuUAgCoNi NPs still adopt a dimeric structure with one part being a AuAg alloy and the

other part a CoNi alloy.
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Figure 2.28 HAADF-STEM images, EDS spectra, and detailed EDS mapping information of the
quaternary and quinary nanoparticles in Figure 2.9E and 2.9F. (A) Auo.32Ago.19CUo.27Nio.22, (B)
Ago.27CU0.22C00.35Ni016, (C)  AUo26Ag0.22C00.16Ni03s, (D)  Auo.15Ag0.20CU0.18C0038,  (E)
AUo.23CU0.42C00.16Ni0.19, (F) Auo.19Ag0.24CU0.28C00.14Nio.15. Scale bars: 15 nm. The STEM images
and EDS mapping information of (F) are shown in Figure 2.29.
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For the other quaternary particles synthesized, the structure can be similarly understood by
the miscibility of components. EDS mapping in Figure 2.28A shows the structures of AUAgCUuNi.
The particle consists of three consecutive domains, i.e., AuAg alloy, AuCu alloy, and Ni. The
components of Au, Ag, and Cu in this particle segregate into a AuAg alloy domain and a AuCu
alloy domain, which is similar to the structure of AuAgCu particle in Figure 2.25B. The fourth
component, Ni, forms an additional domain due to its immiscibility with Au. EDS mapping in
Figure 2.28B shows the structures of AgCuCoNi. The particle consists of three consecutive
domains, i.e., CoNi alloy, Cu, and Ag. The components of Ag, Cu, and Co in this particle segregate
into three domains, which form the primary particle. Ni is mainly present in the Co domain due to
its higher affinity for Co than Cu. EDS mapping in Figure 2.28D shows the structures of

AUAgCuCo. The particle consists of three consecutive domains, i.e., AuAg alloy, AuCu alloy, and
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Co. The components of Ag, Cu, and Co segregate into three domains, which form the primary
particle. Au is present in the Ag and Cu domains since it is compatible with Ag and Cu while being
immiscible with Co. EDS mapping in Figure 2.28E shows the structures of AuCuCoNi. The
particle has a dimer structure with one part being a AuCu alloy and the other a CoNi alloy. AuCoNi
segregates into a Au domain and a CoNi domain, which form the primary particle. Cu is only
present in the Au domain since it phase-segregates from Co and has a higher affinity for Au than
Ni.

The incorporation of four components in one NP via SPBCL enables nanostructures with
unprecedented compositional and structural complexity. Creating combinatorial libraries with
SPBCL even allowed for the synthesis of higher order nanostructures, such as pentametallic NPs
consisting of Au, Ag, Cu, Co, and Ni, using an ink solution with an equal loading of the five ion
precursors (Figure 2.9F and 2.28-2.31). Composition control was more difficult than with the
lower order NPs. Experimentally, we successfully form quinary particles from half of the polymer
reactors patterned by SPBCL (yield = 50%; sample size was 50; Figure 2.31). The remaining
polymer reactors generate tetrametallic NPs. The AuAgCuCoNi NPs had three distinct structural
domains (Figure 2.29B). The overlay of EDS element maps revealed the distribution of metals and
their spatial relationship. AgCuCo segregated into three domains, which form the primary NP
(Figure 2.29E). Au was present in the Ag and Cu domains because it is only compatible with Ag
and Cu but immiscible with Co (Figure 2.29D). Ni is only present in the Co domain because it
phase-segregates from Au and has a higher affinity for Co than Cu (Figure 2.29F). Therefore,
AUAgCuCoNi NPs composed of three segments, i.e., a AuAg alloy, a AuCu alloy, and a CoNi

alloy, were obtained via SPBCL (Figure 2.29G). The structure of the AuAgCuCoNi NP was highly
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composition dependent. It is important to note that other substrates or annealing conditions may
result in different particle structures, providing the potential for additional structure tuning. As
such, this result validates SPBCL as a viable platform for synthesizing and studying previously
undiscovered multimetallic NPs that are defined by fundamentally interesting and complex

heterostructures.

Au Ag AuAg AuCu CoNi
1 N
Cu Co

Au+Ag+Cu

Figure 2.29 Quinary heterostructured nanoparticles (A) HAADF-STEM image of a typical
AuAgCuCoNi nanoparticle (Auo.19Ag0.24Cu0.28C00.14N10.15). (B) Schematic illustration of the
structure of AuAgCuCoNi nanoparticle in (A). The nanoparticle phase segregates into three
domains: AuAg alloy, AuCu alloy, and CoNi alloy. (C-G) EDS elemental mapping of the
AuAgCuCoNi nanoparticle in (A). (C) Distribution of each metal inside the nanoparticle. (D)
Overlay of the element maps of Au, Ag, and Cu. (E) Overlay of the element maps of Ag, Cu, and
Co. (F) Overlay of the element maps of Co and Ni. (G) Overlay of the element maps of all five
metals.
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Figure 2.30 EDS elemental mapping of a AUAgCuCoNi nanoparticle. Scale bar: 15 nm. The phase
boundary between AuAg alloy and AuCu alloy is not parallel with the phase boundary between
AuCu alloy and CoNi alloy. Dashed lines highlight the position of phase boundaries.
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Figure 2.31 Compositional uniformity of SPBCL-generated AuAgCuCoNi nanoparticles (sample
size: 50). The metal loading ratio of the ink solution is: 20% Au, 20% Ag, 20% Cu, 20% Co, and
20% Ni. Since EDS has an inherent error of less than 5% due to x-ray absorption and fluorescence,
only elements with content larger than 5% are considered as an effective component when counting
the number of components in particles.
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2.5 Materials and Methods
2.5.1 Materials

Poly(ethylene oxide)-b-poly(2-vinyl pyridine) (PEO-b-P2VP, M, = 2.8-b-1.5 kg/mol,
polydispersity index = 1.11) was purchased from Polymer Source, Inc. Metal compounds,
HAUCIls 3H20, AgNOs, Cu(NOs)z xH20, Co(NOs)2 6H20, Ni(NO3)2 6H20, NapPdCls, and
H2PtCle 6H2.0 were purchased from Sigma-Aldrich, Inc. and used without further purification.
DPN 1D pen arrays (type M, no gold coating) were purchased from Nanoink, Inc. TEM grids with
hydrophobic silicon nitride support films (SiNx film thickness = 15 or 50 nm, modified with 2.5
nm atomic layer-deposited alumina and fluoro-methyl-silane) were purchased from Ted Pella, Inc.
Silicon wafers were purchased from Nova Electronic Materials.
2.5.2 Preparation of Block Copolymer Inks

Polymer inks were prepared by dissolving PEO-b-P2VP and different metal compounds in
de-ionized water in predetermined molar ratios to achieve inks with specified molar ratios of metal
precursors. The ink solution had a polymer concentration of 5 mg/mL and the molar ratio of pyridyl
group to total metal precursors was 64:1. We expect that the use of an excess of pyridyl group will
lead to a complete complexation of metal ions from the metal precursor salt onto PEO-b-P2VP.
The pH of the ink solution was adjusted to between 3-4 by addition of HNOs. The ink solution
was stirred for 24 h at room temperature prior to use.
2.5.3 SPBCL Patterning Process

DPN pen arrays were dip-coated with inks and dried under ambient conditions. Following
the inking step, the pen arrays were mounted onto an AFM (XE-150, Park Systems) and brought

into contact with a TEM grid to deposit arrays of polymer nanoreactors. The patterning process
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was performed in a chamber at a controlled temperature of 25 °C and relative humidity of 90%.
The size of the polymer nanoreactors was tuned by adjusting the tip-sample dwell time. In order
to convert polymer features into NPs, the TEM grids were put into a tube furnace and thermally
annealed. The heating conditions were programmed as follows: ramp to 120 °C under Arin 1 h,
hold at 120 °C for 48 h, cool back to room temperature in 4 h, switch the atmosphere into Hz, ramp
to 500 °C in 2 h, thermally anneal the substrate at 500 °C for 12 h, and cool down to room
temperature in 6 h.
2.5.4 Characterization
SEM images of the NPs synthesized on Si wafers were taken with a Hitachi S-8030 field-
emission scanning electron microscope at an acceleration voltage of 5 kV and a current of 20 pA.
An in-house designed dual-energy dispersive x-ray spectroscopy (EDS) detectors equipped
Hitachi HD-2300 dedicated scanning transmission electron microscope (STEM) was used to image
NPs synthesized on TEM grids with 50 nm silicon nitride support films. The bright-field images
were recorded using a phase contrast detector, and the dark-field images were taken with a high-
angle annular dark-field (HAADF) detector at an electron acceleration voltage of 200 kV. NP
composition was studied using the dual EDS detectors equipped on the HD-2300 STEM with a
200 KV acceleration voltage. The La peaks of Pt, Pd, Ag, and Au, and the Ka peaks of Co, Ni,
and Cu in the EDS spectra were used for elemental mapping and for composition quantification
with standardless Cliff-Lorimer correction method. The atomic composition measured by EDS has
an inherent error of less than 5% due to X-ray absorption and fluorescence. Each EDS map is built
based on 30 frames with pixel dwell time of 203 us. Thermo Scientific NSS software was used for

EDS data processing. High-resolution TEM (HRTEM) images were taken on a JEOL 2100F
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transmission electron microscope at an acceleration voltage of 200 kV with NPs prepared on TEM
grids with 15 nm silicon nitride support films. X-ray photoelectron spectroscopy (XPS) spectra
were recorded on a Thermo Scientific ESCALAB 250Xi with samples made by drop-casting
polymer ink solution, followed by the aforementioned thermal annealing process.

2.6 Conclusions and Outlook

In this chapter, we report that SPBCL can be utilized to synthesize a diverse class of
polyelemental NPs (e.g., mixtures of Au, Ag, Cu, Co, Ni, Pd, and Pt) in a site-specific manner.
The ability to synthesize and characterize such structures provides an experimental platform to
study alloy formation and phase-segregation at the nanoscale, which is important for understanding
both structure and function. Given the enormous library of nanostructures that can be tailored
based on particle composition and metal compatibility, our work advances the field of
multimetallic NPs toward higher compositional diversity and structural complexity, which has the
potential to impact a broad range of fields, such as catalysis,®?* plasmonics,'®?® magnetics,’

electronics,***® biology,?>* and medicine.*®



CHAPTER THREE

Delineating the Formation Process of a Polyelemental Nanoparticle in a Nanoreactor
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Portions of this chapter have been published in: J. Am. Chem. Soc., 2017, 139, 9876-9884.

HRTEM characterization of nanoparticles was done in collaboration with Jingshan Du.
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3.1 Introduction
Multimetallic heterostructured nanoparticles (NPs) that contain well-defined interfaces
between inorganic domains have recently attracted extensive interest due to their utility in

118 and electronics.'*® The chemical, electronic, and

catalysis,?>3? plasmonics,??’ magnetics,
magnetic interactions that occur across the interfaces inside heterostructured NPs can be
engineered by changing the structure and elemental distribution of each inorganic domain; this
allows the chemical and physical properties of NPs to be finely tuned.?®?":2:32 T achieve this
composition-structure-function tuning, wet chemistry approaches, especially stepwise seed-
mediated growth processes in solution, have been successfully developed to prepare a wide variety
of hetero-nanostructures,224474853.55110.124 Hoywever, slight changes in synthetic parameters can
greatly influence the nucleation and particle growth processes as well as the resulting
nanostructures, making targeted synthesis of a specific particle type a complicated and challenging
process.?® Consequently, there is a need to develop a fundamental understanding of the growth
pathways for multimetallic NPs.*®?" In this regard, these studies are usually performed either in
an in-situ manner utilizing TEM*®*1% or X-ray scattering techniques?>#° with liquid cells, or in an
ex-situ manner by characterizing the particles in the reaction solution at different time
points.*6:1831% |y addition to informing synthetic protocols, mechanistic understanding provides
ways of trapping reactive intermediate nanostructures, which can be useful in their own
I’ight.46'183’193’196

Recently, we reported how scanning probe block copolymer lithography (SPBCL), a

technique that delivers attoliter-scale volumes of metal precursor-coordinated polymers to a

desired location to form a polymer nanoreactor, could be used to synthesize well-defined
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multimetallic NPs in terms of size and composition.12180-182.186 Thjs method takes the advantage
of polymer nanoreactors to confine metal precursors at the nanoscale.!**'#* Each nanoreactor,
when thermally treated, yields an individual NP with a composition that mirrors the stoichiometry
defined by the precursors. In Chapter Two, this method has been utilized to construct a
combinatorial library of multimetallic NPs consisting of all elemental combinations of Au, Ag, Cu,
Co, and Ni at a fixed equal elemental stoichiometry, which includes sets of novel hetero-
nanostructures that are composed of miscible and immiscible metals. Since multimetallic NPs have
not been synthesized with such precision and complexity before, the process by which the various
metals in a polymer reactor aggregate to yield a single NP and then evolve into a final architecture
is unclear. Therefore, this study is important for understanding how to control and design
nanostructures for catalysis, plasmonics, magnetics, and electronics.

In this chapter, we report an in-depth study on how AuAgCu NPs are formed in polymer
nanoreactors. AUAgCu NPs were chosen as a model system because both miscible (Au/Ag and
Au/Cu) and immiscible metal pairs (Ag/Cu) are present in this system. The aggregation of different
combinations of Au, Ag, and Cu in SPBCL-generated polymer reactors has been studied and
characterized by XPS, STEM, and EDS. The study shows that different metal components
aggregate at markedly different rates within the polymer nanoreactors, which leads to kinetically
trapped states that evolve into either alloy or well-defined, phase-segregated heterostructures. By
confining the reagents at a fixed stoichiometry within the polymer nanoreactors, we can
systematically study how different metals migrate through a single particle to create alloys or
heterostructures. This technique not only is useful for understanding particle formation but can

also be used to identify conditions that trap structures in Kinetic states, some of which may be



88

useful in their own right.

3.2 Aggregation of a Single Type of Metal in a Polymer Reactor
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Figure 3.1 Nucleation and growth of monometallic nanoparticles in polymer nanoreactors. (A) A
scheme of the nucleation and growth process. (B) Ex-situ ADF-STEM images of the aggregation
and growth of Au nanoparticles in polymer features annealed at 100 °C. Dashed circles indicate
the edge of polymer features. Scale bar: 300 nm. (C,D) The number (C) and average diameter (D)
of the nanoparticles formed in polymer features annealed at 100 °C. The assignment of Stage | and
I1in (C) and (D) applies to the polymer features with diameters of 1500 nm.

To investigate the nucleation and growth of metal precursors in polymers, we initially
studied the simplest structures, i.e., polymer features that contain only HAuCla4. Previous studies
have shown that Au salts, at elevated temperatures, can be reduced by PEO, which results in the
subsequent aggregation of the metal atoms and NP nuclei in the polymer reactor.'81:188 Herein, we
examined the aggregation of monometallic particles in a quantitative manner. Experimentally, we
find that the aggregation process can be divided into two stages (Figure 3.1A and 3.1B, reactor
diameters ~1.5 um, annealed at 100 °C). In the first stage (< 45 min), many Au particles formin a
single polymer nanoreactor with the maximum average number appearing after an annealing time

of ~15 min (Figure 3.1C). Next, the coarsening (ripening and coalescence) of the particles becomes
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the dominant process, overwhelming the rate of new nucleation, resulting in a decrease in the
average number of particles per reactor (50 reactors monitored, Figure 3.1C). At the end of Stage
I (~ 45 min, Figure 3.1C), only one NP is observed in each reactor, suggesting that the Au
concentration in each polymer feature is below the threshold necessary to induce nucleation of
new particles (Figure 3.2). During Stage I, the average particle diameter slowly increases until it

reaches 46 nm due to the growth and coarsening processes (Figure 3.1D).
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Figure 3.2 Remaining free Au in polymer features (1.5 pum) annealed at 100 °C over time. The
remaining Au content was calculated by comparing the diameters of intermediate particles to the
diameters of the final particles (assuming all Au precursors in a reactor aggregated to form the
final particle). The molar ratio between HAuUCIls and PEO-b-P2VP in the starting polymer
nanoreactors is 1:4.48.

Figure 3.3 Ex-situ ADF-STEM images of Au aggregation in polymer features annealed at 100 °C
over time. Dashed circles mark the edge of polymer nanoreactors.

In Stage Il (45 min-360 min), individual particles in each reactor (Figure 3.1C) continue to
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grow by depleting the remaining Au in the polymer reactor, and ultimately reaching a final size of
about 75 nm after 6 h (Figure 3.1D). This two-stage growth phenomenon was also observed for
Au particles formed in smaller reactors (e.g., 550 and 800 nm; Figure 3.1C, 3.1D, and 3.3-3.5).
Impurity salt particles (NaCIl/KCI) were observed in some polymer reactors (Figure 3.1B and 3.6A),
which are a consequence of salt impurities in the commercially available polymer matrix. It is
important to note that while both types of particles are present, the Au particles primarily nucleate
on the substrate as opposed to salt crystals. In addition, the impurity salts can also be removed

from the polymer by dialysis (Figure 3.6B).

A Stage | Stage Il

5 Polymer feature diameter

—o—300 nm
—o—550 nm
—&— 800 nm

Number of particles per feature

T M T M T ¥ T ¥ T M T M T b
0 20 40 60 80 100 120
Annealing Time (min)
B — Stage | Stage Il

E 454

5 X 1 X

s T 1 t

E 304

& ra 3

L2

o

= T

E 15 T ]

© —=—300 nm

g’ —o— 550 nm

e 9 —&— 800 nm

g ]

< T T M T v T v T M T ¥ T A
0 20 40 60 80 100 120

Annealing Time (min)

Figure 3.4 (A) The number of nanoparticles and (B) the average diameter of nanoparticles formed
in polymer features annealed at 100 °C over time. Solid curves are guide to the eye. The
assignments of Stage I and Il in (A) and (B) apply only to polymer nanoreactors with diameters of
550 nm and 800 nm. For polymer features with a diameter of 300 nm, Stage I is not observed. This
observation suggests that the polymer nanoreactor is not large enough for nucleation of more than
one particle.
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Figure 3.5 An ADF-STEM image of an 8-by-6 array of polymer nanoreactors containing Au salt
precursor. The polymer nanoreactors were annealed at 100 °C for 1h to form a single Au NP in
each nanoreactor. Scale bar: 3 um.
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Figure 3.6 (A) An ADF-STEM image of a NaCl/KCI particle formed in a blank polymer
nanoreactor annealed at 100 °C for 1h. The dashed circle marks the edge of the polymer
nanoreactor. An EDS spectrum of the crystal is shown underneath the STEM image. Al signals
are from the TEM sample holder. (B) An ADF-STEM image of a polymer nanoreactor annealed
at 100 °C for 1h. The polymer was purified by dialysis with deionized water for 48 h
(ThermoFisher dialysis cassettes, 2K MWCO). The dashed circle marks the edge of the polymer
nanoreactor. EDS characterization of the polymer reactor shows no observable Na, K, and CI
signals.
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Figure 3.7 (A) Ex-situ ADF-STEM images of the aggregation of Au in polymer nanoreactors
annealed at 100 °C. Dashed circles indicate the edge of the polymer nanoreactors. Scale bar: 400
nm. (B) Ex-situ ADF-STEM images of the aggregation of Au in polymer nanoreactors annealed
at 150 °C. Dashed circles indicate the edge of polymer nanoreactor. Scale bar: 400 nm. (C) The
average diameter and number of nanoparticles formed in polymer nanoreactors annealed at 100
°C and 150 °C.

Since the mobilities of both Au atoms and particles are accelerated by thermal annealing,
temperature plays a key role in tuning the nucleation, growth, and coarsening rates of Au particles.
As shown in Figure 3.7, annealing the polymer feature at 150 °C led to a faster aggregation of Au,
which requires only 0.5 h to generate NPs that have the same size (75 nm) as those formed in
polymer features annealed at 100°C for 6 h. To evaluate the generality of the aggregation processes,

we next investigated polymer features that contain AgNOsz or Cu(NOs).. Unlike Au, which
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precipitates directly in the form of Au NPs, Ag initially aggregates by forming a mixture of Ag
and AgCI particles (annealed at 120 °C for 0.5 h, Figure 3.8 and 3.9). This is likely due to the
presence of ClI™ ions in the reactor that come from the starting polymer matrix. After being annealed
at 120 °C for 2 h, all AgClI particles were completely transformed into Ag particles through either

thermal decomposition or reduction by PEO,*®! resulting in multiple Ag NPs in each reactor.

Figure 3.8 Ex-situ ADF-STEM images of the aggregation process for (A) Au and (B) Ag
precursors in polymer nanoreactors annealed at 120 °C. Dashed circles indicate the edge of
polymer nanoreactor. Scale bars: 200 nm. (C) Enlarged views of the aggregated particles within
the nanoreactors in (B). Scale bar: 50 nm.
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Figure 3.9 (A) An ADF-STEM image of the particles formed in a single polymer nanoreactor that
contains Ag precursor (AgNO3). The polymer feature was annealed at 120 °C for 30 min. EDS
spectra of the particles reveal the presence of a Ag/AgCIl/NaCl mixture along with Ag, and NaCl
particles. Al signals are from the TEM sample holder. (B) HRTEM images of the AgCl and
KCI/NaCl particles formed in polymer nanoreactors that were annealed at 120 °C for 30 min. The
observed lattice spacings are 3.17 A and 3.60 A, which correspond to AgCl (111) and KCI (111)
planes, respectively.

In general, Ag aggregates more slowly than Au when being annealed under identical
conditions (Figure 3.8). This rate difference suggests a higher mobility of Au atoms/particles in
polymer reactors than that of Ag atoms/particles. In addition, the higher reduction potential of
AuCls/Au (E° = 1.002 V) than that of Ag'/Ag (E° = 0.7996 V) also contributes to faster
precipitation of Au. The last element, Cu, requires a longer annealing time or higher annealing

temperature for nucleation to occur. As shown in Figure 3.10, particles that contain Cu are only
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observable in reactors that are annealed at 160 °C for more than 18 h or at temperatures above 200
°C for 4 h. These Cu-containing particles likely consist of Cu'' species such as CuO, a
decomposition product from thermally annealing the Cu(NOs)2 precursor;*®’ the oxidation state of
Cu at this stage was confirmed by XPS (Figure 3.10G). The slower nucleation of Cu'" species can
be attributed to the higher thermal stability of the Cu precursor (CuNO3), which decomposes at
temperature above 180 °C.1%" In contrast, Au* and Ag"* are reduced to the metallic state by PEO

at 120 °C for nucleation (Figure 3.8).

A 120 °C 4h

160 °C 4h

Intensity (a.u.)
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Figure 3.10 (A-F) ADF-STEM images of representative polymer nanoreactors that contain
Cu(NO3)2 subjected to thermal treatment. (G) A Cu 2p XPS spectrum of particles formed by
thermally annealing a drop-cast polymer ink solution that contains the Cu precursor at 260 <C for
18h.
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Figure 3.11 Comparison of the aggregation rates during the formation of different monometallic
nanoparticles. (A-C) ADF-STEM images showing the aggregation of Au, Ag, or Cu'' species in
polymer features annealed at 240 °C. Dashed circles indicate the edge of polymer features. Scale
bar: 200 nm. (D-E) The average diameter (D) and number (E) of the nanoparticles formed in
polymer features annealed at 240 °C. Dashed curves are guide to the eye.
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Figure 3.12 (A) The average diameter and (B) number of nanoparticles formed in polymer
nanoreactors (diameters ~ 1 um) using either AgNO3 or Cu(NOz3). precursors that were annealed
at 240 °C. Dashed curves are guide to the eye.
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In order to construct a systematic comparison of Au, Ag, and Cu, we annealed polymer

reactors that contain each precursor at 240 °C for a predetermined time (Figure 3.11). At this

temperature, the Au and Ag salts are reduced quickly and form NPs (Figure 3.11D and 3.11E).

Interestingly, while Au undergoes Stage | and Il processes in 1 h and forms a single particle per

reactor, Ag takes 2 h to finish Stage | and it is not until after 16 h of annealing that Ag reaches the

end of Stage Il (Figure 3.1A and 3.12).
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Figure 3.13 Remaining free metal species in polymer nanoreactors that contain one type of
precursor and are annealed at 240 °C. (A) Amount of free Ag in polymer features (1 jm). (B)
Amount of free Cu in polymer features (1 pm). For each monometallic system, the molar ratio
between the metal precursor and PEO-b-P2VP in the starting polymer nanoreactors is 1:4.48. The
remaining Ag or Cu content was calculated by comparing the diameters of intermediate particles
to the final particles (assuming all metal precursors in a reactor aggregate to form the final particle).

By contrast, Cu requires 8 h of annealing to finish Stage I, and it is not until 48 h that Stage
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Il is completed (Figure 3.12 and 3.13). The slower aggregation of the Cu'" species is presumably
due to the higher binding strength between Cu'' and the substrate (SiNx substrate with a native
oxide top layer) than that between the other elements and the substrate. It should be noted that the
presence of impurity salts has little effect on the aggregation of Au, Ag, or Cu at 240 °C, since Na,
K, and CI signals are not observed in the EDS spectra of the initially nucleated particles (Figure
3.14). The data for the monometallic systems clearly show that there are markedly different rates

of particle formation, an observation that will be used to help understand the multimetallic systems.
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Figure 3.14 EDS spectra of the initially nucleated nanoparticles in Figure 2. (A) Au and (B) Ag
nanoparticles formed in polymer nanoreactors that were annealed at 240 °C for 1 h. (C) Cu"

nanoparticles formed in a polymer nanoreactor that was annealed at 240 °C for 2 h. The Al signals
in the spectra are from the TEM sample holder.
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3.3 Aggregation of Two Types of Metal in a Polymer Reactor
With the knowledge gained in the monometallic study, we next examined the co-
nucleation/growth process of all bimetallic combinations of Au, Ag, and Cu at fixed 1:1
stoichiometries. For the first binary combination (HAuCIl4/AgNOg; reduced metals are miscible),
Au, Ag, and AgCI particles initially form and are observable at early time points within the

polymer reactors (after being annealed at 120 °C for 30 min, Figure 3.15).

Figure 3.15 (A) ADF-STEM image of a representative polymer nanoreactor that contains equal
amounts of the metal salt precursors, HAuCls and AgNOs, annealed at 120 °C for 30 min. The
white dashed circle indicates the edge of the polymer nanoreactor. (B) STEM images along with
EDS elemental maps are shown for the particles located within the yellow dashed squares in (A).

Continuous additional thermal treatment at 120 °C for another 1.5 h completely
decomposes the AgCl and results in the formation of multiple irregular-shaped particles in each
reactor (Figure 3.16). The irregular-shaped particles are composed of Au and Ag and are

structurally inhomogeneous, as evidenced by the Au-enriched and Ag-enriched domains in the
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EDS elemental mapping images of the particles (Figure 3.16A and 3.16B). The inhomogeneous
structure is caused by the coalescence of the Au and Ag particles early in the particle formation

process.

E 1,2) Nucleation, growth, and coarsening  3) Structural evolution at higher temperature
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Figure 3.16 Formation of AuAg nanoparticles in polymer nanoreactors. (A) ADF-STEM images
of representative polymer features that contain either equal amounts of HAuCls and AgNO3, only
HAUCI4, or only AgNO3z metal salt precursors. The features were annealed at 120 °C for 2h. White
dotted circles indicate the edge of polymer features. (B) EDS elemental maps of the AuAg particles
located inside the yellow dashed squares in (A). (C) An ADF-STEM image of a polymer feature
that contains equal amounts of the metal salt precursors, HAuCls and AgNOs, annealed at 160 °C
for 4h. (D) ADF-STEM images and EDS elemental maps of the AuAg particle (Auos1Ago.s9,
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atomic composition) located inside a yellow dashed square in (C). The particle was stepwise

annealed at (i) 160 °C for 4h, (ii) 160 °C for 18h, and (iii) 260 °C for 4h. (E) Schematic of the
structural evolution of AuAg nanoparticles in polymer nanoreactors deposited with SPBCL.

It should be noted that generally, the aggregation of Au is slower for the two-component
Au/Ag system when compared to the monometallic system, pure Au system. Indeed, when
polymer reactors containing only HAuCI, are heated at 120 °C for 2 h (identical conditions used
for the binary system), single well-formed Au NPs form (Figure 3.16A). When one compares the
three types of reactors at the same time point (Figure 3.16A), it is clear that the presence of Ag
significantly depresses the mobility of Au. In addition, while Au@Ag core-shell nanostructures
are observed for some particles, Ag@Au core-shell nanostructures were never found (Figure 3.15
and 3.16B). This is consistent with the conclusion that Au still aggregates at a faster rate than Ag,
and can act as a seed for heterogeneous nucleation of a Ag shell. Finally, for the two component
system, when it is annealed at 160 °C for 4h, the vast majority of the precursor goes into forming
a single primary two-component particle (~50 nm) within each reactor (Figure 3.16C), which is
surrounded by much smaller, primarily silver particles (< 3 nm) that continue to contribute to
coarsening as the reactor is heated. EDS elemental mapping of the primary particle shows that Au
and Ag do not fully alloy even after being heated at 160 °C for 4 h (Figure 3.16D, here a AU@Ag
particle is shown). To further explore the temperature-induced structural evolution of the particle,
the polymer reactor shown in Figure 3.16D was annealed stepwise at 160 °C for 18 h and at 260
°C for 4 h with EDS mapping carried out after each step. Ag partly diffused into the Au core after
being annealed at 160 °C for 18 h, while Au and Ag are fully mixed after being annealed at 260
°C for just 4 h (Figure 3.16D). As such, high temperature and short annealing times exhibit higher

efficacy than low temperature and long annealing periods in facilitating the structural evolution of
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SPBCL NPs into thermodynamic structures. The entire aggregation process of Au/Ag is
summarized in Figure 3.16E. When two metals are present in one reactor, co-nucleation and
growth of the two metals result in both monometallic and bimetallic particles in the reactor. Upon
particle growth and coarsening of the particles, an individual structurally inhomogeneous particle
is obtained. Ultimately, thermal annealing at a relatively high temperature allows the constituent
metals to be transformed into a stable configuration.
For the second binary combination (Au/Cu, miscible metals), primary nucleated particles
are also formed by a combination of nucleation, growth, and coarsening (Figure 3.17 and 3.18),
which is similar to the process observed in the AuAg system. The structure of the primary
nucleated particles obtained at low annealing temperature (160 °C for 4 h) is inhomogeneous, as
evidenced by the Au-enriched and Cu-enriched domains observed by EDS elemental mapping of
the particles (Figure 3.19A). Either longer annealing times (18 h, Figure 3.18) or higher annealing
temperatures (240-260 °C, Figure 3.19B-3.19E) increase the alloying of the Au and Cu. The
oxidation states of Au and Cu that comprise the nucleated particles were examined by XPS using
samples prepared by drop-casting (Figure 3.19F). When Au is present in the reactor, the Cu
component is in the 0 valence state after being annealed at 260 <C for 18h, as compared to the
formation of particles consisting of Cu'' species in reactors containing only Cu(NO3)2. HRTEM
characterization of the nucleated particles corroborates the formation of AuCu alloy particles in
AuCu reactors (Figure 3.19G). Another distinct difference between the pure Cu and AuCu alloy
system is the faster precipitation of Cu observed for the reactors containing Au. The majority of

the available Cu accumulates into an alloy particle after being annealed at 160 °C for 4 h (Figure

3.19A), while for the pure Cu system, a higher annealing temperature (240 °C) and a longer
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annealing time (48 h) are required (Figure 3.12). Clearly, Au facilitates the reduction and
aggregation of Cu. It has been reported that the free electron cloud on the surface of noble metal
NPs (e.g., Au) can induce the reduction of non-noble metal ions (e.g., Co?*, Cu?*) that are adsorbed
on particle surface, i.e., the noble-metal-induced reduction (NMIR) process.'*% |n  AuCu
polymer reactors, the Cu" species presumably adsorbed on the primarily nucleated Au NPs and
are then reduced to form AuCu alloy particles. The high mobility of Au atoms/particles expedites

the aggregation of AuCu particles, as compared to the slow aggregation of a pure Cu system.

Primary particle formed by
nucleation, growth , and coarsening

\
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-

Figure 3.17 An ADF-STEM image of particles formed in a representative polymer nanoreactor
that contains equal amounts of the metal salt precursors, HAuUCls and Cu(NO3)2, annealed at 160
°C for 1 h. Inset: An ADF-STEM image of the polymer nanoreactor containing the nanoparticles.
The white dashed circle indicates the edge of the polymer nanoreactor. A primary nucleated
particle is observed in the polymer nanoreactor along with some small Cu" particles that contribute
to coarsening as the reactor is heated. EDS elemental mapping of the primary particle is shown in
Figure 3.18.
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Figure 3.18 ADF-STEM images and EDS elemental maps of representative primary particles
formed in polymer nanoreactors that contain equal amounts of the metal salt precursors, HAuCls
and Cu(NO:s)., annealed in different conditions: (A) 160 °C for 1h, particle contains 72% Au and
28% Cu and (B) 160 °C for 18h, particle contains 54% Au and 46% Cu, (C) 200 °C for 4h, particle
contains 50% Au and 50% Cu, (D) 240 °C for 4h, particle contains 50% Au and 50% Cu, (E) 260
°C for 4h, particle contains 53% Au and 47% Cu. Scale bars: 10 nm. The particle obtained after
annealing at 160 °C for 1h has more Au content compared to the other conditions, suggesting that
Au aggregates at a faster rate than the Cu species.
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Figure 3.19 Formation of AuCu nanoparticles in polymer nanoreactors. (A-E) ADF-STEM images
and EDS elemental maps of a AuCu particle (44% Au, 56% Cu, atomic composition) formed in a
representative polymer feature that contains equal amounts of the metal salt precursors, HAuCl4
and Cu(NO3)2. White dashed circles indicate the edge of polymer features. The polymer feature
was stepwise annealed at (A) 160 °C under Ar for 4 h, (B) 240 °C under Ar for 2 h, (C) 240 °C
under Ar for 2 h, (D) 260 °C under Ar for 2 h, and (E) 500 °C under Hz for 12 h. Scale bars: 10
nm. (F) Au 4f and Cu 2p XPS spectra of particles synthesized by thermally annealing a drop-cast
polymer ink solution at 260 <C for 18 h. Red lines correspond to polymer ink containing both Au
and Cu precursors. Black lines correspond to polymer inks containing only one type of precursor.
(G) HRTEM image of a AuCu nanoparticle in a polymer feature that is formed by being annealed
at 260 <C for 18h. The observed lattice spacing is 1.99 A (extracted from fast Fourier transform),
which closely matches the AuCu alloy (200) plane.

For the final binary combination considered for this study, Ag and Cu are immiscible
metals, which results in phase-segregated Ag-Cu heterodimers after high temperature treatment

(500 °C). To get a glimpse at how this process works, we initially annealed polymer reactors
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containing AgNOz and Cu(NO3)2 at 160 °C for 4 h, the conditions that yielded the AuCu particles
in the aforementioned experiment (Figure 3.19A). As evidenced by ADF-STEM images and EDS
measurements, only Ag NPs were observed in the reactors (Figures 3.20A and 3.20B). Continuous
annealing at 160 °C for 18 h results in heterogeneous nucleation or attachment of Cu'' clusters onto
the Ag cores, as observed by EDS elemental mapping of the particles (Figure 3.20D). The
precipitating sequence of Ag followed by Cu is consistent with the monometallic cases (Figure
3.11) because Ag cannot alloy with Cu. XPS characterization validates that Ag cannot facilitate
the reduction of Cu'' into metallic Cu. The clusters formed around the Ag core particle are
composed of Cu' species (Figure 3.20C). Thermal treatment at a higher temperature (260 °C) is
effective in triggering the coarsening (ripening and coalescence) of the Cu"' clusters on the surface
of the Ag core particle (Figure 3.20E and 3.20F). This intraparticle coarsening process decreases
the total surface energy of the Cu'" domains as multiple small Cu" clusters are transformed into a
single large Cu'" cluster on the particle. The resulting Ag-Cu' heterodimers can be further
transformed into Ag-Cu heterodimers upon subsequent thermal annealing at 500 °C under H:
(Figure 3.20G, 3.20H, and 3.21). Similar intraparticle coalescence phenomena have been reported
in the solution phase synthesis of heterostructured NPs.1%%2%! |t should be noted that the similarity
between nanoreactors made from the same polymer solution ensures that each nanoreactor
generates a multimetallic particle through the same process. Due to the different aggregation rates
of each element and the random nature of the merging of particles/atoms, kinetic particles made
from the same conditions have similar inhomogeneous structures but may vary in morphology

(Figure 3.18 and 3.22).
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Figure 3.20 Formation of AgCu nanoparticles in polymer nanoreactors. (A) ADF-STEM images
and (B) EDS elemental maps of a particle formed in a representative polymer feature annealed at
160 °C for 4 h that contains equal amounts of the metal salt precursors, AgNO3z and Cu(NO3)..
White dashed circles indicate the edge of the polymer feature. (C) Ag 3d and Cu 2p XPS spectra
of particles synthesized by thermally annealing a drop-cast polymer ink solution at 260 <C for 18h.
Red lines correspond to polymer ink containing both Ag and Cu precursors. Black lines correspond
to polymer inks that contain only one type of precursor. (D-G) ADF-STEM images and EDS
elemental maps of a AgCu particle (55% Ag, 45% Cu, atomic composition) formed in a
representative polymer feature that was stepwise annealed at (D) 160 °C under Ar for 18 h, (E)
260 °C under Ar for 2 h, (F) 260 °C under Ar for 4 h, and (G) 500 °C under H> for 12 h. Scale
bars: 15 nm. (H) Schematic depicting the structural evolution of AgCu nanoparticles in polymer
features during thermal treatment.
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Figure 3.21 (A,B) EDS spectra of (A) AuCu and (B) AgCu nanoparticles obtained after annealing
polymer nanoreactors at 500 °C under Hz for 12 h to achieve their final structures. Al signals are
from the TEM sample holder. (C,D) Cu 2p XPS spectra of (C) AuCu and (D) AgCu particles
formed by thermally annealing a drop-cast polymer ink solution at 500 <C under H> for 12 h.
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Figure 3.22 ADF-STEM images and corresponding EDS elemental mapping of representative
kinetic AgCu nanoparticles formed in nanoreactors annealed at 160 <C for 18 h and then 260 C
for 2 h. Scale bars: 15nm. Ag aggregates faster and always enriches in the center of the particles
while Cu mainly adsorbs on the periphery of the particles. Since the kinetic particles are formed
through random aggregation of particles/atoms, the morphology varies from particle to particle.
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3.4 Aggregation of Three Types of Metal in a Polymer Reactor
The synthesis of multimetallic NPs containing more than two components usually requires
delicate control of metal reduction kinetics in order to obtain a desired stoichiometric ratio between
constituent metals. By contrast, the composition of SPBCL NP composition is mainly determined
by the nanoreactor composition due to the forced aggregation of the metals in the reactor to yield
an individual particle. This advantage is particularly useful when studying the formation of
trimetallic NPs with target compositions. For example, to reveal the formation mechanism of
AUAgCu trimetallic NPs, we annealed polymer reactors containing equal amounts of HAuCla,

AgNO3, and Cu(NO3) at 260 °C for 0.5h (Figure 3.23).

A .. L
n... k Au+Ag+Cu

(el <50

Figure 3.23 (A-C) ADF-STEM images and EDS elemental maps of particles formed in
representative polymer nanoreactors that contain equal amounts of HAuCls, AgNOs, and
Cu(NO3)2 precursors. (A) A polymer nanoreactor annealed at 260 °C under Ar for 0.5h, resulting
in a particle composed of 48% Au, 43% Ag, and 9% Cu. (B) A polymer nanoreactor annealed at
260 °C under Ar for 4h, resulting in a particle composed of 36% Au, 39% Ag, and 25% Cu. (C)
The particle in (B) was further annealed at 500 °C under H; for 12h. Scale bars: 20 nm.
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Figure 3.24 Formation of AuAgCu nanoparticles in polymer nanoreactors. (A-D) ADF-STEM
images and EDS elemental maps of a AuAgCu particle (33% Au, 39% Ag, 28% Cu, atomic
composition) formed in a representative polymer feature that contains equal amounts of the metal
salt precursors, HAuUCls, AgNOs, and Cu(NOz3)2. The polymer nanoreactor was stepwise annealed
at (A) 260 °C under Ar for 1.5 h, (B) 260 °C under Ar for 2 h, (C) 260 °C under Ar for 3 h, and
(D) 500 °C under Ha for 12 h. Scale bars: 20 nm.

Through these studies, it is clear that AuAg initially precipitates to form primary particles
composed of predominately AuAg alloy and a small amount of AuCu alloy (Figure 3.23). The
formation of AuAg primary particles is due to the faster aggregation of Au and Ag than Cu (Figure
3.11). In addition, Ag is not miscible with Cu, which makes the AuAg particle less effective in
facilitating the reduction of Cu precursors. With prolonged thermal treatment at 260 °C (1.5 h),
Cu'" clusters are observed on the fringe of the primary particle through heterogeneous nucleation
or attachment of Cu" clusters onto the primary particle (Figure 3.24A, 3.25, and 3.26). After that,

the Cu" clusters were reduced and diffuse into the AuAg particle to form a metastable AuAgCu
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particle, which contains discrete AuAg grains and AuCu grains, as indicated by EDS

measurements (Figure 3.24B, 3.24C, and 3.27).

_|Au [ Ag BcCu

Figure 3.25 ADF-STEM images and corresponding EDS elemental mapping of representative
kinetic AUAgCu nanoparticles formed in nanoreactors annealed at 260 <C for 3 h. Scale bars: 15nm.
Au and Ag aggregate faster and always enrich in the center of the particles while Cu mainly
localizes on the periphery of the particles.
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Figure 3.26 Au 4f, Ag 3d, and Cu 2p XPS spectra of particles formed by thermally annealing a
drop-cast polymer ink solution containing equal molar amounts of HAuCls, AgNOs, and Cu(NO3)2
at 260 <C for 2 h. The Au and Ag components in nanoparticles annealed at 260 <C for 2h are in
the metallic state while the Cu component is in the Cu® and Cu" states.
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Figure 3.27 EDS elemental analysis of the AuAgCu particle shown in Figure 3.24. (A-D) ADF-
STEM images and EDS elemental maps. The particle was annealed stepwise at 260 °C under Ar
for 1.5 h, 260 °C under Ar for 2 h, 260 °C under Ar for 3 h, and 500 °C under Hz for 12 h. White
dashed rectangles in the EDS maps enclose the main part of the particle that excludes the Cu"
clusters on the fringe. Yellow dashed rectangles enclose the entire particle. Scale bars: 20nm. (E)
The composition of the part of the particle within white dashed rectangles. (F) The composition of
the entire particle enclosed in the yellow dashed rectangles. From (A) to (D), the content of Cu in
the particle (yellow dashed rectangle) changes slightly from 24% to 28%, while the content of Cu
in the main portion of the particle (white dashed rectangles) increases from 13% to 28%,
suggesting that the Cu'' clusters on the fringe diffuse into the main part during thermal annealing.

The AuAg grains and AuCu grains are mobile when annealed at 260 °C (Figure 3.24B-
3.24D and 3.28), which tend to segregate into a single AuAg domain and a single AuCu domain.
Ultimately, when the reactor is annealed at 500 °C under H, the polymer is decomposed and the
phase segregation between AuAg and AuCu is completed, generating a AUAgCu heterodimer with

one domain being a AuAg alloy and the other one being a AuCu alloy (Figure 3.24D).
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Figure 3.28 ADF-STEM images and EDS elemental maps of a AuAgCu particle (48% Au, 26%
Ag, 26% Cu) formed in a polymer nanoreactor that contains the metal salt precursors, HAUCly,
AgNOs3, and Cu(NO3)2 (molar ratio 50%:25%:25%), that were stepwise annealed under different
conditions: (A) 260 °C under Ar for 4h, (B) 260 °C under Ar for 2h, and (C) 500 °C under H for
12h. Scale bars: 20 nm.

3.5 Materials and Methods

3.5.1 Materials

Poly(ethylene oxide)-b-poly(2-vinyl pyridine) (PEO-b-P2VP, M, = 2.8-b-1.5 kg/mol,
polydispersity index = 1.11) was purchased from Polymer Source, Inc. and used as received. Metal
compounds, HAuCls 3H>0, AgNOs, and Cu(NO3). xH20 were purchased from Sigma-Aldrich,
Inc. and used without further purification. DPN 1D pen arrays (type M, no gold coating) were
purchased from Nanoink, Inc. Hexamethyldisilazane (HMDS) was purchased from Sigma-Aldrich.
TEM grids with silicon nitride support films (SizsNs4 film thickness = 15 or 50 nm) were purchased
from Ted Pella, Inc.
3.5.2 Preparation of Block Copolymer Inks

Polymer inks were prepared by dissolving PEO-b-P2VP and different metal compounds in

de-ionized water in predetermined molar ratios. The ink solution had a polymer concentration of
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5 mg/mL and the molar ratio of pyridyl group to total metal precursors was 64:1. The use of an
excess of pyridyl group facilitate a complete complexation of metal ions from the metal precursor
salt onto PEO-b-P2VP. The pH of the ink solution was adjusted to between 3 and 4 by the addition
of HNOs. The ink solution was stirred for 24 h at room temperature prior to use.
3.5.3 SPBCL Patterning Process

Hydrophobic TEM grids were obtained by vapor coating the grids with HMDS for 24 h in
a desiccator that contained one vial of a HMDS and hexane mixture (1:1, v/v). DPN pen arrays
were dip-coated with inks and dried under ambient conditions. Subsequently, the pen arrays were
mounted onto an AFM (XE-150, Park Systems) and brought into contact with the hydrophobic
TEM grid to deposit arrays of polymer nanoreactors. The patterning process was performed in a
chamber at a controlled temperature of 25 °C and relative humidity of 90%. In order to convert
polymer features into NPs, the TEM grids were put into a tube furnace and thermally annealed
with programmed conditions.
3.5.4 Characterization

Scanning transmission electron microscopy (STEM) characterization of NPs synthesized
on TEM grids with 50 nm Si3N4 support films was performed on an in-house designed dual-energy
dispersive X-ray spectroscopy (EDS) detector equipped Hitachi HD-2300 dedicated STEM. The
dark-field images were taken with an annular dark-field (ADF) detector at an electron acceleration
voltage of 200 kV. The detection limit of the size of NPs is around 1 nm. NP composition was
studied using the equipped dual EDS detectors (Thermo Scientific) on the HD-2300 STEM with a
200 kV acceleration voltage. The La peaks of Au and Ag, and the Ka peaks of Cu in the EDS

spectra were used for elemental mapping and for composition quantification with standardless
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Cliff-Lorimer correction method. The atomic composition measured by EDS has an inherent error
of less than 5% due to X-ray absorption and fluorescence. Each EDS map is built based on 30
frames with pixel dimensions of 256x192 and pixel dwell time of 203 us. Thermo Scientific NSS
software was used for EDS data processing. High-resolution TEM (HRTEM) images were taken
on a JEOL 3200FS transmission electron microscope at an acceleration voltage of 300 kV with
NPs prepared on TEM grids with 15 nm SisN4 support films. X-ray photoelectron spectroscopy
(XPS) spectra were recorded on a Thermo Scientific ESCALAB 250Xi with samples made by
drop-casting polymer ink solutions, followed by predetermined thermal annealing process.
3.6 Conclusions and Outlook
In summary, the formation processes for multimetallic NPs within PEO-b-P2VP polymer
nanoreactors were studied with Au, Ag, and Cu salts as model systems. The results contribute to
our understanding of NP formation in two important ways. First, it provides insight into the
kinetics of NP formation for different metals, and second, it reveals that, for two-component
systems in which the metals are miscible (e.g., Au and Cu), the metal that exhibits a faster
aggregation rate facilitates the aggregation and reduction of the slower one to form alloy particles;
in contrast, immiscible metals (e.g., Ag and Cu) aggregate at rates comparable to those for
corresponding single-component systems. Significantly, this understanding of NP formation
enables the kinetic trapping of particles with distinct architectures that may otherwise be missed,
and such structures may be extremely useful in areas that rely on the emergent properties of NPs,
for example, in catalysis, magnetics, plasmonics, and electronics. As this field continues to move
towards combinatorial nanoscience, this chapter illustrates that thermal treatment conditions, in

addition to particle composition and size, will be an important library parameter.
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CHAPTER FOUR

Heterostructure Engineering in Polyelemental Nanoparticles
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DFT calculations were done in collaboration with Mohan Liu and Prof. Chris Wolverton.
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4.1 Introduction
Phase boundaries or interfaces are important structural features in multi-phase
polyelemental nanomaterials.®>48292 Indeed, the interfaces in multi-phase nanoparticles (NPs) not

203 and

only architecturally define them,*>% but also introduce structural discontinuity in them,
facilitate electronic interactions between adjacent domains.?”3! These characteristics make multi-
phase NPs useful for applications spanning catalysis,>22%2 plasmonics,‘>!3 electronic devices,®
targeted drug delivery,*® and bio-imaging.2%3¢ For example, in the case of plasmonic and catalytic
NPs, the charge transfer occurring across an interface can be utilized to tune the properties of one
material domain with a neighboring one.'3?22* |n addition, strain engineering provides a way to
modulate the electronic structure of materials when the nearby phases are epitaxial.?®* Such
synergistic effects’>’® are also observed in catalysis where the interface between two domains may
be rich in high-energy defects.?°22% Finally, a single NP with multiple interfaces can exhibit
collective properties that are not observed in particles comprised of the individual components
(both composition and number and types of interfaces).®3° As the field of multi-phase,
polyelemental NPs progresses towards higher compositional diversity and structural
complexity,3248.126.133.164 nderstanding how specific classes of interfaces can be established in one
particle is crucial for designing novel and functional nanostructures. To date, NPs have been
synthesized and characterized with up to four phases,3246-48.114.117.120206 ang while such studies
have identified unique architectures, there is limited general understanding for why specific ones
form, and the role of surface/interfacial energy in controlling the architecture of NPs with more

than two phases is not fully understood. Indeed, the interfacial energy in multi-phase NPs will be

highly dependent on the composition of the domains, the electronic interactions between the
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domains, the coherence of the interfacial lattice structure, and the influence of defects such as
dislocations, all of which may vary dramatically among different systems, 36:45-48114,117,120,206,207

Scanning probe block copolymer lithography (SPBCL), which uses lithographically
defined polymer domes as nanoreactors to synthesize multimetallic NPs with broad material
choices, allows one to study polyelemental systems of unprecedented complexity. Since the
positions of NPs in an SPBCL experiment are spatially controlled, the NPs can be heated to reach
thermodynamic architectures while avoiding coarsening between neighboring NPs. Therefore,
SPBCL allows one to study multi-phase NPs at the single NP level on substrates that are amenable
to thermal annealing and electron microscopy characterization. In this chapter, we utilize SPBCL
in combination with density functional theory (DFT) calculations to understand the principles of
interface arrangement in multi-phase NPs. From these studies, we identify unexpected miscibility
gaps between PdSn alloys and other metals (Au, Ag, Cu, Co, and Ni), that are used to construct a
library of compositionally and structurally-related multi-phase NPs. Based on the architecture of
the resulting NPs, we establish design rules for synthesizing polyelemental heterostructures with
increasing complexity, culminating in an unprecedented tetra-phase NP made from Au, Co, Pd,
Sn, and Ni with six phase boundaries.

4.2 Number of Possible Interfaces in Multi-Phase Nanoparticles

Observation 1: For a polyelemental nanoparticle with n-phases, the number of possible interfaces

n(n-1)
2

is between n-1and (3); (5) =

If one considers kinetic particles, multi-phase NPs have an almost unlimited number of
possible architectures, even within particles with a fixed composition and size,3245-47:114.126,

However, as particles reconfigure to decrease total surface and interfacial energies through the
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migration of atoms/domains,*647200201 kinetically-trapped multi-phase NPs will transform into
thermodynamic or close to thermodynamic architectures, once enough energy has been provided
to trigger this process. Here, we only consider thermodynamic architectures of heterostructured

NPs. Core-shell structures are not considered because they are not experimentally observed.

A
Bi-phase . _J - J
Single phase materials
One interface
Tri-phase O
Two interfaces Three interfaces
=
\\
A
Three interfaces Four interfaces Five interfaces Six interfaces
B

@ 0

! . '
@ G : :
Figure 4.1 Configuration of interfaces in multi-phase nanoparticles. (A) Theoretically possible
number of interfaces in heterodimer, heterotrimer, and heterotetramer NPs. All of these NP
architectures are observed and characterized in this work except for the striped tetra-phase

structure with three interfaces. (B) The relationship between the architecture of bi-, tri-, and tetra-
phase NPs.

For a n-phase NP, the maximum number of different interfaces is (%), which occurs if all

phases can be interconnected. Since the n phases must be part of a single NP, the minimum number

of interfaces is (n-1), which occurs when the n phases form a striped layered structure, with each
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stripe defining a different phase (Figure 4.1A). Therefore, bi-phase heterostructured NPs have one
type of architecture, i.e., a heterodimer with one interface. Tri-phase NPs will have two types of
architectures: one is a striped heterotrimer with two interfaces while the other is a pie-shaped
structure consisting of three interfaces (Figure 4.1A). For tetra-phase NPs, the number of possible
interfaces within a single NP varies from three to six. Based upon this hypothesis and constraint,
Figure 4.1 depicts the proposed architecture of all possible bi-phase, tri-phase, and tetra-phase
heterostructured NPs, and the proposed relationship between lower and higher order structures.

In order to experimentally validate that these combinations of interfaces exist, it is essential
that one create multi-phase NPs that include all possible architectures. Herein we report a
systematic study of a septenary system, consisting of particles containing combinations of Au, Ag,
Cu, Co, Ni, Pd, and Sn, resulting in a new set of NPs with as many as four phases. According to
bulk phase diagrams, Pd and Sn are miscible with the other five elements, forming either solid
solutions or intermetallics.*®® However, when we combined three elements consisting of AuPdSn
or CoPdSn, respectively, into one NP and annealed under H; at 500 °C for 24 h, heterodimers with
PdSn domains and Au or Co domains, respectively, were obtained (Figure 4.2 and 4.3). This is a
surprising result since any pair of two elements in the combination studied are miscible with one
another.®® Annular dark field scanning transmission electron microscopy (ADF-STEM) images
of Au-PdSn and Co-PdSn NPs (here a “-” is used to separate different phases, Table 4.1) clearly
show dimeric structures with the contrast mainly from the difference in atomic number between
PdSn and Au, or between PdSn and Co. Energy dispersive X-ray spectroscopy (EDS) analysis

further verifies the separation of the elements in Au-PdSn and Co-PdSn heterodimers (Figure 4.3).
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Figure 4.2 (A) HRTEM image of a representative Pdo.7sSno2s nanoparticle synthesized in a
polymer nanoreactor (scale bar, 5 nm). (B) Fast Fourier transform (FFT) and (C) EDS spectrum
of the nanoparticle in (A) indicate that the nanoparticle possesses a PdsSn intermetallic structure.
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Figure 4.3 ADF-STEM images, EDS elemental mapping, and EDS spectra of (A) Au-Co
(AuosCoos), (B) Au-PdSn (Auos7Pdo27Snois), and (C) Co-PdSn (Coo.e6Pdo.17SNno.17)
heterostructured nanoparticles synthesized in polymer nanoreactors (Scale bars, 20 nm). The Cu
Ka signals at 8.0 keV in the EDS spectra are from the TEM sample holder.
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Denotation Phases

Au Au

Ag Ag

Cu Cuo.92Pdo.os (average composition)

Co Co

NiSn NiSn alloy

AuAg AuAg alloy

AuCu AuCu alloy

CoNi CoNi alloy

CuNi CuNi alloy

PdSn (NP does not contain Cu or Ni) PdSn alloy

PdSn (NP contains Cu) (PdSn)ogCuo.2 (average composition)
PdSn (NP contains Ni) (PdSn)o.92Nio.0s (average composition)
PdSn (NP contains Cu and Ni) (PdSn)o.8(CuNi)o.2 (average composition)

Table 4.1 Material phases for the nanoparticles. For simplicity, the main elements (content > 80%)
of one material phase are used to denote that phase. Different phases in a nanoparticle are separate
by “-”. For example, Au-Co-PdSn means a tri-phase nanoparticle with a Au domain, a Co domain,
and a PdSn domain.

To understand why this unexpected phase separation was observed, we utilized DFT
calculations of the formation energies (AHy). of all known compounds (including unary, binary,
and ternary) in the AuPdSn and CoPdSn systems, which are from the Open Quantum Materials
Database (OQMD, Table 4.2).29820° OQMD is a high-throughput database (ogmd.org) consisting
of >500,000 density functional theory (DFT) total energy calculations of compounds from the
Inorganic Crystal Structure Database (ICSD) and decorations of commonly occurring crystal
structures. Based on the AH; of all compounds from OQMD, we computed the energetics of all
phases as well as all linear combinations of phases for a given composition, evaluated using the

Grand Canonical Linear Programming (GCLP) method.?!® This GCLP calculation allows us to



123
determine the thermodynamic ground state phase, or collection of phases, stable for a given
composition with an arbitrary number of components. In the formalism, the grand potential of a

collection of phases is most generally expressed by

®(ﬁ’£’ T! P) = zxiG[(T, P) - (:ujlec_‘l,])
[ j

l

i

where X is a vector containing the relative amount of each compound, G; (T, P) is the Gibbs
free energy of compound i at a given temperature and pressure, fi is the chemical potential of each
element j, and C_l-,j Is a composition matrix. We find the ground state composition by minimizing
@ with respect to X. To determine the stable phases for a certain elemental composition, we apply
a constraint such that the amount of each element is equal to that of the initial composition, Z,.

The constraint is simply given by:

0 _ —
Z]- = z Ci,]-xi
i

Since the grand potential is linear in X and so is the constraint z, we can call on highly
efficient linear programming techniques to minimize the free energy. Using this GCLP method,
we are able to determine stable phases for AuPdSn, CoPdSn, AuCoPdSn, AgPdSn, CuPdSn, and
NiPdSn systems. For each system, we have considered formation energies for all compounds in
the given phase region from OQMD. The number of compounds we considered for different
systems are shown in Table 4.2. In this work, we determined the free energies of formation at 0
Kand 0 Pa, i.e., G;(0,0), which are simply the formation energies of the compounds (AH). To be
consistent with experimental setups, we set the initial composition for each element to be the same.

The results of GCLP analysis are tabulated in Table 4.2.
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Number of
System Stable phases AH; (eV/atom) compounds
evaluated
AuPdSn 33% Au, 67% PdSn -0.386 25
CoPdSn 33%Co, 67% PdSn -0.386 24
AuCoPdSn 25% Au, 25% Co, 50% PdSn -0.289 55
AgPdSn 33% Ag, 67% PdSn -0.386 20
CuPdSn 33% Cu, 67% PdSn -0.386 26
NiPdSn 28% NisSny, 22% NisSn, 50% Pd,Sn -0.424 25

Table 4.2 Grand canonical linear programming (GCLP) analysis of AuPdSn, CoPdSn, AuCoPdSn,
AgPdSn, CuPdSn, and NiPdSn systems with equal content of every element in each system.
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Figure 4.4 Stability test of (A,B) Au-PdSn and (C,D) Co-PdSn heterodimers subjected to thermal
annealing. The particles were heated under H; at different conditions and quickly cooled down to
ambient temperature in 0.5 h. (A) and (C) show schematic illustration, ADF-STEM images, and
EDS mapping of a typical Au-PdSn nanoparticle and a typical Co-PdSn nanoparticle after each
annealing step. Scale bar, 20 nm. (B) and (D) show the composition variation of each domain in
Au-PdSn and Co-PdSn heterodimers after thermal treatment. The results are calculated based on
composition tracking of 15 particles for each type of heterodimer.

For an equal mixture of either Au or Co with Pd and Sn, we identified that the stable phases

are PdSn and either Au or Co (i.e., X-PdSn, X = Au or Co). To verify the simulation, we examined
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the thermal stability of the Au-PdSn and Co-PdSn heterodimers by heating the NPs to temperatures
between 500 and 750 °C (Figure 4.4 and 4.5), with the upper end of the range close to the melting
temperature of bulk Au (1064 °C) and far beyond that of bulk Sn (232 °C). Experimentally, the
NPs are stable after being heated for more than 2 days. When the annealing temperature is further
increased to 800 °C, the morphology of the NPs transforms from an ellipsoid to an irregular shape.
Sn-enriched branches were formed on the PdSn semi-ellipsoidal domain (Figure 4.5, 800 °C 12 h).
due to the leaching of Sn from the NPs. Nevertheless, we did not observe alloying between Au and
PdSn or between Co and PdSn, corroborating the simulation that PdSn phase-segregates with Au
or Co. Given the low miscibility between Au and Co (Figure 4.3A), PdSn, Au, and Co constitute

a new set of building blocks for constructing higher-order heterostructured NPs.

Pd Sn Au Stepwise annealing
[ =

Figure 4.5 ADF-STEM images and corresponding EDS elemental mapping of a Au-PdSn
heterodimer thermally annealed at increasing temperatures. Scale bar, 20 nm.

4.3 Tri-Phase Nanoparticles with Two or Three Interfaces
Observation 2: Bi-phase structures cannot be used to predict the architecture of structures with

three or more phases.
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Figure 4.6 (A,B) ADF-STEM images and corresponding EDS characterization of AuCoPdSn
nanoparticles with different molar ratios between Pd and Sn (Pd:Sn = 1:1, Auo.24C00.27Pdo.24Sno.2s;
Pd:Sn = 2:1, Auo0.30C0026Pdo.30SN0.14; Pd:Sn = 3:1, Auo.30C00.20Pdo30Sno11; and Pd:Sn = 4:1,
AlUo.38C00.33Pdo.23SN0.06). The Pd:Sn ratios of each particle are noted above the STEM images. (C)
ADF-STEM image and EDS mapping of a AuNiPdSn nanoparticle with Pd:Sn = 20:1
(Auo.18Ni0.38Pdo.42Sno.02). Scale bars, 20 nm.

For tri-phase NPs, there are two possible types of architectures, i.e., ones with either two
or three interfaces (Figure 4.1B). For example, with four element Au-Co-PdSn NPs synthesized
by SPBCL, EDS mapping confirms element separation into three interconnected domains, a Au
(yellow), Co (green), and PdSn domain (blue/purple, consisting of a compositional variation; e.g.,
PdaSn, Pd2Sn, or PdSn, Figure 4.6, 4.7A-4.7G, and 4.8). According to the DFT calculations, all
PdSn phases (PdsSn, Pd>Sn, PdSn, PdSn,, PdSns, and PdSns) should segregate with the other five
metals. Experimentally, we found that PdSn domains segregate with other metals when the molar
ratio of Pd:Sn is less than or equal to 3:1 (Figure 4.6A), which is consistent with DFT predictions.
When the molar ratio of Pd:Sn is increased to 4:1, Pd3Sn remains an individual domain while the
excess amount of Pd diffuses into other metal domains (Figure 4.6B). When the molar ratio of

Pd:Sn is further increased to 20:1, phase segregation between PdSn and other metals is no longer
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observable (Figure 4.6C). The STEM image contrast between the three domains in a Au-Co-PdSn
NP is attributed to differences in atomic number (Figure 4.7A). The orientation of the phase
boundaries in the tri-phase NPs is random with respect to the substrate (i.e., the image plane, Figure
4.9). For simplicity, particles with phase boundaries perpendicular to the substrate are used to

clearly show the position of different phases.

Au-Co Au-PdSn Co-PdSn
| @ ‘ g
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Figure 4.7 Au-Co-PdSn tri-phase heterostructured nanoparticles with three interconnected
interfaces. (A) ADF-STEM image of a representative Au-Co-PdSn NP (Auo.30Co037Pdo.19Sno.14,
scale bar, 10 nm). (B) Schematic illustration of the miscibility relationship between the Au, Co,
and PdSn phases. (C-F) EDS elemental mapping of the NP in (A). Overlay of selected element
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maps shows the phase boundaries of (D) Au-Co, (E) Au-PdSn, and (F) Co-PdSn. (G) Overlay of
all element maps showing the configuration of the three phase boundaries in a Au-Co-PdSn NP.
(H) HRTEM image of the tri-phase junction in a Au-Co-PdSn NP (Auo.25C00.36Pdo.20Sno.10, scale
bar, 3nm). Dashed lines highlight the position of the three phase boundaries. Insets are an ADF-
STEM image and EDS mapping of the entire NP. (I) left column: FFT of the regions indicated in
(H). right column: EDS spectra of the Au, Co, and PdSn domains of the NP in (H).
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Figure 4.8 EDS characterization of Au-Co-PdSn nanoparticles with different compositions. The
molar ratio of Pd:Sn is approximately 1:1 in each nanoparticle. The varying content of Au, Co,
and PdSn only changes the size of each domain in the particles. All the particles possess the same
architecture with three interconnected phase boundaries. Scale bar: 20 nm.
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Figure 4.9 ADF-STEM images and EDS elemental mapping of Au-Co-PdSn nanoparticles whose
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interfaces are not all perpendicular to the image plane. Dashed lines/circles in the overlay of
selected element maps highlight the position of interfaces as a guide to the eye. Scale bars, 15 nm.
(A) Auo.57C00.17Pdo.16SN0.10, Au-PdSn and Co-PdSn interfaces are perpendicular to the image plane
while Au-Co interface is inclined/parallel with the image plane. Scheme depicts the proposed
structure of this particle. (B) Auo.33C00.34Pdo.18Sno.15, Au-PdSn interface is perpendicular to the
image plane while Co-PdSn and Au-Co interfaces are inclined with the image plane. Scheme
depicts the proposed structure of this particle.

High resolution transmission electron microscopy (HRTEM) characterization of a tri-phase
junction in a Au-Co-PdsSn NP confirms the formation of solid-state interfaces between three
domains (Figure 4.7H). Fast Fourier transformations (FFT) of different regions indicate that Co is
oriented along the [411] zone axis, and PdsSn is oriented along the [211] zone axis (Figure 4.71).

The FFT of the Au domain only shows reflections that can be assigned to Au {311} planes.

Experimentally, no specific relationship between the lattice structures of the three domains was

[Au [111]/ Co [111]

observed (Figure 4.10-4.14).
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Figure 4.10 (A-D) HRTEM and ADF-STEM characterization of Au-Co heterodimers synthesized
in polymer nanoreactors. In each panel, the left column shows TEM and STEM images of entire
particles; the right column shows a zoomed-in HRTEM image of the interface region between the
Au and Co phases. Insets are FFTs of the Au domain or Co domain. (A) Au is oriented along the
[011] zone axis. Co is along the [411] zone axis. The Moirépattern (D = 1.02 nm) at the interface
is attributed to periodical lattice matching between the Co {220} and Au {220} planes. (B) Au and
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Co are epitaxial, both oriented along the [111] zone axis. The two phases share {220} planes at
the interface. (C) Au is oriented along the [111] zone axis while Co only shows lattice fringes in
one direction that corresponds to one set of {220} planes. (D) Au and Co are epitaxial, both
oriented along the [111] zone axis. The two phases share {422} and {220} planes at the interface.
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Figure 4.11 (A-C) HRTEM and ADF-STEM characterization of Co-Pds:Sn heterodimers
synthesized in polymer nanoreactors. In each panel, the left column shows TEM and STEM images
of entire particles; the right column shows a zoomed-in HRTEM image of the interface region
between the Co and PdsSn phases. Insets are FFTs of the PdsSn domain or Co domain. (A) The
FFT of Co domain indicates that Co is on the [200] zone axis. The FFT of PdsSn domain only
show one pair of reflections corresponding to PdsSn (210) planes. (B) Co is oriented along the
[111] zone axis while no lattice plane is observable at the same direction in the Pd3zSn domain. (C)
Co and PdsSn are on the [411] zone axis. The two phases share {311} planes at the interface.

Though the crystal structure of the interfaces within a Au-Co-PdSn NPs differs from one
particle to another, all of the domains in the NPs are in a pie-shaped configuration (Figure 4.13
and 4.14). In contrast, the Ag-Cu-Co tri-phase system adopts a striped domain architecture, with a
central Cu domain capped by Ag and Co domains (Figure 4.15). Within the Au-Co-PdSn and Ag-
Cu-Co systems, although all three bi-phase NPs are structurally characterized as heterodimers,
they are two very different classes of structure, demonstrating that the behavior of bi-phase

architectures cannot be used to predict the architecture of tri-phase NPs (Figure 4.1B).
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Figure 4.12 (A-C) HRTEM and ADF-STEM characterization of Au-PdsSn heterodimers
synthesized in polymer nanoreactors. In each panel, the left column shows TEM and STEM images
of entire particles; the right column shows a zoomed-in HRTEM image of the interface region
between the Au and PdsSn phases. Insets are FFTs of the PdsSn domain or Au domain. (A) Au is
oriented along the [111] zone axis. PdsSn shows lattice fringes that can be attributed to {220}
planes. The two phases share {220} planes at the interface. (B) Au and PdsSn share {111} planes
at the interface. (C) Au and PdsSn share {111} planes at part of the interface. Stacking faults are
present in the Au domain.
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Figure 4.13 HRTEM and ADF-STEM characterization of Au-Co-PdsSn heterotrimers synthesized
in polymer nanoreactors. In each panel, the left column shows TEM and ADF-STEM images of
entire particles. The right column shows a zoomed-in HRTEM image of the tri-phase junction
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between the Co, Au, and Pd3Sn domains. Insets are FFTs of the Co, Pd3Sn or Au domains. Dashed
lines highlight the position of the three phase boundaries. (A) The FFT of Co is indicative of Co
along the [411] zone axis. The FFT of Au and PdsSn show reflections in the same direction that
correspond to {220} planes. (B) Au and Co are both oriented along the [411] zone axis. The two
phases share {311} planes at the interface. PdzSn domain only shows (224) crystallographic planes.
(C) Au is along the [310] zone axis. PdsSn is along the [110] zone axis. Meanwhile, no lattice
plane is observed in the Co domain. The HRTEM images of all the Au-Co-PdsSn nanoparticles
confirm the formation of three solid-state interfaces in one particle. Despite the same domains (Au,
Co, and PdsSn) constituting the nanoparticles in (A-C), the interfacial lattice structure differs
between each individual nanoparticle.

Co Pd Sn Au
HEEEO

Figure 4.14 (A) ADF-STEM images and EDS elemental mapping of Au-Co-PdSn tri-phase
nanoparticles (Pd:Sn = 1:1) with different angles between the three phase boundaries. (B) ADF-
STEM images and EDS elemental mapping of Au-Co-PdSn tri-phase nanoparticles (Pd:Sn = 2:1)
with different angles between the three phase boundaries. Scale bars, 15 nm. While the
nanoparticles in (A) or (B) are composed of the same material phases, the angles between the three
phase boundaries are different in each particle. This suggests that the interfacial lattice structures
in these nanoparticles are different. The nanoparticles all have a pie-shaped architecture.

Observation 3: Thermodynamic architectures are a consequence of the balance between surface
and interfacial energies (e.g. for a three-phase structure, dictating the likelihood of a pie-shaped

or striped architecture).
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Figure 4.15 (A) DFT-simulated relaxed structures of the (111) interfacial planes between Ag, Cu,
and Co. (B) The surface energies of Ag, Cu, and Co (111) planes and the interfacial energies
between Ag, Cu, and Co (111) planes. (C) Calculated total surface and interfacial energies of Ag-
Cu-Co nanoparticles (diameter 20 nm) with equal volume of each phase. (D) ADF-STEM image
and EDS mapping of a Ag-Cu-Co nanoparticle (Ago.23Cuo.47C00.30). Scale bar: 15 nm.
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Figure 4.16 DFT simulation of the architecture of Au-Co-PdsSn tri-phase nanoparticles. (A) DFT-
simulated relaxed structures of the (111) interfacial planes between Au, Co, and PdsSn. (B) The
Surface energies of Au, Co, and Pd3Sn (111) planes and the interfacial energies between Au, Co,
and PdsSn (111) planes. (C) Calculated total surface and interfacial energies of Au-Co-Pd3Sn
nanoparticles with equal volume of each phase (diameter 20 nm).
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To understand why different architectures form in tri-phase NPs, we performed DFT
calculations to determine the total surface/interfacial energy of Au-Co-Pds:Sn and Ag-Cu-Co tri-
phase NPs for all possible structures. For the Au-Co-PdsSn tri-phase system, interface models were
set up with each material domain composed of (111) atom planes (Figure 4.16A and Table 4.3).
To minimize the interfacial energy, all interfacial supercells were fully relaxed with respect to
volume as well as all cell-internal and cell-external degrees of freedom. The three calculated
interfacial energies along with three calculated surface energies were combined to evaluate the
total energy of NPs using spherical models that have equal volumes of each phase (Figure 4.16B,

4.17, and Table 4.4).

System Lattice Strain System Lattice Strain
Au-PdsSn 1.02% Ag-Cu 0.12%
Co-PdsSn 0.17% Co-Ag 0.77%

Au-Co 0.85% Co-Cu 0.89%

Table 4.3 Mean absolute strain for different interface systems.

A Type | B Type Il

Figure 4.17 2D projections of spherical nanoparticle models with either (A) three or (B) two
interfaces. Both sphere models consist of three different domains (denoted as D1, D2, and D3).
The three domains in Type | nanoparticles are interconnected and have identical shape and size.
The three domains in Type Il nanoparticles form two interfaces where D1 and D3 are not connected.
The volume of the three domains in each model are equal, i.e., V(D1) = V(D2) = V(D3).
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Interface/Surface Type | nanoparticle Type Il nanoparticle
A 1.571 R? 2.981 R?

Az 1.571 R? 2.981 R?

Az 1.571 R? 0

S1 4.189 R? 4.863 R?

S 4.189 R? 2.841 R?

S3 4.189 R? 4.863 R?

Table 4.4 The area of the interfaces and surfaces in each NP model. Ajj denotes the area of the
interface between domain Dj and Dj. Si denotes the surface area of domain Di. The radius of the
models is R.

As shown in Figure 4.16C, Au-Co-PdsSn NPs with pie-shaped architectures were found to
possess the lowest total energy. In contrast, DFT energetics of the Ag-Cu-Co tri-phase system
revealed that striped architectures with Cu as the central domain possess the lowest total energy
(Figure 4.15). Thus, the preferential architecture of each tri-phase NP minimizes the combined

surface and interfacial energies.

I-N 500 °C H, 0.5h

Co Pd Sn Au

HEEL

Figure 4.18 (A,B) ADF-STEM images and EDS mapping of representative Au-Co-PdSn Kinetic
structures synthesized in polymer nanoreactors. Dashed circles in the ADF-STEM images outline
the position of the Co phase as guides for the eye. Scale bars, 20 nm. During the final annealing
step of particle synthesis (500 °C, H>), kinetic particles were trapped after 0.5 h, which results in
particles containing more than three metal domains. In (A) Auo32C00.31Pdo23Sno14 and (B)
Aluo.27C00.34Pdo.27SNno.12 nanoparticles, the Co phases are not fully aggregated to form one integral
metal domain. Continuous annealing for another 1 h effectively triggers intraparticle coarsening
between the discrete Co domains.
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Although the DFT calculations were performed on lattice models with idealized interfacial
structures that do not perfectly match the actual NPs (Figure 4.13 and 4.14), the architectures of
tri-phase NPs synthesized by SPBCL match the predictions of the lowest-energy morphologies.
We hypothesized that the high temperature long-term annealing process provides sufficient time
and energy for the NPs to reconfigure their architectures to the energy-minimized state. To
evaluate this hypothesis, we kinetically arrested the annealing process for the Au-Co-PdSn tri-
phase NPs after 0.5 and 1.5 h at 500 °C, respectively (Figure 4.18). From this data, one can clearly
see that the kinetics are complex, with intraparticle coarsening leading to particles with three

distinct metal domains.
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Figure 4.19 Structural evolution of Au-Co-PdSn tri-phase nanoparticles during thermal annealing.
(A) ADF-STEM images (top row) and corresponding EDS mapping (bottom row) of a Au-Co-
PdSn NP (Auo.33C00.24Pdo 26Sno.17) annealed under flowing Hz at 500 °C over time. Dashed yellow
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lines outline the position of phase boundaries. Scale bar, 15 nm. (B) Statistical distributions of NPs
(n = 150) with different architectures.

Due to the randomness of the metal element aggregation within the polymer nanoreactors,
the element distribution is different within such architectures. Specifically, for the Au-Co-PdSn
NP system, striped tri-phase NPs containing only two interfaces are observed as kinetic products
(where any of the three domains consisting of Au, Co, or PdSn form the central domain, Figure
4.19B). The interchangeability of the central domain provides further evidence that all three phases
interact comparably well with each other. Importantly, upon continued annealing at 500 °C, the
Au-Co-PdSn NPs transform into pie-shaped architectures (Figure 4.19A). Since the annealing
temperature is higher than the Tamman temperature of bulk Au (395 °C)?* and melting
temperature of bulk Sn (232 °C), the transformation presumably proceeds through the motion of
surface atoms on the NP. Experimentally, the majority of Au-Co-PdSn NPs were converted into a
pie-shaped architecture (architectural yield: ~75%, sample size: 150, Figure 4.19B), consistent
with the conclusion that the pie-shaped architecture is the thermodynamic product, due to a balance
between surface and interfacial energies.

4.4 Interface Engineering in Tetra-Phase Nanoparticles
Observation 4: Interfaces not observed in tri-phase nanoparticles do not exist in higher-order
multi-phase (4 or more) nanoparticles.

Predicting the architecture of tetra-phase heterostructured NPs with four distinct metal
phases using DFT simulations is challenging because such particles will have four distinct types
of surfaces, defined by the different phases that comprise them (Figure 4.1A, bottom row). In
addition, they can have up to six interfaces (Figure 4.1A, bottom row, far right). Such a simulation

requires one to compare the surface energy of four phases and the interfacial energy of six
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interfaces, a situation that becomes even more convoluted when accounting for defects present
near interfaces. Because a tetra-phase NP can always be broken down into four constituent tri-
phase NPs (Figure 4.1B), experimentally the architecture of the four tri-phase NPs (either striped
or pie-shaped) will be predictive of the thermodynamic architecture of the tetra-phase NP. For
instance, Figure 4.1B shows six non-duplicated tri-phase NP combination types that, in theory,
lead to tetra-phase NPs with either three-, four-, four-, five-, five-, or six- interfaces, respectively.
Using SPBCL, one can quickly construct a combinatorial library of NPs by changing the
formulation of the polymer nanoreactors. With PdSn as the basic building block, we synthesized
and characterized all thirty-one types of multi-phase NPs consisting of Au, Ag, Cu, Co, Ni, and
PdSn (Figure 4.20-4.24).

In addition to Au and Co, we found that Ag, Cu, and Ni phase-segregate with PdSn,
forming Ag-PdSn, Cuoge2Pdo.0s-Cuo2(PdSn)os, and NioeSno.s-Nio.os(PdSn)os. heterodimers,
respectively. The phase segregation in these particles can be explained by the thermodynamically
stable phases evaluated with the GCLP method (Table 4.2). When higher-order structures are
synthesized, the library of PdSn-based NPs contains tri-phase NP combinations that can be used
to synthesize tetra-phase architectures with up to six interfaces (Figure 4.1B). To confirm that tri-
phase NP architectures could be used to predict tetra-phase NP architectures, we synthesized tetra-
phase NPs by selecting tri-phase NP combinations that would yield increasingly complex

architectures.
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Figure 4.20 A seven-element library of multi-phase heterostructured nanoparticles that utilize
PdSn as the basic building block. Here one specific composition for each combination of metals
is shown. (A) Heterodimers can be synthesized by combining PdSn with any of the other five
metals, which lead to Au-PdSn, Ag-PdSn, Cuo.92Pdo.0s-Cuo.2(PdSn)o.s, Co-PdSn, and Nio.eSno.4-
Nio.0s(PdSn)o.92. (B) AuAg-PdSn, AuCu-PdSn, CuNi-PdSn, and CoNi-PdSn are heterodimers. Au-
Co-PdSn, Au-NiSn-PdSn, Ag-Cu-PdSn, Ag-NiSn-PdSn, and Ag-Co-PdSn are heterotrimers with
three interconnected interfaces. Co-Cu-PdSn is a heterotrimer with two disconnected interfaces.
(C) AuAg-AuCu-PdSn, AuCu-CuNi-PdSn, AuAg-Co-PdSn, AuAg-NiSn-PdSn, AuCu-Co-PdSn,
Au-CoNi-PdSn, Ag-CuNi-PdSn, Ag-CoNi-PdSn are heterotrimers with three interconnected
interfaces. CoNi-CuNi-PdSn is a heterotrimer with two disconnected interfaces. Ag-Cu-Co-PdSn
is a heterotetramer with four interfaces. (D) AuAg-CoNi-PdSn and AuCu-CoNi-PdSn are
heterotrimers with three interfaces. AuAg-AuCu-NiSn-PdSn and AuAg-AuCu-Co-PdSn are
heterotetramers with five interfaces. Ag-Cu-CoNi-PdSn is a heterotetramer with four interfaces.
(E) AuAgCu-CoNi-PdSn is a heterotrimer with three interfaces. The number of phases in one
particle is highly dependent on particle composition. For example, CoNiPdSn NPs with two
different compositions show either a bi-phase structure (Figure 4.20B) or a tri-phase structure
(Figure 4.31B), respectively. Detailed information about the nanoparticles shown in this figure can
be found in Figure 4.21-4.24.
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Figure 4.21 ADF-STEM images, EDS spectra, and detailed EDS mapping of the ternary
nanoparticles in Figure 4.20A. (A) Auo.57Pdo.27Sno.16, (B) Ago.s5Pd0.26SN0.19, (C) Cuo.46Pd0.39SN0 15,
(D) Coo.50Pdo.32Sno.18, and (E) Nio.32Pdo.37Sno.31. Scale bars, 15 nm.
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Figure 4.22 ADF-STEM images, EDS spectra, and detailed EDS mapping of the quaternary
nanoparticles in Figure 4.20B. (A) Auo.21Ago32Pdo32Sno.15, (B) Auo.31C00.34Pdo21SNo14, (C)
Auo.25Nio24Pdo20SNo31, (D)  Auo24Cuo3sPdo2sSnois, (E)  AgosoCuozoPdo27Snoss,  (F)
Ago.22Nig24Pdo21Sno33,  (G)  AQo43C0023Pdo23Sno11, (H)  CuoasNig32Pdo16Sno1s, (1)
Cuo.290C00.34Pdo.21Sno.16, and (J) Coo.38Ni0.23Pdo.18Sno.21. Scale bars, 15 nm.
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Figure 4.23 ADF-STEM images, EDS spectra, and detailed EDS mapping of the quinary
nanoparticles in Figure 4.20C. (A) Auo.12Ad0.30CUo.28Pdo.20SN0.10, (B) Auo.12Cuo.19N10.26Pd0.235N0.20,
©) AUo.06AJ0.10C00.24Pd0.39SN0 21, (D) AUo.20Ago.16Ni0.21Pdo.19SN0 24, (E)
Auo 25Cu 25C00.18Pdo.22SNo0.10, (F) Auo.24C00.2:1Nio.15Pdo.17SN0.23, (G) Ago.25Cuo.25Nio.20Pdo.16SNo0.14,
(H) Ag0.32CU0.20C00.21Pdo.15SNo.12, m Cuo0.38C00.15Ni0.12Pdo.20SNo 15, and )
Ago.31C00.18Ni0.13Pdo.21SNo.17. Scale bars, 15 nm.
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Figure 4.24 ADF-STEM images, EDS spectra, and detailed EDS mapping of the senary and
septenary nanoparticles in Figure 4.20D and 4.20E. (A) Auo.16Ag0.09CUo.18Nio.15Pd0.22SN0.20, (B)
Ago.25CU0.16C00.16N1i0.15Pd0.17SN0 11, ©) AUo.10Ag0.19C00.19NIi0.15Pdo.20SN0.17, (D)
Auo0.18AJ0.16CU020C00.23Pd0.13SN010,  (E)  Auo.14CuU0.18C00.22Ni0.16Pd0.17Sno.13,  and  (F)
AUo.16A00.13CU0.16C00.15Ni0.15Pdo.155N0.10. Scale bars, 15 nm.
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Figure 4.25 Tetra-phase heterostructured nanoparticles with four interfaces. (A) Schematic
illustration depicting the architectures of tri- and tetra-phase NPs composed of Ag, Cu, Co, and
PdSn phases. Dashed lines outline the position of the phase boundaries. (B) ADF-STEM images
(top row) and EDS mapping (bottom row) of representative tri-phase NPs for all phase
combinations. The compositions of the four tri-phase NPs are Ago.23Cuo.47C00.30,
C00.32CU0.29Pdo.21Sn0.16, Ag0.30CU0.30Pd0.27SNo.13, and Ago.33C00.23Pdo.27Sno.17. (C) ADF-STEM
image (top row) and EDS mapping (bottom row) of a representative tetra-phase NP composed of
Ag, Cu, Co, and PdSn phases (Ago.32Cuo.20C00.21Pdo.15Sn0.12). Overlay of selected element maps
(middle row) reveals the relative position of the four phases in the NP. Scale bars, 15nm.

The first NP combination we explored included two striped tri-phase NPs and two pie-
shaped tri-phase NPs (Figure 4.1B and 4.25A). A system consisting of Ag, Cu, Co, and PdSn
matches this scenario, where Ag-Cu-Co and PdSn-Cu-Co are striped heterotrimers, and Ag-Cu-
PdSn and Ag-Co-PdSn are pie-shaped heterotrimers, as observed in the ADF-STEM images and
EDS elemental mapping of every tri-phase NP (Figure 4.25B and 4.26). The architectures of the
four tri-phase NPs suggest that the interfaces between Ag/Co and between PdSn/Co are
energetically unfavorable compared to the other four interfaces and four surfaces, which should

prevent formation of such interfaces when the tetra-phase NP reaches a thermodynamic
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configuration. To test this prediction, we synthesized Ag-Cu-Co-PdSn NPs and investigated their
structures by ADF-STEM and EDS. Interestingly, the majority (architectural yield: ~70%, sample
size: 30) of Ag-Cu-Co-PdSn NPs have architectures as predicted (Figure 4.25C and 4.27). The Cu
domain in the center of the NP separates the Co domain from the Ag and PdSn domains, thus
avoiding the formation of Ag-Co and PdSn-Co interfaces. On the other hand, the three interfaces
between Cu, Ag, and PdSn domains connect with each other, forming a tri-phase junction. Tetra-
phase NPs with this combination of tri-phase architectures adopt an architecture with four

interfaces and one tri-phase junction.

Co-Cu-Ag

Co-Cu-PdSn(Cu)

Ag-Cu-PdSn(Cu)

Ag-Co-PdSn

Ag Pd Sn Co Cu

HE NN

Figure 4.26 ADF-STEM images and detailed EDS elemental mapping of the tri-phase
nanoparticles in Figure 4.25B (Ago.23Cuo.47C00.30, C00.34CU0.29Pd0.21SNo.16, Ago.30CU0.30Pd0.27SN0.13,
and Ago.33C00.23Pdo.27Sno.17). Scale bars, 15 nm. Overlay of all element maps (second column) and
selected element maps (third to fifth columns) show the relative position of the three phases in
each particle.
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Figure 4.27 ADF-STEM images and EDS elemental mapping of three representative Ag-Cu-Co-
PdSn tetra-phase nanoparticles (Ago.2sCuo.23C00.23Pdo.16SN0.10, Ago.31CU0.19C00.21Pdo.17SNo.12, and
Ago.20CU0.21C00.22Pdo.17Sno.11). Scale bars, 15 nm. Overlay of all element maps (middle column)
and selected element maps (right column) reveal the configuration of the four phases in Ag-Cu-
Co-PdSn particles.

The second NP combination consists of one tri-phase NP with two interfaces while the
other three tri-phase NPs have three interfaces (Figure 4.1B and 4.28). The tri-phase combinations
of AuAg, AuCu, Co, and PdSn satisfy this category, where AuAg-AuCu-Co is a striped
heterotrimer, and AuAg-AuCu-PdSn, AuAg-PdSn-Co, and AuCu-PdSn-Co are pie-shaped
heterotrimers. The architecture of every tri-phase NP was verified by ADF-STEM characterization
and EDS elemental mapping (Figure 4.28B and 4.29). The only striped NP (AuAg-AgCu-Co) in
this combination type suggests that only one interface is energetically unfavored when forming a

tetra-phase NP.
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Figure 4.28 Tetra-phase heterostructured nanoparticles with five interfaces. (A) Schematic
illustration depicting the architectures of tri- and tetra-phase NPs composed of AuAg, AuCu, Co,
and PdSn phases. Dashed lines outline the position of phase boundaries. (B) ADF-STEM images
(top row) and EDS mapping (bottom row) of representative tri-phase NPs for all phase
combinations. The compositions of the four tri-phase NPs are Auo30Ago.19CU0.20C00.22,
AUo.12Ag0.30CUo.28Pd0.20SN0.10, AU0.06AJ0.10C00.24Pd0.39SN0.21, and Auo.13CU0.27C00.30Pdo.15SN0.15. (C)
ADF-STEM image (top row) and EDS mapping (bottom row) of a representative tetra-phase NP
composed of AuAg, AuCu, Co, and PdSn phases (Auo.18Ado.16CU0.20C00.23Pdo.13SNo.10). Overlay of
selected element maps (middle row) shows the relative configuration of the four phases in the NP.
Dashed lines highlight the position of the five phase boundaries. Scale bars, 15 nm.

AUAg-AuCu-PdSn-Co NPs were synthesized to confirm the prediction. As shown in
Figure 4.28C and 4.30, AuCu and PdSn domains are in the center of the particle with AuAg and
Co domains capped on each end (architectural yield: ~70%, sample size: 30). One tri-phase
junction forms between AuAg/AuCu/PdSn phases. The other tri-phase junction forms between
AuCu/PdSn/Co phases. Tetra-phase NPs with this combination of tri-phase particle types have an

architecture with five interfaces and two tri-phase junctions.
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Figure 4.29 ADF-STEM images and detailed EDS elemental mapping information of the tri-phase
nanoparticles in Figure 4.28B  (Auo.30Ado.19CU0.20C00.22,  Auo.12Ad0.30CUo.28Pd0.20SN0. 10,
AUo.06AJ0.10C00.24Pd0.39SN0.21, and Auo.13Cuo.27C00.30Pdo.15SNo.15). Scale bars, 15 nm. Overlays of
all element maps (second column) and selected element maps (third to fifth columns) show the
relative position of the three phases in each particle.
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Figure 4.30 ADF-STEM images and EDS elemental mapping of representative (A) AuAg-AuCu-
Co-PdSn (Auo.11Ag0.15CU0.17C00.28Pd0.10SN0.10 and Auo.17Ado.15CuU0.17C00.23Pdo.18SN0.10) and (B)
AUAg-AuCuU-NiSn-PdSn  (Auo.17Ado.12Cuo.22Ni0.14Pdo.19SN0.16) tetra-phase nanoparticles. Scale
bars, 15 nm. Overlays of all element maps (middle column) and selected element maps (right
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column) reveal the configuration of the four phases in the nanoparticles. Dashed yellow lines
indicate the position of the five phase boundaries in each nanoparticle.
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Figure 4.31 Tetra-phase heterostructured nanoparticles with six interfaces. (A) Schematic
illustration depicting the architectures of tri- and tetra-phase NPs composed of Au, CoNi, NiSn,
and PdSn phases. Dashed lines outline the position of the phase boundaries. (B) ADF-STEM
images (top row) and EDS mapping (bottom row) of representative tri-phase NPs for all phase
combinations. The compositions of the four tri-phase NPs are Co0o.13Nio.35Pd0.26SNo.26,
AU 37C00.18Nli0.36SN0.09, AU0.29C00.17Ni0.19Pdo.20SN0.15, and Auo.25Nio.24Pdo 20Sno.31. (C) ADF-STEM
image (top row) and EDS mapping (bottom row) of a representative tetra-phase NP composed of
Au, CoNi, NiSn, and PdSn phases (Auo.20C00.11Nio.30Pdo.21SNo.18). Overlay of selected elemental
maps (two middle rows) show the relative position of any two of the four phases. Dashed
lines/circles outline the position of the six phase boundaries in the NP. Scale bars, 15 nm.

As a final demonstration of interface engineering in polyelemental NPs, we utilized a
system where all four tri-phase NPs share the same configurational feature, i.e., a pie-shaped
architecture (Figure 4.1B and 4.31A). The architecture of the four tri-phase NPs suggests that all
six interfaces and four surfaces are energetically compatible with each other. The structures of tri-
phase NPs containing Au, CoNi, NiSn, and PdSn phases provide a guide for predicting the

thermodynamic structure of the single tetra-phase structure, which could have as many as six
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interfaces (Figure 4.31B and 4.32).

NiSn-PdSn-CoNi

O R

Au Pd Sn Co Ni

M4 HEEMN

Figure 4.32 ADF-STEM images and detailed EDS elemental mapping information of the tri-phase
nanoparticles  in Figure  4.31B  (Co00.13Nio3sPdo26Sno.2s,  Auo.37C00.18Ni0.36SN0.09,
AU 20C00.17Nli0.19Pdo.20SNo.15, and Auo.2sNio.24Pdo.20Sno.31). Overlays of all element maps (second
column) and selected element maps (third to fifth columns) show the relative position of the three
phases in each particle. Scale bars, 15 nm.

Indeed, the incorporation of these four phases into one NP leads to an unprecedented
nanostructure with four constituent domains interfaced with each other (architectural yield: ~65%,
sample size: 30, Figure 4.31C and 4.33-4.36). The overlay of EDS element maps revealed the
identity and distribution of the four phases and their spatial relationship in one typical NP. The Au,
PdSn, and NiSn domains interconnect with each other while the CoNi domain sits on top of the
other three domains, forming six phase boundaries in one particle (Figure 4.31C and 4.33). Tetra-
phase NPs composed of a subset of four pie-shaped tri-phase NPs have an architecture with six
interfaces, four tri-phase junctions, and one tetra-phase junction point that is embedded in a single

NP. This study validates that NP phase hierarchy can be utilized for engineering the configuration
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of phase boundaries in higher order structures.

= | N N

Figure 4.33 (A,B) Additional EDS mapping information of the Au-CoNi-NiSn-PdSn tetra-phase
nanoparticle in Figure 4.30C. The overlay of selected element maps clearly indicates that the
particle consists of four phases with six phase boundaries. (C) EDS mapping of the same particle
after rotating the particle 60°. Dashed circles in the images outline the position of CoNi phase as
guides for the eye. The CoNi phase moves from the bottom of the image to the center of the image,

indicating that the CoNi domain is on top of the particle. Scale bar, 15 nm.

Figure 4.34 (A) ADF-STEM image and EDS mapping of a Au-CoNi-NiSn-PdSn tetra-phase
nanoparticle with six phase boundaries (Auo.18C00.14Nio.33Pdo.18Sno.17). (B) ADF-STEM image and
EDS mapping of the same particle after rotating the particle 60°. Scale bars, 20 nm. Dashed circles
in first and second columns of the images outline the position of the CoNi phase as guides for the
eye. After rotating the nanoparticle, the CoNi phase moves from the center of the image to the
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bottom of the image, indicating that the CoNi domain is on top of the particle.

EEEELUO

Figure 4.35 (A) ADF-STEM images and EDS elemental mapping of two representative Au-CoNi-
NiSn-PdSn tetra-phase nanoparticles (Au0.17C00.11Ni0.33Pdo.24Sn0.15 and
Auo.18C00.09Ni0.33Pdo.25SN0.15). Overlays of all element maps (middle column) and selected element
maps (right column) indicates that the CoNi phases are either on top of the particle or at the bottom
the of particle. (B) ADF-STEM images and EDS elemental mapping of a Au-CoNi-NiSn-PdSn
tetra-phase nanoparticle (Auo.20C00.12Nio.32Pdo.20Sn0.16) with the CoNi phase located on the edge.
Dashed circle outlines the position of the CoNi phase as a guide. Scale bars, 20 nm.
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Figure 4.36 Distributions of Au-CoNi-PdSn-NiSn heterotetramers with different architectures
(calculated based on 30 particles).
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4.5 Materials and Methods
4.5.1 Materials

Poly(ethylene oxide)-b-poly(2-vinyl pyridine) (PEO-b-P2VP, M, = 2.8-b-1.5 kg/mol,
polydispersity index = 1.11) was purchased from Polymer Source, Inc. The polymer was purified
by dialysis (ThermoFisher dialysis cassettes, 2K MWCQ) with deionized water for 5 days before
use. Metal compounds (>99.9% trace metal basis), HAuCl; 3H20, AgNO3s, Cu(NO3z)2 xH20,
Co(NOs3)2 6H20, Ni(NO3)2 6H20, (NH4)2PdCls, and SnCls were purchased from Sigma-Aldrich,
Inc. and used without further purification. Atomic force microscopy (AFM) multi-contact 1D
probes (type M, no gold coating) were purchased from Advanced Creative Solutions Technology,
Inc. Hexamethyldisilazane (HMDS) was purchased from Sigma-Aldrich, Inc. TEM grids with 15
or 50 nm silicon nitride support films were purchased from Ted Pella, Inc.
4.5.2 Preparation of Block Copolymer Solution

Polymer ink solution was prepared by dissolving PEO-b-P2VP and different metal
compounds in de-ionized water in predetermined molar ratios. The ink solution had a polymer
concentration of 5 mg/mL. The molar ratio of pyridyl group to total metal precursors varied
between 48:1 and 256:1 to control the size of NPs. To reduce the hydrolysis of SnCls, the pH of
the ink solution was adjusted to 1 by the addition of HCI. The ink solution was stirred for 1 h at
room temperature prior to use.
4.5.3 Nanoparticle (NP) Synthesis

Nanoparticles were synthesized on TEM grids by scanning probe block copolymer
lithography (SPBCL) (23). In a typical experiment, hydrophobic TEM grids were obtained by

vapor coating the grids with HMDS for 24 h in a desiccator that contained a vial of a HMDS and
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hexane mixture (1:1, v/v). AFM 1D probes were mounted onto a Park XE-150 AFM. The probes
were dip-coated with polymer ink solution and then brought into contact with the hydrophobic
TEM grids to deposit arrays of polymer nanoreactors. The patterning process was performed in a
chamber at a controlled temperature of 25 °C and relative humidity of 85%. To synthesize NPs in
the polymer nanoreactors, the TEM grids were thermally annealed in a tube furnace. Typical
annealing conditions were as follows: ramp to 160 °C under Hz in 10 min, hold at 160 °C for 6 h,
ramp to 300 °C in 10 min, hold at 300 °C for 6 h, ramp to 500 °C in 10 min, thermally anneal the
grids at 500 °C for 12 h, and finally cool down to room temperature in 0.5 h.

4.5.4 Density Functional Theory (DFT) Calculations

All DFT calculations were carried out using the Vienna Ab-initio Simulation Package
(VASP) with the projected augmented wave (PAW) potentials, and Perdew-Burke-Ernzerhof
(PBE) formulation of the generalized gradient approximation (GGA) (43-45). To compute
interfacial energies, we generated interfacial supercells containing two domains, where each
domain consists of four (111) atomic planes. The interface structures are created using Virtual
NanoLab (VNL) package and the final strain of each interface structure is less than 1.5%. All of
these structures were fully relaxed and I'-centered k-point meshes were constructed to achieve at
least 4000 k-points per reciprocal atom. For each surface energy calculation, we used a crystal slab
model and a vacuum region, which are periodically arranged along the direction perpendicular to
the surface. Each surface contains seven (111) atomic layers of with (2>2) unit cell and a vacuum
region of 15 A in thickness. The middle three layers are fixed and the other layers are allowed to
relax. Brillouin-zone integrations are sampled using I'-centered k-point meshes corresponding to

a 9>9x1 grid. For both interface and surface calculations, an energy cutoff of 400 eV is used for
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the plane wave basis set used to represent the electronic wave functions and an energy tolerance
of 1 x 107> eV for the relaxation of all the structure. Spin polarization is included for all DFT
calculations in this work. The surface energies are calculated by y = (Egqp — Xnitti)/
2Agurfaces Where Egqp, is the total energy of the surface slab, n; is number of i atoms in the

systems, u; is the chemical potential of the element i and Agy,fqce IS the surface area. The
interfacial energy between phase A and B is calculated by o = (E,p — E5treined — gstrainedy
2Ainterface » Where E,p is the total energy of the interfacial structure, E;"%™¢? and E5"*"¢d are
the strained bulk energies for phase A and B, and A;ncerface 1S the interface area. The strained bulk

energies of phase A and B represent the energy penalty associated with coherent, epitaxial lattice
matching across the interface (46). To calculate the strained energies of A and B, they are both
fixed to a common lattice constant (in two dimensions) in the interfacial plane, and the energy of
each phase is relaxed to an energy minimum with respect to the lattice constant perpendicular to
the interface plane. Then, the sum of these two epitaxial energies is minimized with respect to
lattice parameter of the interfacial plane.
4.5.5 Characterization

Scanning transmission electron microscopy (STEM) characterization of the NPs was
performed on an in-house designed dual-energy dispersive X-ray spectroscopy (EDS) detector
equipped Hitachi HD-2300 dedicated STEM. The dark-field images were taken with an annular
dark-field (ADF) detector at an electron acceleration voltage of 200 kV. NP composition was
studied using the equipped dual EDS detectors (Thermo Scientific) on the HD-2300 STEM with a
200 kV acceleration voltage. The La peaks of Pd, Ag, Sn, and Au, and the Ka peaks of Co, Ni,

and Cu in the EDS spectra were used for elemental mapping and for composition quantification
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with standardless Cliff-Lorimer correction method. The atomic composition measured by EDS has
an inherent error of less than 5% due to X-ray absorption and fluorescence. Each EDS map is built
based on 30 frames with pixel dwell time of 203 us. Thermo Scientific NSS software was used for
EDS data processing. High-resolution transmission electron microscopy (HRTEM)
characterization were performed on a JEOL ARM300 transmission electron microscope at an
acceleration voltage of 300 kV using NPs prepared on TEM grids with 15 nm SiNy support films.
4.6 Conclusions and Outlook

In this chapter, we have presented a set of four rules for engineering the arrangement of
interfaces in multi-phase polyelemental NPs using PdSn-based multi-phase NPs as a proof-of-
concept system. For interface engineering, the balancing of surface and interfacial energies is
critical in determining the thermodynamically preferred structures for multi-phase NPs, as
demonstrated by the extraordinary tetra-phase polyelemental NPs, reported herein, with four, five,
and six phase boundaries. Looking forward, these guidelines will be particularly useful in
elucidating the complex architectures of NPs containing more than four phases, where the NPs
may have ten or more different interfaces. Interface engineering in polyelemental nanomaterials
will be essential for optimizing their use in catalysis, plasmonics, nanoelectronics, and energy
harvesting, and challenges moving forward are to establish high-throughput ways for
characterizing their properties, as a function of composition, size, phase, and architecture, and the

development of methods for their scalable syntheses, 3248:126.133,164
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5.1 Introduction

Multimetallic nanoparticles (NPs) are emerging as an important frontier of heterogeneous
catalysts due to their remarkable catalytic performance through the combination of the high surface
area to volume ratio inherent to NPs and the ability to tune the catalytic activity of NPs mandated
by the Sabatier principle.>®® Compared with monometallic NPs, recent research regarding
multimetallic NPs has focused on improving catalyst performance by engineering their electronic
structures to enhance their activity and stability,>"° and reducing their cost by integrating non-
precious metals.*® While wet chemical approaches have been used to realize an enormous library
of polyelemental NPs, control of particle size and compositional homogeneity over a wide range
of stoichiometric ratios is difficult due to fundamental differences in growth kinetics inherent to
the metal precursors.*1% Consequently, identification of optimal catalysts remains prohibitively
difficult due to the vast numbers of compositional and structural parameters that would need to be
synthesized and examined separately.

One potential way to overcome these drawbacks is to integrate arrays of multimetallic NPs
on targeted surfaces while controlling their size and composition. The surface-immobilization of
isolated nanocatalysts, in custom arrangements across large scales, could provide a unique
platform for systematic catalyst screening.’®* Currently, several approaches such as block
copolymer lithography,®162  vacuum  deposition,'®>17% electrochemical  deposition,'4°
microdroplet dewetting,*>*'>> NP sliding,'*®%” combinatorial metal sputtering,’®” and direct
writing®”1"71"® have been developed to prepare mono- or multi-metallic NPs on surfaces.
However, none of these methods can both control the particle size and composition while

guaranteeing the presence of a single NP at a precise location, leaving the on-site synthesis of
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arbitrarily chosen nanoalloys an open challenge.

In Chapter Three, Four, and Five, we utilize scanning probe block copolymer lithography
(SPBCL), that integrates polymer-mediated particle synthesis and molecular printing techniques,
to synthesize single NPs on surfaces with systematic control over particle size, composition, and
structure. These characteristics make SPBCL a promising tool for integrating tremendous types of
NPs on a single substrate, which is directly amenable to high-throughput screening. Through
parallel screening of the vast compositional and structural space, novel NP catalysts can be

discovered in a systematic way, thus avoiding the inefficient process of serially making and

characterizing NPs (Figure 5.1).
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Figure 5.1 Schematic illustration of the screening of nanostructures for a wide variety of properties
with a substrate containing particles spatially-encoded with respect to size and composition.

In this chapter, we present systematic studies on the scale-up synthesis of multimetallic
NPs with polymer pen lithography (PPL) and on NP catalytic activity. Specifically, we show that
millions of NPs can be made on a single Si substrate at a centimeter scale. Importantly, the
synthesized NPs are proven to be catalytically active for the reduction of 4-nitrophenol and the

hydrogenation of cinnamaldehyde. As a proof-of-concept experiment, NP arrays were used to
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perform a catalyst screening to elucidate the relationship between the size of AuPd NPs and their
catalytic activity.

5.2 Scale-up Synthesis of Polyelemental Nanoparticles

While we have shown in Chapter Two and Four that polyelemental NPs with
unprecedented level of control over composition and structure can be achieved by SPBCL, the
particles are all generated with individual atomic force microscopy (AFM) probes, which limits
the number of particles that can be obtained at a reasonable time scale. In order to obtain a
sufficiently large quantity of particles for catalysis study, a large-scale cantilever-free scanning
probe technique (i.e., polymer pen lithography (PPL)) was used to synthesize NPs over centimeter
areas. As shown in Figure 5.2, polymer pen lithography utilizes a massively parallel pen array,
that are made by PDMS elastomers, to transport molecules directly on a centimeter area.'®® The
PPL pen array consists of up to 11 million pyramidal pens with tip diameter of 80 + 10 nm, which
allows for simultaneous deposition of molecules to accelerate the printing process. In a typical
PPL experiment, the pen array was mounted on an AFM scanner and brought into contact with a
substrate to transport ink molecules. The size of the printed features is facilely controlled by the
diffusion time of ink molecules, i.e., the pen-substrate dwell time. Besides the time dependence of
feature size, when pressing the pen array harder on a substrate with larger z-piezo extension, the
pen will deform more severely due to its elastomeric property and allow the generation of larger

features, showing z-piezo dependence of feature size.?!*
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Figure 5.2 Schematic illustration of polymer pen lithography (PPL) for centimeter area molecular
printing.

3 ym

Figure 5.3 PPL patterning of centimeter-scale AuPd nanoparticle arrays. (A) Dark-field optical
microscopy image of a large-scale pattern of polymer dots. (B) Magnified dark-field image shows
a 25-by-25 dot array with 3 um dot spacing. (C) SEM image of the polymer dot arrays printed by
PPL. (D) SEM image of corresponding AuPd alloy nanoparticles formed after thermally annealing
the polymer dots.

Experimentally, we combined SPBCL and PPL to simultaneously synthesize millions of
polyelemental NPs on a 1 cm? area Si substrate (e.g., AuPd and AuAgNi, Figure 5.3 and 5.4). In
addition to Si, AuPd NPs were also successfully generated on oxide substrates such as TiO> (Figure
5.5), which is a common support for catalysts. With the development of high throughput inking

strategies?'® and increased polymer dome deposition densities, this technique will eventually allow
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for simultaneous generation of billion types of particles over large areas (Figure 5.1).

Figure 5.4 Centimeter-scale AuAgNi nanoparticle arrays generated by a combination of SPBCL
and Polymer Pen Lithography (PPL). (A) Dark-field optical microscopy image of a section of the
centimeter-scale pattern of polymer features. (B) SEM image of the polymer features printed by
PPL. (C) SEM image of the arrays of AuAgNi nanoparticles synthesized from the polymer
nanoreactors that were printed by PPL.

Polymer on TiO, AuPd NP array on TiO,

Figure 5.5 Centimeter-scale AuPd nanoparticle arrays generated on TiO support. (A-C) SEM
images of (A) a pristine TiO> substrate, (B) polymer features printed on TiO, (C) an array of AuPd
nanoparticles synthesized from the printed polymer features. Scale bars, 5 um.

5.3 Catalytic Reduction of 4-Nitrophenol

Multimetallic NPs have been widely studied for applications in catalysis.>®'%* For example,
it has been demonstrated that AuPd alloy NPs exhibit superior activity as compared with NPs
composed of Au or Pd alone for many chemical reactions including the reduction of 4-

nitrophenol 22213 While we have shown that alloy NPs of this kind can be synthesized by SPBCL,
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it remains to be seen whether or not these particles are catalytically active and possess the predicted
enhanced activity. In particular, one could expect that the annealing process could leave a carbon-
rich residue that blocks active sites and prevents activity. To examine the catalytic activity of NPs
formed by SPBCL, arrays of Au, Pd, and AuPd NPs were used to catalyze the reduction of 4-
nitrophenol with NaBH3 (Figure 5.6). While all samples with NPs exhibited significantly higher
activity than the control samples prepared with inks containing just PEO-b-P2VP and no metal
precursor, the AuPd alloy NPs showed the highest turnover number (Figure 5.6C and 5.6D),
consistent with literature reports of how activity changes with composition.’”?'2213 |mportantly,

this result confirms that SPBCL is a viable method for integrating NP catalysts on a targeted
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Figure 5.6 Reduction of 4-nitrophenol catalyzed by a PPL-patterned nanoparticle array. (A)
Scheme of the catalysis process. A 10 uL aqueous droplet containing 4-nitrophenol and NaBH4
was dispensed onto a nanoparticle array. In the presence of nanoparticles, 4-nitrophenol was
converted into 4-aminophenol. (B) The diameters of the contact area between droplets and various
substrates were determined by a contact angle goniometer. About 0.7 million nanoparticles were
covered by each droplet. Inset is a typical photograph of reactant droplet on PPL-patterned
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nanoparticle array. (C) UV-Vis absorption spectra of the droplet solution after running catalysis
on different substrates with product and reactant peaks at 296 nm and 400 nm, respectively. (D)
Conversion percentage and turnover number of the reaction catalyzed by control sample (no

particles), AUNP (16 + 2 nm diameter) arrays, PANP (16 + 3 nm diameter) arrays, and AuPdNP
(16 £ 2 nm diameter) arrays.

5.4 Hydrogenation of Trans-Cinnamaldehyde

o OH

o o

. %
Figure 5.7 General pathways for the hydrogenation of trans-cinnamaldehyde.

In addition to reduction reactions, we also examined the catalytic application of SPBCL
NPs for hydrogenation reaction. An «,f-unsaturated aldehyde, trans-cinnamaldehyde, that
contains vinyl and carbonyl functional groups was chosen as the model reactant to evaluate
whether or not PPL can afford sufficient number of NPs to catalyze hydrogenation (Figure 5.7).
As depicted in Figure 5.8 (red line), Pd NPs, that are made by spin-coating a polymer film with
subsequent thermal annealing, are active for the hydrogenation of cinnamaldehyde with high
selectivity for hydrocinnamaldehyde. Only trace amounts of 3-phenyl-propanol could be detected
under these reaction conditions. In contrast, patterned Pd NPs exhibited trace conversion of
cinnamaldehyde into hydrocinnamaldehyde (Figure 5.8, blue line) while a Si substrate alone
showed no activity in this reaction (Figure 5.8, black line). Since the NPs are synthesized through
thermal decomposition of metal precursors and polymers, one could expect that carbon residue

would be formed (Figure 5.9) and may partially block the active sites of NPs. To evaluate this

influence, we thermally treated Pd NPs in O2 and H> successively at 400 °C, then examined their
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activity for cinnamaldehyde hydrogenation. After removing the carbon residue on patterned Pd

NPs, the reaction conversion for cinnamaldehyde increased slightly (Figure 5.10). Therefore, the

low reaction conversion on patterned Pd NPs can be attributed to the low particle density, since

there is a 100-fold difference between the NP density of spin-coated and patterned samples. To

apply SPBCL-synthesized NPs for hydrogenation reactions, either higher particle density on

substrates or more sensitive product-detecting methods need to be developed.
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Figure 5.8 Gas chromatograms of the catalytic hydrogenation of cinnamaldehyde mediated by Si
(control, black line), PPL-patterned Pd nanoparticles with 1.5 um pitch (blue line, particle density
0.44 NP/um?), and spin-coated Pd nanoparticles (red line, particle density 40 NP/um?). Reaction
conditions: 120 uL 0.5 mM cinnamaldehyde, 0.3 cm™ samples, 1 MPa Hp, R.T., 24 h.

Figure 5.9 (A) SEM image of PPL-patterned Pd nanoparticles with 2.5 um pitch on a Si substrate.
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(B) Zoom-in SEM image of a single nanoparticle showing carbon residue around the particle.
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Figure 5.10 Gas chromatograms of the catalytic hydrogenation of cinnamaldehyde mediated by
Si (control, black line), PPL-patterned Pd nanoparticles with 1.5 um pitch (green line), and PPL-
patterned Pd nanoparticles (1.5 um pitch, red line) annealed at 400 °C in O, and Hz successively
to remove carbon residue. Reaction conditions: 120 puL 0.5 mM cinnamaldehyde, 0.3 cm samples,
1 MPaH2, R.T., 24 h.

5.5 Size Screening of AuPd Nanoparticle Catalysts

There are few systematic studies of the size-dependent catalytic activity of AuPd alloy NPs
for the reduction of 4-nitrophenol. This deficiency can be understood by considering that in the
conventional solution-based synthetic scheme, each unique size NP requires a distinct synthetic
protocol. Thus, SPBCL potentially has a huge advantage here as one merely needs to tune
lithographic parameters and the synthesis is performed locally. Thus, in order to demonstrate the
application of SBPCL for screening NP catalysts, we synthesized an array of AuPd nanoalloys
with a size gradient to perform a size screening experiment (Figure 5.11). To accomplish this, a
tilted PPL patterning was carried out (Figure 5.11A) in which the contact area between the PPL
pen array and the substrates decreases gradually along the tilting axis,?* which led to a polymer

array with dot size decreasing along this axis (Figure 5.11B and 5.11C). After thermal treatment,
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an array of AuPd NPs was obtained that had a consistent spacing and a size gradient (Figure 5.11C
and 5.11D). By performing the 4-nitrophenol-based catalytic assay on three regions with NP
diameters ranging from 9 to 20 nm, we found that, while the total activity did not change
appreciably with NP size, the catalyst-specific turnover number increased dramatically as NP size
decreased (Figure 5.11E). We attribute this to the higher portion of under-coordinated atoms at the
edges and corners of smaller NPs, which are more active than atoms on flat surfaces.*8
Alternatively, the difference in reactivity is probably owing to different electronic structure of

NPs. 9213
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Figure 5.11 Particle size effect on the activity of AuPd catalysts for the reduction of 4-nitrophenol.
(A) Scheme of using a tilted polymer pen array to generate polymer dot array and corresponding
AuPd nanoalloy array with size gradient. (B) Dark-field optical image of the gradient polymer dot
array. (C) SEM images of the polymer dots on left, middle, and right sites of the gradient sample.
Insets are SEM images of the resulting AuPd nanoalloys. The scale bars apply to all panels and
insets. (D) The dependence of polymer dot size and corresponding alloy nanoparticle size on the
distance from the one side of the gradient sample. (E) Conversion and turnover number of the
reaction catalyzed by AuPd nanoalloy with various size. To study the size effect, three regions of
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the gradient sample are used, namely the left side, middle, and right side (corresponding to the
blue, green, and orange sections shown in (D)). The nanoparticle sizes in three regions are 20 + 3
nm, 15 + 3 nm, and 9 + 4 nm, respectively. The activity increases in the sequence of 20, 15, and 9
nm nanoparticles.

5.6 Materials and Methods
5.6.1 Materials

Poly(ethylene oxide)-b-poly(2-vinyl pyridine) (PEO-b-P2VP, M, = 2.8-b-1.5 kg/mol,
polydispersity index = 1.11) was purchased from Polymer Source, Inc. Metal compounds,
HAUCIs 3H20, AgNOs, Cu(NOs)z xH20, Co(NOs), 6H20, Ni(NO3)2 6H20, NaPdCls, and
H2PtCle 6H2.0 were purchased from Sigma-Aldrich, Inc. and used without further purification.
Hexamethyldisilazane (HMDS), sodium borohydride (NaBH.), 4-nitrophenol, trans-
cinnamaldehyde, hydrocinnamaldehyde, cinnamyl alcohol, and 3-phenyl-propanol were
purchased from Sigma-Aldrich, Inc. and used without further purification. Silicon wafers were
purchased from Nova Electronic Materials.
5.6.2 Preparation of Block Copolymer Inks

Polymer inks were prepared by dissolving PEO-b-P2VP and different metal compounds in
de-ionized water in predetermined molar ratios to achieve inks with specified molar ratios of metal
precursors. The ink solution had a polymer concentration of 5 mg/mL and the molar ratio of pyridyl
group to total metal precursors was 64:1. We expect that the use of an excess of pyridyl group will
lead to a complete complexation of metal ions from the metal precursor salt onto PEO-b-P2VP.
The pH of the ink solution was adjusted to between 3-4 by addition of HNOs. The ink solution
was stirred for 24 h at room temperature prior to use.
5.6.3 Polymer Pen Lithography (PPL) Patterning Process

Polymer pen arrays that are made of PDMS were used to perform SPBCL in a massively
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parallel fashion.8® The pen array was first treated with oxygen plasma (60 W, 4 min) to improve
the conformity of ink coating. Following this step, the pen array was spin-coated with the ink
solution (1000 rpm, 1 min), allowed to dry in air, and mounted onto an AFM (XE-150, Park
Systems) to deposit polymer features on a Si substrate. The Si substrate was pre-treated with
hexamethyldisilazane to make it hydrophobic. The patterning was carried out at a controlled
temperature of 25 °C and relative humidity of 90%. For patterns with a size gradient along one
axis, the pen arrays were tilted by approximately 0.006° with respect to the plane of substrate
during patterning. The resulting polymer features were converted to NPs with thermal annealing.
The heating process were programmed as follows: ramp to 120 °C under Ar in 1 h, hold at 120 °C
for 48 h, cool back to room temperature in 4 h, switch the atmosphere into Hz, ramp to 500 °C in
2 h, thermally anneal the substrate at 500 °C for 12 h, and cool down to room temperature in 6 h.
5.6.4 Catalytic Reduction of 4-Nitrophenol

To study the catalytic activity of patterned NPs, 5 uL of aqueous 4-nitrophenol solution
(1.5 mmol/L) and 5 pL of freshly prepared aqueous NaBHs solution (750 mmol/L) were
successively drop-cast onto a NP-patterned substrate. Then the substrate was stored in a 100% RH
environment to minimize water evaporation. After allowing the reaction to proceed for 3 h at room
temperature, both the substrate and the droplet were collected in an eppendorf tube. Another 140
uL of deionized water was added to rinse the substrate and dilute the droplet. The resulting solution
was transferred into a quartz cuvette to collect UV-Vis adsorption spectra (Agilent Technologies,
Cary 60). The difference in absorption at 400 and 525 nm, respectively, was used to quantify
reaction conversion. A contact angle goniometer was used to measure the diameter of droplets in

order to normalize the contact area between droplets and different substrates.
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5.6.5 Hydrogenation of Cinnamaldehyde

To study the catalytic activity of NP-coated surfaces, a piece of spin-coated or NP-
patterned substrate (about 0.3 cm™, 1.5 pm pitch for pattern substrate) and 120 uL of ethanolic
solution of trans-cinnamaldehyde (0.5 mmol/L) were added into a 2 mL GC vial. A crimp cap was
used to seal the vial and the septum was punched with a needle hole in order to allow gas transfer
while minimizing solvent evaporation. The vial was then placed in a stainless-steel autoclave. The
air content in the autoclave was minimized by pressurizing the autoclave with 0.5 MPa of Argon
and then relieving the pressure for three cycles. Hydrogen was then introduced into the autoclave
and hydrogenation reaction process was allowed to take place for 24 h under 1 MPa H> at room
temperature. In addition to reaction performed in GC vials, hydrogenation was also studied with
well plate reactors. In a typical experiment, a piece of NP-patterned substrate (1 inch by 1 inch,
covering 16 wells) was put into a customized reactor and sealed by a PTFE gasket. 120 uL of an
ethanolic solution of trans-cinnamaldehyde (0.5 mmol/L) were added into each well, followed by
sealing the reactor with a PTFE/silicone septum. The septum was punched with 16 needle holes in
order to allow gas transfer into wells while minimizing solvent evaporation. The reactor was then
placed in a stainless-steel autoclave. The air content in the autoclave was minimized by
pressurizing the autoclave with 0.5 MPa of argon and then relieving the pressure for three cycles.
Hydrogen was then introduced into the autoclave and hydrogenation reaction process was allowed
to take place for 24 h under 1 MPa H> at room temperature.
5.6.6 Removal of Carbon Residue on Nanoparticles

To remove carbon residue and activate the catalysts, NP-patterned substrates were put into

a tube furnace and heated in Oz and H> successively. Typical heating conditions were as follows:
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ramp to 400 <C under Oz in 0.5 h, hold at 400 <C for 4 h, then cool back to room temperature,
switch gas flow to Hz, ramp to 400 <C in 0.5 h, hold the substrate at 400 <C for 4 h, and finally
cool down to room temperature.

5.6.7 Characterization

SEM images of the NPs synthesized on Si or TiO, wafers were taken with a Hitachi S-
8030 field-emission scanning electron microscope at an acceleration voltage of 5 kV and a current
of 20 pA. For hydrogenation studies, the reaction mixtures were analyzed using a Waters
Micromass GCT premier gas chromatograph time-of-flight mass spectrometer (GC-TOF-MS)
equipped with a DB5 30-meter column. The column oven temperature was programmed from 100
°C to 235 °C at a ramp rate of 17 °C/min and then held at 235 °C for 3 minutes.
5.7 Conclusions and outlook

In this chapter, we report that the combination of PPL and SPBCL can be used to scale up
the synthesis of polyelemental NPs for catalysis study. In particular, this method is capable of
synthesizing positionally encoded NPs wherein the size and composition of each NP in a
centimeter-scale array is well known. Such arrays have enormous potential for catalyst discovery
and optimization, as suggested by the initial studies presented here wherein we explored how AuPd
NP size affects catalytic activity in the case of the reduction of 4-nitrophenol. Importantly, as this
method relies upon an array of spatially separated polymer nanoreactors to synthesize individual
NPs, it frees the experimentalist from synthesizing numerous batches of uniform NPs because each
NP is locally defined by unique synthetic conditions. Given the diverse array of materials that can
be used, this method could be applied to a number of important systems. Thus, one critical

challenge going forward is to establish the degree to which polymer features can be independently
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patterned through advances in individual pen actuation?® and inking pens with distinct
materials.?!® Another challenge is to establish high-throughput ways for characterizing the

catalytic activities of polyelemental NPs, as a function of composition, size, phase, and architecture.
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CHAPTER SIX

Conclusions and Outlook
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Despite the significance of polyelemental nanoparticles (NPs) in catalysis and many other
fields, existing synthetic methods have limited access to the vast NP library, which bars the
realization of the potential of polyelemental NPs. Since the inception of scanning probe block
copolymer lithography (SPBCL), key concepts that will revolutionize the way people synthesize
and study polyelemental NPs have been gradually developed. Specifically in this work, significant
breakthroughs have been made to set SPBCL into a methodology capable of generating
combinatorial libraries of NPs with unparalleled control over particle composition and structures.
In this chapter, we summarize the results of Chapters Two-Five with an emphasis on research
opportunities that have been made possible through our work, as well as propose potential future
directions for SPBCL.
6.1 Tip-Directed Synthesis of Polyelemental Nanoparticle Libraries
The limitation in synthesizing multimetallic NPs that contain three or more metals lies in
the difficulties of balancing the reduction potentials of metal precursors, controlling the nucleation
sites between metals, and understanding phase separation at the nanoscale. SPBCL stands to be a
revolutionizing methodology that allows one to generate a nanoscale reactor consisting of a
polymer feature with a predetermined metal ion content for the synthesis of a single NP. Chapter
Two presents systematic studies on SPBCL-synthesized polyelemental NP systems where NP
composition and size can be independently controlled, and where structure formation (alloy versus
phase-separated state) can be understood. We have made libraries of NPs consisting of every
combination of chosen elements (Au, Ag, Cu, Co, and Ni) through polymer nanoreactor-mediated
synthesis. Important insight into the factors that lead to alloy formation and phase segregation at

the nanoscale were obtained, and routes to libraries of nanostructures that cannot be made by
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conventional methods were developed.

While Au, Ag, Co, Cu, and Ni were chosen as the model system to demonstrate the
synthetic capability of SPBCL, the method has also been extended to NPs composed of other
metals including Fe, Zn, Ru, Rh, Pd, Cd, Ir, Pt, Sn, and Se (Figure 6.1). Nevertheless, elements
such as Ti, Si, and Zr have not been investigated because their available precursors (TiCls, SiCls,
and ZrCl,) are hydrolyzable in water, which will increase the difficulty of making a uniform
aqueous ink solution. To broaden the applicability of SPBCL to these metals, it is worth to seek
water-soluble and non-hydrolyzable precursors in the future. Besides, the record of elements
systematically examined thus far stands at seven. It remains unclear about the maximum number
of elements that can be incorporated into a single NP. Future efforts can be put on extending
SPBCL to more combinations of elements. These studies will provide insight into the synthetic
limits of SPBCL and the formation processes of specific metal combinations, which may require

variations in thermal treatment.

H [ ] sPBCL synthesized He
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Figure 6.1 Elements that potentially can be used to synthesize nanoparticles by SPBCL.

6.2 Structural Evolution of Polyelemental Nanoparticles in Polymer Nanoreactors
To reveal the process by which multimetallic NPs form in SPBCL-patterned nanoreactors.

In Chapter Three, we utilize the combination of PEO-b-P2VP and Au, Ag, and Cu salts as a model



174
three-component system to investigate this process. The results suggest that the formation of
single-component NPs (Au, Ag, or Cu) within polymer nanoreactors consists of two stages: 1)
nucleation, growth, and coarsening of the particles to yield a single NP in each reactor; 11) the NP
continues to grow by depleting the remaining precursor in the reactor until it reaches a stable size.
Also, different aggregation rates were observed for single-component NP formation (Au>Ag>Cu).
With multimetallic systems, the different aggregation rates lead to the formation of kinetically
trapped structures. High temperature treatment ultimately facilitates the structural evolution of the
kinetic NP into a NP with a fixed structure. Therefore, a three-stage process that involves elemental
redistribution within the particle is used to describe the synthetic process of multimetallic NPs. As
such, the work in Chapter Three not only provides a glimpse at the mechanism underlying
multimetallic NP formation in SPBCL but also illustrates, for the first time, the potential of using
SPBCL as a platform to study the architectural evolution of multimetallic NPs.

Since metal aggregation mainly occurs after precursor salts being chemically reduced or
thermally decomposed, the rates of metal aggregation are highly dictated by the chemical/thermal
stability of precursors. Therefore, a combination of different precursors will in theory allow for
the tuning of metal aggregation rates, thus enabling richer types of kinetic NPs with architectures
that may have enhanced properties of interest. In addition, one key factor that has yet to be
investigated is the fundamental role that the polymer plays during NP synthesis. In particular,
insight into the chemical forces that drive the formation of a single NP in the polymer reactor need
to be understood. Such studies will inform which polymers best facilitate NP formation and how
to control the SPBCL process for refined structural control. Taken together Chapter Two and Three,

the interplay of metal miscibility, particle composition, polymer type, precursor type, and thermal
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treatment condition will provide rich avenues to control polyelemental NP structures.
6.3 Heterostructure Engineering in Polyelemental Nanoparticles

For polyelemental nanomaterials, there is still a poor understanding of how phases form in
such structures and how specific classes of interfaces can be designed and synthesized. In Chapter
Four, SPBCL is used to explore how PdSn alloys form mixed composition phases with metals with
known but complex miscibilities. NPs with up to seven elements are synthesized, and many form
unique tri-phase heterostructures consisting of either pie-shaped or striped architectures. Density
functional theory simulation and experimental work have been used together to show that NP
architectures are a consequence of the balance between surface and interfacial energies. From these
observations, design rules have been established for making polyelemental systems with specific
heterostructures, as demonstrated by the synthesis of tetra-phase NPs with six junctions.

While the maximum numbers of phases and interfaces in a NP we have explored stand at
four and six, respectively, the combination of Au, Ag, Cu, Co, Ni, Sn, and Pd in theory can lead
to NPs with as many as five phases (AuAg-AuCu-CoNi-NiSn-PdSn) if the particle composition is
finely tuned. In this case, the NPs may have up to ten types of interfaces, the architectures of which
are challenging to anticipate by any conventional means. The guidelines developed in our work
will be particularly useful in elucidating such complex NPs containing more than four phases. The
ability to predict and control interface configuration is important for developing polyelemental
nanomaterials featuring functional interfaces by design. This chapter stands to impact the
development of heterostructured nanomaterials spanning many fields.

6.4 Combinatorial Synthesis of Polyelemental Nanoparticles for Catalyst Screening

Combinatorial NP arrays integrated on a single substrate could become a promising
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platform for high-efficiency catalyst screening. Building on the broad synthetic capabilities of
SPBCL, in Chapter Five, we have combined SPBCL with large-area cantilever-free scanning
probe techniques to scale up the synthesis of polyelemental NPs over centimeter-scale regions. It
is found that polymer pen lithography can afford the ability to synthesize a sufficiently large
number of NPs to enable the study of catalytic reduction of 4-nitrophenol. In addition, using tilted
polymer pen lithography patterning, we have made arrays of AuPd NPs with varying size
continuously across a centimeter-scale. Such arrays are employed to explore the size-dependent
activity of AuPd NPs, which shows the potential of SPBCL for combinatorial catalyst screening.
While the size gradient of NPs only accounts for one dimension of variables in the NP array, future
study can be focused on finding more effective strategies in constructing NP arrays with several
dimensions of variables (e.g., composition, size, phase, and architecture), as well as establishing
high-throughput ways for characterizing the properties of NPs on substrates.

6.5 Summary

The ultimate goal of SPBCL is to revolutionize the methodology of studying polyelemental
NPs for target applications. It is anticipated that with the unparalleled synthetic capabilities of
SPBCL established in this work, future study can continue along the direction toward high-
efficiency combinatorial screening of polyelemental nanomaterials. While the goal may seem
ambitious, the accomplishments demonstrated in this work have indicated its feasibility. With
appropriate effort and innovation, following research will undoubtedly hold promise for
discovering polyelemental nanomaterials that increase the sustainability and efficiency of
chemical processes, as well as for finding materials that have potential to impact plasmonic,

photonic, electronic, magnetic fields.
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