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Abstract

Recent developments in scanning probe block copolymer lithography (SPBCL) enable the 

confinement of multiple metal precursors in a polymer nanoreactor and their subsequent 

transformation into a single multimetallic heterostructured nanoparticle through thermal 

annealing. However, the process by which multimetallic nanoparticles form in SPBCL-patterned 

nanoreactors remains unclear. Here, we utilize the combination of PEO-b-P2VP and Au, Ag, and 

Cu salts as a model three-component system to investigate this process. The data suggest that the 

formation of single-component Au, Ag, or Cu nanoparticles within polymer nanoreactors consists 

of two stages: I) nucleation, growth, and coarsening of the particles to yield a single particle in 

each reactor; II) the particle continues to grow by depleting the remaining precursor in the reactor 

until it reaches a stable size. Also, different aggregation rates are observed for single-component 

particle formation (Au>Ag>Cu). This behavior is also observed for two-component systems, 

where nucleation sites have greater Au contents than the other metals. This observation can be 

used to trap nanoparticles with kinetic structures. High temperature treatment ultimately facilitates 

the structural evolution of the kinetic particle into a particle with a fixed structure. Therefore, with 

multicomponent systems, a third stage that involves elemental redistribution within the particle 

must be used to describe the synthetic process. Thus, this work not only provides a glimpse at the 

mechanism underlying multicomponent nanoparticle formation in SPBCL-generated nanoreactors 

but also illustrates, for the first time, the utility of SPBCL as a platform for controlling the 

architectural evolution of multimetallic nanoparticles in general.
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INTRODUCTION

Multimetallic heterostructured nanoparticles that contain well-defined interfaces between 

inorganic domains have recently attracted extensive interest due to their utility in catalysis,
1,2 plasmonics,3,4 magnetics,5 and electronics.6 The chemical, electronic, and magnetic 

interactions that occur across the interfaces inside heterostructured nanoparticles can be 

engineered by changing the structure and elemental distribution of each inorganic domain; 

this allows the chemical and physical properties of nanoparticles to be finely tuned.2–4,7–9 To 

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.10–17 However, 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.10,18 Consequently, there is a need to develop a fundamental 

understanding of the growth pathways for multimetallic nanoparticles.19–27 In this regard, 

these studies are usually performed either in an in-situ manner utilizing TEM19–23 or X-ray 

scattering techniques4,24 with liquid cells, or in an ex-situ manner by characterizing the 

particles in the reaction solution at different time points.25–27 In addition to informing 

synthetic protocols, mechanistic understanding provides ways of trapping reactive 

intermediate nanostructures, which can be useful in their own right.21,25,26–28

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 

multimetallic nanoparticles in terms of size and composition.29–34 This method takes the 

advantage of polymer nanoreactors to confine metal precursors at the nanoscale.29,35,36 Each 

nanoreactor, when thermally treated, yields an individual nanoparticle with a composition 

that mirrors the stoichiometry defined by the precursors. The method has been utilized to 

construct a combinatorial library of multimetallic nanoparticles 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.32 Since multimetallic nanoparticles 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 nanoparticle 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.

Herein, we report an in-depth study on how AuAgCu nanoparticles are formed in polymer 

nanoreactors. AuAgCu nanoparticles were chosen as a model system because both miscible 
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(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 useful in their own 

right.

RESULTS AND DISCUSSION

To investigate the nucleation and growth of metal precursors in polymers, we initially 

studied the simplest structures, i.e. polymer features that contain only HAuCl4. 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 nanoparticle nuclei in the 

polymer reactor.30,37 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 1A and 1B, reactor diameters ~1.5 μm, annealed at 100 °C). In the 

first stage (< 45 min), many Au particles form in a single polymer nanoreactor with the 

maximum average number appearing after an annealing time of ~15 min (Figure 1C). Next, 

the coarsening (ripening and coalescence) of the particles becomes 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 1C). At the end of Stage I (~ 45 min, 

Figure 1C), only one nanoparticle 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 S1). During Stage I, the average particle diameter slowly increases 

until it reaches 46 nm due to the growth and coarsening processes (Figure 1D). In Stage II 

(45 min-360 min), individual particles in each reactor (Figure 1C) continue to grow by 

depleting the remaining Au in the polymer reactor, and ultimately reaching a final size of 

about 75 nm after 6 h (Figure 1D). This two-stage growth phenomenon was also observed 

for Au particles formed in smaller reactors (e.g. 550 and 800 nm; Figure 1C, 1D, and S2–

S4). Impurity salt particles (NaCl/KCl) were observed in some polymer reactors (Figure 1B 

and S5A), 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 S5B). 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 S6, 

annealing the polymer feature at 150 °C led to a faster aggregation of Au, which requires 

only 0.5 h to generate nanoparticles that have the same size (75 nm) as those formed in 

polymer features annealed at 100°C for 6 h.
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To evaluate the generality of the aggregation processes, we next investigated polymer 

features that contain AgNO3 or Cu(NO3)2. Unlike Au, which precipitates directly in the 

form of Au nanoparticles, Ag initially aggregates by forming a mixture of Ag and AgCl 

particles (annealed at 120 °C for 0.5 h, Figure S7 and S8). This is likely due to the presence 

of Cl− ions in the reactor that come from the starting polymer matrix. After being annealed 

at 120 °C for 2 h, all AgCl particles were completely transformed into Ag particles through 

either thermal decomposition or reduction by PEO,30 resulting in multiple Ag nanoparticles 

in each reactor. In general, Ag aggregates more slowly than Au when being annealed under 

identical conditions (Figure S7). 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 AuCl4−/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 S9, 

particles that contain Cu are only 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 CuII species such as CuO, a decomposition product from thermally annealing the 

Cu(NO3)2 precursor;38 the oxidation state of Cu at this stage was confirmed by XPS (Figure 

S9G). The slower nucleation of CuII species can be attributed to the higher thermal stability 

of the Cu precursor (CuNO3), which decomposes at temperature above 180 °C.38 In 

contrast, Au3+ and Ag+ are reduced to the metallic state by PEO at 120 °C for nucleation 

(Figure S7). 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 2). 

At this temperature, the Au and Ag salts are reduced quickly and form nanoparticles (Figure 

2D and 2E). Interestingly, while Au undergoes Stage I and II processes in 1 h and forms a 

single particle per reactor, Ag takes 2 h to finish Stage I and it is not until after 16 h of 

annealing that Ag reaches the end of Stage II (Figure 1A and S10). By contrast, Cu requires 

8 h of annealing to finish Stage I, and it is not until 48 h that Stage II is completed (Figure 

S10 and S11). The slower aggregation of the CuII species is presumably due to the higher 

binding strength between CuII and the substrate (Si3N4 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 Cl signals are not observed in the EDS spectra of the initially nucleated 

particles (Figure S12). 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.

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 (HAuCl4/AgNO3; reduced metals are 

miscible), Au, Ag, and AgCl particles initially form and are observable at early time points 

within the polymer reactors (after being annealed at 120 °C for 30 min, Figure S13). 

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). 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 EDS 
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elemental mapping images of the particles (Figure 3A and 3B). The inhomogeneous 

structure is caused by the coalescence of the Au and Ag particles early in the particle 

formation process. 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 HAuCl4 are heated at 120 °C for 2 h 

(identical conditions used for the binary system), single well-formed Au nanoparticles form 

(Figure 3A). When one compares the three types of reactors at the same time point (Figures 

3A), 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 3B and S13). 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 an 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 3C), 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 3D, here 

an Au@Ag particle is shown). To further explore the temperature-induced structural 

evolution of the particle, the polymer reactor shown in Figure 3D 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 3D). As such, high 

temperature and short annealing times exhibit higher efficacy than low temperature and long 

annealing periods in facilitating the structural evolution of SPBCL nanoparticles into 

thermodynamic structures. The entire aggregation process of Au/Ag is summarized in Figure 

3E. 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 S14 and S15), 

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 4A). Either longer annealing times (18 h, 

Figure S15) or higher annealing temperatures (240–260 °C, Figure 4B–4E) 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 4F). 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 CuII species in 

reactors containing only Cu(NO3)2. HR-TEM characterization of the nucleated particles 

corroborates the formation of AuCu alloy particles in AuCu reactors (Figure 4G). Another 

distinct difference between the pure Cu and AuCu alloy system is the faster precipitation of 
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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 4A), while for the pure 

Cu system, a higher annealing temperature (240 °C) and a longer annealing time (48 h) are 

required (Figure 2). Clearly, Au facilitates the reduction and aggregation of Cu. It has been 

reported that the free electron cloud on the surface of noble metal nanoparticles (e.g. Au) 

can induce the reduction of non-noble metal ions (e.g. Co2+, Cu2+) that are adsorbed on 

particle surface, i.e., the noble-metal-induced reduction (NMIR) process.39,40 In AuCu 

polymer reactors, the CuII species presumably adsorbed on the primarily nucleated Au 

nanoparticles 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.

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).32 To get a glimpse at how this process works, we initially annealed polymer reactors 

containing AgNO3 and Cu(NO3)2 at 160 °C for 4 h, the conditions that yielded the AuCu 

particles in the aforementioned experiment (Figure 4A). As evidenced by ADF-STEM 

images and EDS measurements, only Ag nanoparticles were observed in the reactors 

(Figures 5A and 5B). Continuous annealing at 160 °C for 18 h results in heterogeneous 

nucleation or attachment of CuII clusters onto the Ag cores, as observed by EDS elemental 

mapping of the particles (Figure 5D). The precipitating sequence of Ag followed by Cu is 

consistent with the monometallic cases (Figure 2) because Ag cannot alloy with Cu. XPS 

characterization validates that Ag cannot facilitate the reduction of CuII into metallic Cu. 

The clusters formed around the Ag core particle are composed of CuII species (Figure 5C). 

Thermal treatment at a higher temperature (260 °C) is effective in triggering the coarsening 

(ripening and coalescence) of the CuII clusters on the surface of the Ag core particle (Figure 

5E and 5F). This intraparticle coarsening process decreases the total surface energy of the 

CuII domains as multiple small CuII clusters are transformed into a single large CuII cluster 

on the particle. The resulting Ag-CuII heterodimers can be further transformed into Ag-Cu 

heterodimers upon subsequent thermal annealing at 500 °C under H2 (Figure 5G, 5H, and 

S16). Similar intraparticle coalescence phenomena have been reported in the solution phase 

synthesis of heterostructured nanoparticles.41–43 It 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 S15 and S17).

The synthesis of multimetallic nanoparticles 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 

nanoparticle composition is mainly determined by the nanoreactor composition due to the 

forced aggregation of the metals in the reactor to yield an individual particle.31,32 This 

advantage is particularly useful when studying the formation of trimetallic nanoparticles 

with target compositions. For example, to reveal the formation mechanism of AuAgCu 

trimetallic nanoparticles, we annealed polymer reactors containing equal amounts of 
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HAuCl4, AgNO3, and Cu(NO3)2 at 260 °C for 0.5h. 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 S18). The formation of AuAg primary 

particles is due to the faster aggregation of Au and Ag than Cu (Figure 2). 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), CuII 

clusters are observed on the fringe of the primary particle through heterogeneous nucleation 

or attachment of CuII clusters onto the primary particle (Figure 6A, S19, and S20). After 

that, the CuII clusters were reduced and diffuse into the AuAg particle to form a metastable 

AuAgCu particle, which contains discrete AuAg grains and AuCu grains, as indicated by 

EDS measurements (Figure 6B, 6C, and S21). The AuAg grains and AuCu grains are mobile 

when annealed at 260 °C (Figure 6B–6D and S22), which tend to segregate into a single 

AuAg domain and a single AuCu domain. Ultimately, when the reactor is annealed at 500 

°C under H2, the polymer is decomposed and the phase segregation between AuAg and 

AuCu is completed, generating an AuAgCu heterodimer with one domain being an AuAg 

alloy and the other one being an AuCu alloy (Figure 6D).

CONCLUSIONS

In summary, the formation processes for multimetallic nanoparticles within PEO-b-P2VP 

polymer nanoreactors were studied with Au, Ag, and Cu salts as model systems. The ability 

to confine multiple precursors to one reactor and follow the transformation of such 

precursors into a single particle sets this work apart from previous attempts to understand 

alloy and phase-segregation in nanoparticle structures.32 Moreover, this research contributes 

to our understanding of nanoparticle formation in two important ways. First, it provides 

insight into the kinetics of nanoparticle 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 nanoparticle 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 nanoparticles, for example, in 

catalysis, magnetics, plasmonics, and electronics. As this field continues to move towards 

combinatorial nanoscience,32 this study illustrates that thermal treatment conditions, in 

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

EXPERIMENTAL SECTION

Chemicals.

Poly(ethylene oxide)-b-poly(2-vinyl pyridine) (PEO-b-P2VP, Mn = 2.8-b-1.5 kg/mol, 

polydispersity index = 1.11) was purchased from Polymer Source, Inc. and used as received. 

Metal compounds, HAuCl4·3H2O, AgNO3, and Cu(NO3)2·xH2O 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 

Chen et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2021 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



purchased from Sigma-Aldrich. TEM grids with silicon nitride support films (Si3N4 film 

thickness = 15 or 50 nm) were purchased from Ted Pella, Inc.

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 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 HNO3. The ink solution was stirred for 24 h at room 

temperature prior to use.

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 nanoparticles, the TEM grids 

were put into a tube furnace and thermally annealed with programmed conditions.

Characterization.

Scanning transmission electron microscopy (STEM) characterization of nanoparticles 

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 nanoparticles is around 1 nm. Nanoparticle composition was studied using the equipped 

dual EDS detectors (Thermo Scientific) on the HD-2300 STEM with a 200 kV acceleration 

voltage. The Lα peaks of Au and Ag, and the Kα peaks of 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 dimensions of 256×192 and pixel dwell time of 203 μs. Thermo Scientific 

NSS software was used for EDS data processing. High-resolution TEM (HR-TEM) images 

were taken on a JEOL 3200FS transmission electron microscope at an acceleration voltage 

of 300 kV with nanoparticles prepared on TEM grids with 15 nm Si3N4 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 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 I and II in (C) and (D) applies to the polymer features with 

diameters of 1500 nm.
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Figure 2. 
Comparison of the aggregation rates during the formation of different monometallic 

nanoparticles. (A-C) ADF-STEM images showing the aggregation of Au, Ag, or CuII 

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. 
Formation of AuAg nanoparticles in polymer nanoreactors. (A) ADF-STEM images of 

representative polymer features that contain either equal amounts of HAuCl4 and AgNO3, 

only HAuCl4, or only AgNO3 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, HAuCl4 

and AgNO3, annealed at 160 °C for 4h. (D) ADF-STEM images and EDS elemental maps of 

the AuAg particle (51% Au, 49% Ag, 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.
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Figure 4. 
Formation of AuCu nanoparticles in polymer nanoreactors. (A-E) ADF-STEM images and 

EDS elemental maps of an 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 H2 

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) HR-TEM image of an AuCu 

nanoparticle in a polymer feature that is formed by being annealed at 260 °C for 18h. The 

observed lattice spacing is 1.99 Å (extracted from fast Fourier transform), which closely 

matches the AuCu alloy (200) plane.
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Figure 5. 
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, AgNO3 and 

Cu(NO3)2. 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 an 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 H2 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 6. 
Formation of AuAgCu nanoparticles in polymer nanoreactors. (A-D) ADF-STEM images 

and EDS elemental maps of an 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, HAuCl4, AgNO3, and Cu(NO3)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 H2 for 12 h. Scale bars: 20 nm.
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