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ABSTRACT: Multicomponent heteronanostructures have emerged as a class of
structurally and compositionally tunable multifunctional nanomaterials whose electronic,
optical, and catalytic properties can be fine-engineered for targeted applications.
Heteronanostructures composed of Au and copper chalcogenide domains represent a
unique hybrid material system that integrates two distinct types of plasmon resonances
arising from the conduction electrons and valence holes, respectively, in a single nanoscale
entity. Success in fine-tuning the optical properties of these dual-plasmonic
heteronanostructures relies critically on our capabilities to precisely tailor not only the
structural arrangements but also the crystalline phases of the constituent domains. Here,
we report a robust and versatile colloidal synthetic approach that allows us to selectively
access a series of Au@copper chalcogenide heteronanostructures with tailored intraparticle
architectures, tunable domain sizes, and targeted crystalline phases through chemically
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triggered phase segregation of Au—Cu bimetallic alloy and intermetallic nanoparticles. Under our reaction conditions, the chalcogen
precursor concentration and the reaction temperature serve as two fine-adjustable synthetic knobs that enable us to deliberately
control the crystalline phases of the copper chalcogenide domains, while the relative domain dimensions in the heteronanostructures
can be precisely preprogrammed by tuning the Cu/Au stoichiometries of the parental bimetallic nanoparticles. Both the Cu/Au
stoichiometries and atomic ordering in the bimetallic nanoparticles are found to be key structural factors that kinetically maneuver
the phase segregation process and thereby profoundly influence the structure-transforming behaviors of the nanoparticles.

B INTRODUCTION

The past 2 decades have witnessed tremendous interest in
multicomponent hybrid heteronanostructures with increasin%
architectural complexity and compositional diversity.'~

Integration of structurally dissimilar and functionally divergent
building blocks in a single hybrid nanoscale entity creates
interface-rich, multifunctional nanomaterial systems whose
collective electronic, optical, and catalytic properties can be
deliberately fine-tuned to match the need for targeted
applications. Au and copper chalcogenides (denoted as Cu,E,
where 1 <x <2and E =S, Se, or Te) constitute a particularly
interesting combination of metal and semiconductor materials
for constructing hybrid heteronanostructures with unique dual-
plasmonic characteristics.”'® Both Au and Cu,E nanoparticles
(NPs) exhibit intriguing plasmon-dominated optical properties
that can be systematically tuned over broad spectral ranges by
tailoring the particle sizes and shapes.'” ™' The plasmonic
characteristics of nanoparticulate Au and Cu,E, however, differ
substantially in several key aspects. First, the plasmon
resonances supported by Au and CuE NPs originate from
the collective oscillations of two different types of free charge
carriers, conduction electrons in Au and valence holes in Cu,E,
respectively.”' ~** Second, in NPs with comparable dimensions,
the Cu,E plasmons are typically resonant at significantly longer
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wavelengths than the Au plasmons because of intrinsically
lower concentrations of free carriers in Cu,E than in Au.>'™%°
Third, while the concentration of free electrons in Au is
essentially fixed, the free hole concentrations in CuE are
structure- and composition-dependent, enabling us to tune the
resonance frequencies of CuE plasmons by varying the
crystalline phases and Cu/E stoichiometric ratios.”*™>7"3073¢
Combining Au and Cu,E domains in a hybrid heteronanos-
tructure allows us to fine-tune the frequencies of two types of
plasmon resonances, either simultaneously or independently,
over distinct spectral ranges. When functioning as plasmonic
photocatalysts and photothermal transducers, Au@Cu.E
heteronanostructures may remarkably outperform their sin-
gle-component Au and Cu,E counterparts, benefiting from the
synergy between the plasmonic electron and hole oscilla-
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Figure 1. PXRD patterns and TEM images of (A) Au—Cu alloy NPs, (B) Au@Cu,4S, (C) Au@CuS, (D) Au@Cu,sSe, and (E) Au@CuSe
heteronanostructures. The PXRD patterns are shown in the first row. The standard diffraction patterns of Au (JCPDS 04-0784), Cu (JCPDS 04-
0836), Cu, S (digenite, JCPDS 24-61), CuS (covellite, JCPDS 6-464), Cu, ¢Se (berzelianite, JCPDS 6-680), and CuSe (klockmannite, JCPDS 6-
427) are also shown as the references for comparison. TEM images of the heteronanostructures derived from Alloy-i, Alloy-ii, and Alloy-iii NPs are
shown in the second, third, and fourth rows, respectively. All TEM images share the same scale bar.
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Deliberately designed colloidal syntheses mediated by seeds
or templates provide us with access to a library of Au@Cu,E
heteronanostructures with architecturally distinct configura-
tions, such as core—shell, !>~ !517:39=4 yolk—shell,“’43 and
heterodimer NPs.'”'"'®***5 Dye to the intrinsic structural
dissimilarity and large lattice mismatches between Au and
Cu,E, it remains challenging to directly deposit Cu,E on the
surfaces of Au seeds to form well-defined heteronanostruc-
tures. Therefore, success in seed-mediated synthesis relies
critically on surface-capping molecular ligands, which form an
interfacial bridging layer facilitating the growth of Cu,E on Au
surfaces,' /!> 151739741 Au@Cu,E heteronanostructures can
also be derived from preformed templates composed of
synthetically more tractable heteronanostructures, such as
Au@Ag,"” Au@Se,” and Au@CdSe core—shell NPs,'* through
multistep chemical conversions involving combination reac-
tions and/or ion-exchange processes. An alternative synthetic
approach of particular interest involves the use of Au—Cu alloy
NPs as the starting materials, which undergo chemically
triggered phase segregation to form colloidal Au@Cu,E
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heteronanostructures.”**> Compared to the seed- and

template-mediated methods, this synthetic strategy has several
unique advantages: (1) the Au/Cu stoichiometries of the
heteronanostructures are preprogrammed in the parental alloy
NPs; (2) upon phase segregation of the alloy NPs, Au and
Cu,E domains remain adjoined without the need to judiciously
engineer the surface chemistry of the NPs; (3) the alloy-to-
heterostructure transformations can be accomplished through
a straightforward one-pot process without involving tedious,
multistep synthetic procedures. The feasibility of this phase
segregation-based approach was first demonstrated by Schaak
and co-workers,** who synthesized Au@Cu,S heterodimers by
reacting colloidal AuCu alloy NPs (Au/Cu atomic ratio = 1:1)
with elemental sulfur under aerobic thermal conditions. Jiang
and co-workers* also demonstrated that Au@Cu,S hetero-
dimers could be derived from AuCu alloy NPs using 1-
dodecanethiol as both the sulfur source and a complexing
agent. The versatility, universality, and potential of this
synthetic approach, however, are far from having been fully
realized, with many fundamentally intriguing aspects still
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remaining open to further investigations. Au and Cu are highly
miscible, forming alloys over a wide Au/Cu stoichiometric
range.*”*" Au—Cu alloy NPs may exhibit intriguing
composition-dependent transforming behaviors because the
atomic mobilities are highly sensitive to the Au/Cu
stoichiometries in the alloy matrices.** ™" In addition, Au—
Cu bimetallic NPs may form atomically ordered intermetallic
phases,**>' ™ whose dealloying and phase-segregating behav-
iors differ remarkably from those of their alloy counterparts.*®
Furthermore, Cu,E compounds have numerous polymorphic
crystalline phases covering a broad range of Cu/chalcogen
stoichiometries.”* How to selectively control the crystalline
phases of the Cu,E domains in the Au@Cu,E heteronanos-
tructures remains unexplored.

In this work, we transform atomically intermixed Au—Cu
bimetallic NPs into dual-plasmonic Au@Cu,E heteronanos-
tructures through chalcogenization-driven phase segregation in
a polyol solvent. By deliberately adjusting the chalcogen
precursor concentrations and the reaction temperatures, we
have been able to selectively control the crystalline phases of
the Cu,E domains in the heteronanostructures. For each
targeted Cu, E phase, we have pinpointed the optimal synthetic
conditions under which the Au and Cu atoms are fully
segregated in the heteronanostructures while keeping the Au
and Cu,E domains in direct contact with each other. We
further demonstrate that both the Au/Cu stoichiometries and
atomic ordering of the parental bimetallic NPs profoundly
impact the transformation kinetics and thereby dictate the
morphological evolution of the NPs during the chalcogeniza-
tion-driven phase segregation.

B EXPERIMENTAL SECTION

Au—Cu alloy NPs were synthesized following a previously reported
protocol,™ in which colloidal Au@Cu,O core—shell NPs were
suspended in tetraethylene glycol (TEG) and maintained at a reaction
temperature of 300 °C using an oil bath for 30 min. Colloidal alloy
NPs with Cu/Au atomic ratios of 3:1 and 1:1 further evolved into
AuCu; L1, and AuCu L1, intermetallic NPs, respectively, after they
were maintained at 300 °C in TEG for 4 h. The resulting alloy and
intermetallic NPs were collected through three cycles of centrifuga-
tion—redispersion and finally redispersed in ethanol for storage. The
synthetic protocols for the alloy and intermetallic NPs are described
in detail in the Supporting Information.

Au@Cu,E (x = 1.8 or 1; E = S or Se) heteronanostructures were
synthesized by reacting the Au—Cu alloy NPs with a certain amount
of chalcogen precursors in S mL of TEG containing 0.02 g of
polyvinylpyrrolidone at an appropriate reaction temperature for 15
min. The reactant mixtures were quickly cooled in an ice bath, and the
resulting Au@Cu,E NPs were collected through three cycles of
centrifugation and redispersion in ethanol and finally suspended in
ethanol as colloidal NPs for storage. As discussed in greater detail later
in this paper, a series of control samples were also synthesized using
either the alloy or the intermetallic NPs as the parental nanostructures
under various reaction conditions.

The structures, compositions, optical properties, and electro-
chemical behaviors of the as-synthesized NPs were characterized
using transmission electron microscopy (TEM), scanning electron
microscopy (SEM), energy-dispersive spectroscopy (EDS), powder
X-ray diffraction (PXRD), UV-—visible—near-infrared extinction
spectroscopy, and linear sweep voltammetry (LSV). More detailed
description of the nanostructure characterizations is presented in the
Supporting Information.
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B RESULTS AND DISCUSSION

Au—Cu alloy NPs were derived from Au@Cu,O core—shell
NPs through a polyol-assisted reduction—alloying process as
detailed in a previously published paper.”® We used Au NPs
with an average diameter of ~52 nm (Figure Sl in the
Supporting Information) as the cores to mediate the growth of
Cu,O shells with controlled thicknesses following a previously
reported synthetic protocol.” Colloidal Au@Cu,O core—shell
NPs were then converted into Au—Cu alloy NPs at 300 °C in
TEG, a polyol solvent with intrinsic reducing capabil-
ities."***>” The Au/Cu compositional stoichiometries of the
alloy NPs could be finely tuned over a broad range by simply
varying the Cu,O shell thicknesses in the parental Au@Cu,O
core—shell NPs. Here, we focused on alloy NPs in three
distinct Au/Cu stoichiometric regimes, specifically an Au-rich
alloy at an Au/Cu ratio around 4:1 (labeled as Alloy-i), an
alloy with equimolar Au and Cu (labeled as Alloy-ii), and a
Cu-rich alloy at an Au/Cu ratio around 1:3 (labeled as Alloy-
iii). The Au and Cu atoms were fully intermixed to form face-
centered cubic (fcc) solid solutions without any phase-
segregated monometallic Au or Cu domains detectable by
PXRD (Figure 1A). As an increasing amount of Cu was alloyed
with Au, the alloy NPs became larger in size, while their quasi-
spherical morphology was well-preserved (see TEM images in
Figure 1A and size distributions in Figure S2 in the Supporting
Information). The Cu/Au atomic ratios quantified by EDS
were in excellent agreement with those calculated based on the
PXRD peak positions using the Vegard’s law™® (Figure S3 in
the Supporting Information).

Colloidal Au—Cu alloy NPs were transformed into Au@
Cu,E heteronanostructures through chalcogenization-driven
phase segregation in a polyol solvent, TEG in our case, at
appropriate reaction temperatures below the boiling point of
the solvent. We chose thioacetamide (TAA) and selenourea
(SU) as the sulfur and selenium precursors, respectively, which
effectively triggered the separation of Au and Cu atoms into
two distinct domains in the heteronanostructures and
selectively chalcogenized the Cu atoms into targeted crystalline
phases of Cu,E ranging from the Cu-deficient covellite (CuS)
and klockmannite (CuSe) to the Cu-rich digenite (Cu, S) and
berzelianite (Cu, 4Se), all of which were plasmonically active.
Figure 1B—E show the PXRD patterns and TEM images of a
series of Au@Cu,E heteronanostructures synthesized under
optimized reaction conditions, which were labeled as Au@
Cu,E-N. Here, x 1.8 (digenite and berzelianite) or 1
(covellite and klockmannite), E = S or Se, and N = i, ii, or iii
(the Roman number, N, in the label of a heteronanostructure
sample followed the label of its parental alloy NPs). The
detailed reaction conditions under which these heteronanos-
tructure samples were synthesized are listed in Table 1. The Au
domains appeared darker than the Cu,E domains in the TEM
images, exhibiting clearly defined Au/Cu,E interfaces in each
particle. The Au and Cu atoms were fully separated into
segregated but still adjoined domains without any residual
alloys detectable by PXRD. We quantified the compositional
stoichiometries of Au, Cu, and E using EDS (Figures S4—S6 in
the Supporting Information) and further mapped out the
spatial distributions of the Au, Cu, and E elements through
correlated SEM—EDS measurements (Figures S7 and S8 in the
Supporting Information). The Au/Cu atomic ratios remained
essentially unchanged after the alloy NPs were converted into
the Au-Cu,E heteronanostructures, and the Cu/E stoichio-

https://doi.org/10.1021/acs.chemmater.1c04451
Chem. Mater. 2022, 34, 1965—1975


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04451/suppl_file/cm1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04451/suppl_file/cm1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04451/suppl_file/cm1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04451/suppl_file/cm1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04451/suppl_file/cm1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04451/suppl_file/cm1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04451/suppl_file/cm1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04451/suppl_file/cm1c04451_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Table 1. Detailed Experimental Parameters for the Synthesis

of Various Au@Cu,E Heteronanostructure Samples

nut-shaped heterodimer configurations (Figure 1B,D). As the
Cu/Au atomic ratios in the parental alloy NPs increased, the
Cu, gE domains became larger in size, while the sizes of the Au
domains remained essentially unchanged. The CuS and CuSe
domains in the heteronanostructures, however, exhibited a

Au@Cu, ¢S Alloy-i 20 mM distinct plate-like morphology, as shown by both TEM (Figure
Au@CuLSS-ii Alloy-ii TAA 10 mM 280 °C 1C,E) and SEM images (Figure S10 in the Supporting
Au@Cu, ¢S-iti  Alloy-iii 6.0 mM .Inform.ation). As the parental alloy NPs became more Cu-rich,
Au@CuS- Alloy-i 45 mM increasing numbers of Cus nanoplates Aemergeﬁ:l on thg surfaces
Au@CuSi  Alloy-ii T 36 mM 220 °C of Au, e\.IentualIy forming a ‘multlcrystalhne splky. shell
encapsulating each Au core (Figures 1C and S11A in the
Au@CuS-m. Alloy-1¥1 30 mM Supporting Information). In contrast, the CuSe domains in the
Lu@iCghe | Al U0 il Au@CuSe heteronanostructures preferentially underwent a
Au@Cu gSe-ii - Alloy-ii SU 0.60 mM 240°C two-dimensional (2D) lateral growth process to form larger
Au@Cu, gSe-iii - Alloy-iii 0.30 mM nanosheets as the Cu percentage in the parental alloy NPs
Au@CuSe-i  Alloy-i 1.4 mM increased (Figures 1E and S11B in the Supporting
Au@CuSe-ii  Alloy-ii SU 1.2 mM 200 °C Information). Unlike the Cu-rich digenite and berzelianite
Au@CuSe-iii ~ Alloy-iii 0.90 mM with fcc structures, the Cu-deficient covellite and klockmannite

metric ratios quantified by EDS were fully consistent with the
expected values of the crystalline phases of Cu,E assigned
based on the PXRD results (Figure S9 in the Supporting
Information).

Several interesting trends were clearly observed when
comparing the detailed particle morphologies (Figure 1B—E)
and the optimal synthetic conditions for various targeted Cu,E
phases (Table 1). First, the relative domain sizes of Cu,E
versus Au in the heteronanostructures were directly correlated
to the Cu/Au stoichiometries of the alloy NPs. Both the Au@
Cu, S and Au@Cu,¢Se heteronanostructures exhibited pea-

exhibited interesting lamellar structures in their crystalline
lattices™ ™ (Figure S12 in the Supporting Information). Such
intrinsic structural anisotropy served as the primary driving
force for the formation of the quasi-2D Cu,E morphologies in
the Au@CuS and Au@CuSe heteronanostructures. Second,
the chalcogenization-driven phase segregation involved the
diffusion of Au and Cu atoms across the alloy matrices. For
each specific CuE phase, higher chalcogen precursor
concentrations were needed to kinetically boost the phase
segregation when the alloy NPs became more Au-rich (Table
1) because the atomic mobility was inversely correlated with
the Au/Cu stoichiometry of the alloy NPs. After reacting with
5.0 mM TAA in TEG at 280 °C for 15 min, the Au and Cu
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Figure 2. Optical extinction spectra of (A) Au—Cu alloy NPs, (B) Au@Cu,sS, (C) Au@CuS, (D) Au@Cu,4Se, and (E) Au@CuSe
heteronanostructures. The extinction spectra were collected from colloidal NPs suspended in ethanol at room temperature. The extinctions at the
Au plasmon resonance wavelengths in the visible region were normalized to 1 for all spectra. The extinction spectrum of Au NPs (52.3 + 5.6 nm in
diameter) is shown as the gray dashed curve in each panel.
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Figure 3. (A) Reaction temperatures and TAA concentrations at which various heteronanostructures were synthesized. In this set of experiments,
Alloy-iii NPs served as the parental NPs for the sulfidation-induced phase segregation. The reaction temperatures and TAA concentrations utilized
in the standard synthetic protocols for Au@Cu, gS-iii and Au@CuS-iii NPs are labeled with the blue and red stars, respectively. The reaction
temperatures and TAA concentrations at which various control samples (denoted as CS-1, CS-2, CS-3, and CS-4) were synthesized are labeled as
closed circles. The temperature and concentration ranges for producing heteronanostructures composed of different phases are highlighted
schematically using different colors (see details in the legend labels underneath the plots). PXRD patterns of (B) CS-1, (D) CS-2, (F) CS-3, and
(H) CS-4. The standard PXRD patterns of Au, Cu, Cu, ¢S, and CusS are also shown as the references for comparison. TEM images of (C) CS-1, (E)

CS-2, (G) CS-3, and (I) CS-4.

atoms in the Cu-rich Alloy-iii NPs were fully segregated,
whereas the Au-rich Alloy-i NPs remained essentially
unreactive and partial phase segregation was observed in
Alloy-ii NPs (Figure S13 in the Supporting Information). We
also used LSV to measure the electrochemical critical
potentials for the percolation dealloying of the alloy
NPs,"*73%%% which positively shifted due to decreased atomic
mobilities in the alloy matrices when the alloy NPs became
more Au-rich (Figure S14 in the Supporting Information). In
our synthetic protocols, we optimized both the reaction
temperatures and the chalcogen precursor concentrations for
each pair of parental alloy NPs and targeted Cu,E phases such
that the NP transformations occurred rapidly to form fully
segregated Au and CuE domains typically within a few
minutes (Figures S15 and S16 in the Supporting Information).
Alloy NPs with an even higher Cu/Au atomic ratio of ~7
(denoted as Alloy-iv) exhibited even higher atomic mobilities
than Alloy-iii NPs (Figure S17 in the Supporting Information).
In this case, the particle morphologies became non-uniform
and the Cu,E domains started to fall apart from the Au
domains after the chalcogenization-driven phase segregation
(Figure S18 in the Supporting Information). To keep the Au
and Cu,E domains adjoined, the nucleation of Cu,E needed to
be spatially confined at the NP/solution interfaces, which
could be accomplished when the diffusion of Cu atoms across
the alloy matrices was slower than the chalcogenization
reactions. However, if Cu diffusion became even faster than
chalcogenization, some Cu atoms were leached out from the
alloy NPs, allowing the nucleation of Cu,E to occur in the
solution phase as well. As a consequence, self-nucleated Cu,E
nanocrystals emerged in the final products. Third, it required
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higher reaction temperatures to fully chalcogenize Cu into the
Cu, 4E phases than for the CuE phases within a fixed reaction
time of 1S min (Table 1). TEG was a polyol solvent whose
reducing capability increased with the reaction temper-
ature.****” Therefore, when the NPs were suspended in
TEG, a more strongly reducing reaction environment was
created at higher temperatures, which selectively favored the
formation of the Cu-rich Cu,gE phases compared to the Cu-
deficient CuE phases.

The as-synthesized colloidal Au@Cu,E heteronanostruc-
tures exhibited well-resolved dual-plasmonic spectral features
in the visible and near-infrared regions. Figure 2 shows the
optical extinction spectra collected from colloidal alloy NPs
and Au@Cu,E heteronanostructures suspended in ethanol in
the wavelength range from 300 nm up to 1400 nm (limited by
the strong absorption of ethanol at wavelengths longer than
~1450 nm). The optical extinctions at the Au plasmon
resonance wavelengths were normalized to 1 for all the
measured colloidal samples to highlight the spectral shifts of
the Au plasmons and compare the relative intensities of the
plasmon resonance peaks of the metallic versus Cu,E domains
in the heteronanostructures. Au NPs exhibited a well-defined
extinction peak centered at 530 nm, which was a spectral
feature associated with the dipolar Au plasmons. The
extinction peaks of the colloidal alloy NPs progressively red-
shifted by several tens of nanometers in wavelength,
accompanied by significant broadening of the peak widths, as
the alloy NPs became larger in size and more Cu-rich in
composition (Figure 2A). When the alloy NPs were converted
into Au@Cu,E heteronanostructures, a broad plasmon
resonance band emerged in the near-infrared region (Figure
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Figure 4. (A) Reaction temperatures and SU concentrations at which various heteronanostructures were synthesized. In this set of experiments,
Alloy-iii NPs served as the parental NPs for the selenidation-induced phase segregation. The reaction temperatures and SU concentrations utilized
in the standard synthetic protocols for Au@Cu, gSe-iii and Au@CuSe-iii NPs are labeled with the blue and red stars, respectively. The reaction
temperatures and SU concentrations at which various control samples (denoted as CS-S, CS-6, CS-7, and CS-8) were synthesized are labeled as
closed circles. The temperature and concentration ranges for producing heteronanostructures composed of different phases are highlighted
schematically using different colors (see details in the legend labels underneath the plots). PXRD patterns of (B) CS-S, (D) CS-6, (F) CS-7, and
(H) CS-8. The standard PXRD patterns of Au, Cu, Cu, ¢Se, CuSe, and hcp phase Se (JCPDS 06-362) are also shown as the references for
comparison. TEM images of (C) CS-S, (E) CS-6, (G) CS-7, and (I) CS-8.

2B—2E), which was the spectral signature of the CuE
plasmons.”>~*' Meanwhile, the plasmon resonance peak of
Au remained in the visible region but was red-shifted relative
to the plasmon peak of colloidal Au NPs because the refractive
indices of Cu,E were significantly higher than those of ethanol.
As the Cu,E domains became larger in size, the extinction peak
of the Cu,E plasmon resonances became increasingly more
pronounced. In the family of Cu.E binary compounds, the
most Cu-rich phases, Cu,S and Cu,Se, were plasmonically
inactive due to the lack of free holes in their valence
bands.”***°* Free holes could be created by introducing Cu
vacancies in the crystalline lattices of Cu,S and Cu,Se, which
led to the formation of Cu;gS and Cu,¢Se, both of which
became plasmonically active.”” At this level of Cu vacancy
doping, the concentrations of free holes in the materials were
more than 1 order of magnitude lower than the concentrations
of the free electrons in Au.”**® Therefore, both Cu, ¢S and
Cu, gSe plasmons were resonant at much longer wavelengths
(beyond 1400 nm) than the Au plasmons, exhibiting weak
extinction intensities and very broad spectral line shapes
spanning much of the near-infrared region (Figure 2B,D). In
comparison to their Cu-rich counterparts, the Cu-deficient
CuS and CuSe exhibited stronger plasmon resonance peaks
that were resonant at shorter wavelengths in the near-infrared
(Figure 2C,E) because CuS and CuSe had much higher free
hole concentrations than Cu, ¢S and Cu, ¢Se.®*~°® In the short-
wavelength range below ~530 nm, strong light extinction due
to the interband transitions in both Cu,E and Au was clearly
observed. The spectral overlap between the Au plasmons and
the interband transitions of Cu,E in the wavelength range of
~540—700 nm caused additional damping of Au plasmons, as
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reflected by the broadening and weakening of the Au plasmon
peaks of the Au@Cu,E heteronanostructures. The rich spectral
features shown in Figure 2 clearly revealed that the relative
domain sizes of Cu,E versus Au and the crystalline phase of the
Cu,E domains, both of which were synthetically tailorable
structural parameters, rigorously determined the detailed
extinction spectral features of the dual-plasmonic Au@Cu,E
heteronanostructures.

Under our reaction conditions, the reaction temperature and
chalcogen precursor concentration were identified as two key
synthetic knobs that allowed us to not only kinetically
maneuver the phase segregation process but also selectively
control the crystalline phases of the Cu,E domains in the
heteronanostructures. Figure 3A highlights the reaction
temperatures (T) and TAA concentrations (Cr,,) at which
Alloy-iii NPs were selectively transformed into a series of
heteronanostructures with representative combinations of
materials phases within a fixed reaction time of 15 min. The
optimal synthetic conditions for Au@Cu, ¢S-iii (T = 280 °C,
Cran = 6.0 mM) and Au@CuS-iii (T = 220 °C, Cyap = 30
mM) were highlighted with a blue star and a red star,
respectively, in Figure 3A. To fully unravel the intercorrelations
among T, Cray, and the detailed structures of the NPs, a series
of control samples were synthesized at several combinations of
T and Cp, that deviated significantly from those of the
optimal synthetic conditions for Au@Cu, gS-iii and Au@CusS-
iii heteronanostructures. In the control sample synthesized at T
of 280 °C and Cpy, of 30 mM (labeled as CS-1), the Au and
Cu atoms were fully segregated with no residual alloy domains
detectable by PXRD (Figure 3B). However, the Cu,E domains
were composed of mixed Cu, ¢S and CuS phases. In each CS-1
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Figure 5. PXRD patterns of (A) Intermetallic-ii and (B) Intermetallic-iii NPs. The PXRD patterns of Alloy-ii and Alloy-iii NPs and the standard
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during the sulfidation of Alloy-iii and Intermetallic-iii NPs at a reaction temperature of 220 °C and an initial TAA concentration of 30 mM. (H)
PXRD patterns of the heteronanostructures kinetically trapped at various reaction times during the sulfidation of Intermetallic-iii NPs. (H) TEM
images of the heteronanostructures obtained at reaction times of (I) S, (J) 15, (K) 30, and (L) SO min during the sulfidation of Intermetallic-iii

NPs.

NP, the Au domain was encapsulated inside a polycrystalline
Cu,E shell with a highly spiky surface morphology (Figure
3C). At T of 220 °C and Crpyy of 6.0 mM, the as-synthesized
heteronanostructures (labeled as CS-2) also exhibited a similar
core—shell morphology with Au and Cu fully segregated, and
the polycrystalline, spiky Cu,E shells consisted of both Cu, S
and CuS phases (Figure 3D,E). These results showed that the
reactions were kinetically fast enough to achieve complete
phase segregation of Au and Cu within 15 min when keeping T
above ~220 °C. In this high-T regime, higher Cp,, favored the
formation of the Cu-deficient CuS phase due to the Cu/Au
stoichiometric requirement, whereas elevation of T favored the
formation of the Cu-deficient Cu, ¢S phase because of stronger
reducing capability of TEG at higher T. At lower temperatures,
the sulfidation-driven phase segregation became kinetically
slower, resulting in partial segregation of Au and Cu within 15
min. The two control samples synthesized at T of 160 °C,
labeled as CS-3 (Cpas of 6.0 mM) and CS-4 (Cpau of 30 mM),
respectively, were both core—shell NPs comprising multiple
phase-segregated but interconnected crystalline domains,
including monometallic Au, the Au—Cu alloy, Cu;S, and
CuS (Figure 3F—I). At even lower temperatures below 100 °C,
the sulfidation reactions became kinetically even slower, and
the Alloy-iii NPs remained essentially unreacted with almost
no phase segregation observed within 15 min. Based on all the
observations mentioned above, we were able to sketch a phase
diagram (Figure 3A), in which T-Cr,, regimes for synthesizing
heteronanostructures composed of several targeted materials
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phases were highlighted using different colors. Although it
required massive experimental data to quantitatively define the
boundaries between different phases, this sketched phase
diagram presented a simplified, qualitative picture that fully
captured the essence of the T- and Cpsa-dependent trans-
forming behaviors of Au—Cu alloy NPs during the sulfidation-
driven phase segregation.

We also studied the selenidation-driven transformations of
Alloy-iii NPs at various Ts and SU concentrations (Cgy) within
a fixed reaction time of 15 min. The phase diagrams for the
selenidation and sulfidation of Alloy-iii NPs shared a set of
similar features. In Figure 4A, the optimal synthetic conditions
for Au@Cu, gSe-iii (T = 240 °C, Cgy = 0.3 mM) and Au@
CuSe-iii (T = 200 °C, Crpp = 0.9 mM) were marked with a
blue star and a red star, respectively. The control sample
synthesized at T of 240 °C and Cgy of 0.9 mM (labeled as CS-
5) was composed of Au, Cu,Se, and CuSe domains (Figure
4B). CS-S exhibited irregular NP shapes, and some of the
Cu, ¢Se or CuSe domains were detached from the Au NPs
(Figure 4C), suggesting that in this high-T and high-Cgy
regime, the phase segregation might occur even faster than
the selenidation of Cu, causing self-nucleation of Cu.E to
occur in the solution phase. At T of 200 °C and Cgy of 0.3
mM, Au and Cu were fully segregated to form heteronanos-
tructures (labeled as CS-6) composed of Au, Cu,4Se, and
CuSe domains (Figure 4D,E). Increasing Cgy preferentially
promoted the formation of the Cu-deficient CuSe phase,
whereas the Cu-rich Cu, ¢Se phase became the favored product
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at higher T, which was fully consistent with the general trend
observed on the sulfidation-driven transformations of the NPs.
Incomplete phase segregation of Au and Cu was observed in
the low-T and low-Cgy regime due to slow reaction kinetics.
The control samples synthesized at T of 120 °C and Cgy of 0.3
mM (labeled as CS-7) exhibited a core—shell morphology
comprising four segregated phases, including monometallic Au,
the Au—Cu alloy, Cu,4Se, and CuSe (Figure 4F,G).
Interestingly, the control sample synthesized at T of 120 °C
and Cgy of 0.9 mM was composed of a mixture of Au—Cu alloy
NPs (labeled with blue arrows in the TEM image) and Se
nanowhiskers in the hexagonal close-packed (hcp) phase
(Figure 4HI). In this case, SU was decomposed to form
elemental Se, while Au—Cu alloy NPs remained unreacted.
Apparently, elemental Se was incapable of inducing the
selenidation-driven phase segregation of the alloy NPs in
TEG at T of 120 °C. The formation of Se could be considered
as a low-temperature side reaction at high Cgy, which
competed with the selenidation of the alloy NPs by SU.
Therefore, the synthesis of Au@Cu,Se heteronanostructures
with targeted Cu,Se phases should be conducted at temper-
atures significantly higher than 120 °C.

The kinetics of atomic diffusion in atomically intermixed
Au—Cu bimetallic NPs was profoundly influenced not only by
the Cu/Au stoichiometries but also by the ordering of the Au
and Cu atoms. As shown by the phase diagram of the Au—Cu
binary system (Figure S19 in the Supporting Information), at
Cu/Au stoichiometric ratios of 1:1 and 3:1, atomically ordered
intermetallic phases are thermodynamically more stable than
the atomically disordered alloys at temperatures below 400 °C.
We converted the colloidal Alloy-ii and Alloy-iii NPs
suspended in TEG into intermetallic NPs through a
thermodynamically driven atomic ordering process at 300 °C
for 4 h. The intermetallic NPs derived from Alloy-ii and Alloy-
iii NPs were labeled as Intermetallic-ii and Intermetallic-iii,
respectively. The PXRD patterns of Intermetallic-ii and
Intermetallic-iii NPs were in excellent agreement with the
standard diffraction patterns of the AuCu L1, and AuCu; L1,
intermetallic compounds (Figure SA,B), respectively. The
quasi-spherical particle morphology (Figure SC,D) and the
Cu/Au stoichiometries (Figure S20 in the Supporting
Information) were both well preserved during the alloy-to-
intermetallic conversion, while the particle sizes decreased
slightly by less than 4% (Figure S21 in the Supporting
Information) upon the formation of the intermetallic phases.
At the same Cu/Au stoichiometric ratios, the atomic diffusion
rates in the intermetallic NPs were significantly lower than
those in the alloy NPs,"® as evidenced by the positive shifts of
the critical potentials for percolation dealloying (Figure SE).
Such a difference in intraparticle atomic diffusivities led to
remarkably different transforming behaviors of alloy and
intermetallic NPs during the chalcogenization-driven phase
segregation.

We compared the structure-transforming kinetics of Alloy-iii
and Intermetallic-iii NPs in greater detail during sulfidation-
driven phase segregation at T of 220 °C and Cry, of 30 mM.
In this set of experiments, we quenched the sulfidation
reactions at specific reaction times by rapidly cooling down the
samples in an ice batch and then characterized the kinetically
trapped intermediate structures using EDS, PXRD, and TEM.
During the reactions, the S/Au atomic ratios kept increasing
over time until approaching a value of 3 (Figure SF), while the
Cu/Au atomic ratios remained very close to 3 (Figure 5G).

1972

According to the temporally evolving profiles of S/Au atomic
ratios (Figure SF), the sulfidation of Intermetallic-iii NPs was
remarkably slower than that of Alloy-iii NPs. Although the Au
and Cu in Alloy-iii NPs became fully segregated after ~2 min,
it took more than 50 min to achieve complete phase
segregation in Intermetallic-iii NPs under identical sulfidation
reaction conditions. The PXRD results clearly showed that the
sulfidation-driven phase segregation led to the emergence and
growth of both monometallic Au and CuS domains as the
intermetallic AuCu; L1, domains were gradually consumed
(Figure SH). As shown by the TEM images (Figure SI-]), a
uniform thin shell of CuS was produced on the intermetallic
NP surfaces at the early stage of the reaction, which became
thicker and spikier as the sulfidation-driven phase segregation
further proceeded. Meanwhile, the metallic domains in the
heteronanostructures, which appeared darker than the CuS
domains in the TEM images, became smaller in size as the Cu
atoms in the intermetallic AuCu; L1, domains diffused into the
growing CuS domains (Figure S22 in the Supporting
Information). We further systematically compared the
structures and morphologies of the heteronanostructures
derived from sulfidation- and selenidation-driven phase
segregation of alloy and intermetallic NPs at Cu/Au
stoichiometries of both 1:1 and 3:1 under a series of reaction
conditions after a fixed reaction time of 15 min (Figures $23—
S30 in the Supporting Information). In all these cases, the
phase segregation of the intermetallic NPs occurred more
slowly than that of their alloy counterparts. Only partial phase
segregation of the intermetallic NPs was achieved after 15 min,
whereas the Au and Cu in the alloy NPs were fully segregated.
The crystalline phases of the Cu,E domains in the
heteronanostructures, however, were primarily determined by
the reaction temperature and the chalcogen precursor
concentrations, almost independent of the Cu/Au stoichio-
metries and the atomic ordering in the parental bimetallic NPs.

B CONCLUSIONS

This work reports a versatile synthetic pathway based on
chemically driven phase segregation, through which colloidal
bimetallic NPs composed of intermixed Au and Cu atoms,
including both alloy and intermetallic NPs, are controllably
transformed into a series of architecturally distinct Au@Cu,E
heteronanostructures with tunable domain sizes and specifi-
cally targeted Cu,E phases. The as-synthesized colloidal Au@
Cu,E heteronanostructures exhibit unique dual-plasmonic
characteristics that can be deliberately tuned by tailoring the
geometric arrangements, dimensions, and crystalline phases of
the constituent domains. Our synthetic approach allows us to
precisely preprogram the relative domain sizes of Cu,E versus
Au in the heteronanostructures by tuning the stoichiometric
ratios of Cu/Au in the parental alloy NPs. The crystalline
phases of the CuE domains in the heteronanostructures can
be selectively controlled by judiciously adjusting the chalcogen
precursor concentrations and the reaction temperatures. The
morphological evolution of the NPs is intimately tied to the
kinetics of the chalcogenization-driven phase segregation,
which is profoundly influenced by both the Au/Cu
stoichiometries and atomic ordering of the parental bimetallic
NPs. This work sheds light on the versatile transforming
behaviors of alloy and intermetallic NPs during chemically
triggered phase segregation processes, providing important
guiding principles for developing new synthetic approaches
that enable us to derive complex heteronanostructures with
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targeted intraparticle architectures, compositions, crystalline
phases, and functionalities from parental nanostructures that
are structurally simpler and synthetically more tractable.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04451.

Additional experimental details, TEM images, SEM
images, EDS results, PXRD patterns, size distributions,
optical extinction spectra, and electrochemical results
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Hui Wang — Department of Chemistry and Biochemistry,
University of South Carolina, Columbia, South Carolina
29208, United States; ® orcid.org/0000-0002-1874-5137;
Phone: 1-803-777-2203; Email: wang344@
mailbox.sc.edu; Fax: 1-803-777-9521

Authors
Mengqi Sun — Department of Chemistry and Biochemistry,
University of South Carolina, Columbia, South Carolina
29208, United States
Zixin Wang — Department of Chemistry and Biochemistry,
University of South Carolina, Columbia, South Carolina
29208, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.1c04451

Author Contributions

M.S. synthesized and characterized the nanostructures. Z.W.
conducted the electrochemical measurements. M.S. and H.W.
analyzed the data. H'W. designed the project, supervised the
research, acquired funding support, and wrote the paper with
contribution from all authors. All authors have given approval
to the final version of the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Science Foundation
(NSF) through awards DMR-1253231 and OIA-1655740.
This work made use of the X-ray diffraction facilities at the
South Carolina SAXS Collaborative supported by the NSF
MRI program (DMR-1428620) and the electron microscopy
facilities at the University of South Carolina Electron
Microscopy Center. The Zeiss GeminiS00 thermal field
emission scanning electron microscope used in this work was
purchased using the South Carolina STEM Equipment Funds.

B REFERENCES

(1) Zhang, J.; Tang, Y.; Lee, K.; Ouyang, M. Nonepitaxial Growth of
Hybrid Core-Shell Nanostructures with Large Lattice Mismatches.
Science 2010, 327, 1634—1638.

(2) Jiang, R.; Li, B.; Fang, C.; Wang, J. Metal/Semiconductor Hybrid
Nanostructures for Plasmon-Enhanced Applications. Adv. Mater.
2014, 26, 5274—5309.

(3) Chen, P.-C,; Liu, X.; Hedrick, J. L.; Xie, Z.; Wang, S.; Lin, Q.-Y,;
Hersam, M. C.; Dravid, V. P, Mirkin, C. A. Polyelemental
Nanoparticle Libraries. Science 2016, 352, 1565—1569.

1973

(4) Fenton, J. L.; Steimle, B. C.; Schaak, R. E. Tunable Intraparticle
Frameworks for Creating Complex Heterostructured Nanoparticle
Libraries. Science 2018, 360, 513—517.

(5) Chen, P.-C; Liu, M.; Dy, J. S.; Meckes, B.; Wang, S.; Lin, H;
Dravid, V. P.; Wolverton, C.; Mirkin, C. A. Interface and
Heterostructure Design in Polyelemental Nanoparticles. Science
2019, 363, 959—-964.

(6) Oh, M. H; Cho, M. G; Chung, D. Y,; Park, I; Kwon, Y. P,;
Ophus, C.; Kim, D.; Kim, M. G.; Jeong, B.; Gu, X. W,; Jo, J.; Yoo, J.
M.,; Hong, J.; McMains, S.; Kang, K; Sung, Y.-E.; Alivisatos, A. P,;
Hyeon, T. Design and Synthesis of Multigrain Nanocrystals via
Geometric Misfit Strain. Nature 2020, 577, 359—363.

(7) Steimle, B. C.; Fenton, J. L.; Schaak, R. E. Rational Construction
of a Scalable Heterostructured Nanorod Megalibrary. Science 2020,
367, 418—424.

(8) Qiy, J. C,; Nguyen, Q. N,; Lyu, Z. H.; Wang, Q. X,; Xia, Y. N.
Bimetallic Janus Nanocrystals: Syntheses and Applications. Adv.
Mater. 2022, 34, 2102591.

(9) Zou, Y.; Sun, C,; Gong, W.; Yang, X.; Huang, X,; Yang, T.; Lu,
W.; Jiang, J. Morphology-Controlled Synthesis of Hybrid Nanocryst-
als via a Selenium-Mediated Strategy with Ligand Shielding Effect:
The Case of Dual Plasmonic Au-Cu,_Se. ACS Nano 2017, 11, 3776—
378S.

(10) Liu, X.; Lee, C.; Law, W.-C.; Zhu, D.; Liu, M.; Jeon, M.; Kim,
J; Prasad, P. N.; Kim, C.; Swihart, M. T. Au-Cu,_Se Heterodimer
Nanoparticles with Broad Localized Surface Plasmon Resonance as
Contrast Agents for Deep Tissue Imaging. Nano Lett. 2013, 13,
4333—4339.

(11) Ding, X,; Liow, C. H.; Zhang, M.; Huang, R;; Li, C.; Shen, H,;
Liu, M.; Zou, Y.; Gao, N,; Zhang, Z.; Li, Y.; Wang, Q.; Li, S.; Jiang, J.
Surface Plasmon Resonance Enhanced Light Absorption and
Photothermal Therapy in the Second Near-Infrared Window. J. Am.
Chem. Soc. 2014, 136, 15684—15693.

(12) Zhu, H.; Wang, Y.; Chen, C; Ma, M.; Zeng, J.; Li, S.; Xia, Y.;
Gao, M. Monodisperse Dual Plasmonic Au@Cu, E (E=S, Se) Core@
Shell Supraparticles: Aqueous Fabrication, Multimodal Imaging, and
Tumor Therapy at in vivo Level. ACS Nano 2017, 11, 8273—8281.

(13) Muhammed, M. A. H.; Déblinger, M.; Rodriguez-Fernandez, J.
Switching Plasmons: Gold Nanorod-Copper Chalcogenide Core-Shell
Nanoparticle Clusters with Selectable Metal/Semiconductor NIR
Plasmon Resonances. J. Am. Chem. Soc. 2015, 137, 11666—11677.

(14) Li, Y.; Pan, G.; Liu, Q;; Ma, L.; Xie, Y.; Zhou, L.; Hao, Z.;
Wang, Q. Coupling Resonances of Surface Plasmon in Gold
Nanorod/Copper Chalcogenide Core-Shell Nanostructures and
Their Enhanced Photothermal Effect. ChemPhysChem 2018, 19,
1852—18S8.

(15) Ji, M;; Xu, M.; Zhang, W.; Yang, Z.; Huang, L.; Liu, J.; Zhang,
Y; Gu, L; Yu, Y,; Hao, W,; An, P,; Zheng, L,; Zhu, H.; Zhang, J.
Structurally Well-Defined Au@Cu,.S Core-Shell Nanocrystals for
Improved Cancer Treatment Based on Enhanced Photothermal
Efficiency. Adv. Mater. 2016, 28, 3094—3101.

(16) Ivanchenko, M.; Nooshnab, V.; Myers, A. F.; Large, N,;
Evangelista, A. J; Jing, H. Enhanced Dual Plasmonic Photocatalysis
through Plasmonic Coupling in Eccentric Noble Metal-Nonstoichio-
metric Copper Chalcogenide Hetero-Nanostructures. Nano Res. 2022,
15, 1579—1586.

(17) Sun, M.; Fu, X;; Chen, K.;; Wang, H. Dual-Plasmonic Gold@
Copper Sulfide Core-Shell Nanoparticles: Phase-Selective Synthesis
and Multimodal Photothermal and Photocatalytic Behaviors. ACS
Appl. Mater. Interfaces 2020, 12, 46146—46161.

(18) Zhu, D.; Liu, M,; Liu, X; Liu, Y.; Prasad, P. N.; Swihart, M. T.
Au-Cu, xSe Heterogeneous Nanocrystals for Efficient Photothermal
Heating for Cancer Therapy. J. Mater. Chem. B 2017, S, 4934—4942.

(19) Chen, H,; Shao, L.; Li, Q.; Wang, ]. Gold Nanorods and Their
Plasmonic Properties. Chem. Soc. Rev. 2013, 42, 2679—-2724.

(20) Li, N;; Zhao, P.; Astruc, D. Anisotropic Gold Nanoparticles:
Synthesis, Properties, Applications, and Toxicity. Angew. Chem., Int.
Ed. 2014, $3, 1756—1789.

https://doi.org/10.1021/acs.chemmater.1c04451
Chem. Mater. 2022, 34, 1965—1975


https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04451?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04451/suppl_file/cm1c04451_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1874-5137
mailto:wang344@mailbox.sc.edu
mailto:wang344@mailbox.sc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengqi+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zixin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04451?ref=pdf
https://doi.org/10.1126/science.1184769
https://doi.org/10.1126/science.1184769
https://doi.org/10.1002/adma.201400203
https://doi.org/10.1002/adma.201400203
https://doi.org/10.1126/science.aaf8402
https://doi.org/10.1126/science.aaf8402
https://doi.org/10.1126/science.aar5597
https://doi.org/10.1126/science.aar5597
https://doi.org/10.1126/science.aar5597
https://doi.org/10.1126/science.aav4302
https://doi.org/10.1126/science.aav4302
https://doi.org/10.1038/s41586-019-1899-3
https://doi.org/10.1038/s41586-019-1899-3
https://doi.org/10.1126/science.aaz1172
https://doi.org/10.1126/science.aaz1172
https://doi.org/10.1002/adma.202102591
https://doi.org/10.1021/acsnano.6b08641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b08641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b08641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl402124h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl402124h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl402124h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja508641z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja508641z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b03369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b03369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b03369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b05337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b05337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b05337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cphc.201701338
https://doi.org/10.1002/cphc.201701338
https://doi.org/10.1002/cphc.201701338
https://doi.org/10.1002/adma.201503201
https://doi.org/10.1002/adma.201503201
https://doi.org/10.1002/adma.201503201
https://doi.org/10.1007/s12274-021-3705-4
https://doi.org/10.1007/s12274-021-3705-4
https://doi.org/10.1007/s12274-021-3705-4
https://doi.org/10.1021/acsami.0c13420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c13420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c13420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7tb01004d
https://doi.org/10.1039/c7tb01004d
https://doi.org/10.1039/c2cs35367a
https://doi.org/10.1039/c2cs35367a
https://doi.org/10.1002/anie.201300441
https://doi.org/10.1002/anie.201300441
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(21) Skrabalak, S. E.; Chen, J.; Sun, Y.; Lu, X.; Au, L.; Cobley, C. M,;
Xia, Y. Gold Nanocages: Synthesis, Properties, and Applications. Acc.
Chem. Res. 2008, 41, 1587—1595.

(22) Eustis, S.; El-Sayed, M. A. Why Gold Nanoparticles Are More
Precious Than Pretty Gold: Noble Metal Surface Plasmon Resonance
and Its Enhancement of the Radiative and Nonradiative Properties of
Nanocrystals of Different Shapes. Chem. Soc. Rev. 2006, 35, 209—217.

(23) Murphy, C.J.; Sau, T. K; Gole, A. M.; Orendorff, C. J.; Gao, J;
Gou, L; Hunyadi, S. E; Li, T. Anisotropic Metal Nanoparticles:
Synthesis, Assembly, and Optical Applications. J. Phys. Chem. B 20085,
109, 13857—13870.

(24) Wang, H; Brandl, D. W,; Nordlander, P; Halas, N. J.
Plasmonic Nanostructures: Artificial Molecules. Acc. Chem. Res. 2007,
40, 53—62.

(25) Zhao, Y,; Pan, H; Lou, Y; Qiu, X; Zhy, J; Burda, C.
Plasmonic Cu,.,S Nanocrystals: Optical and Structural Properties of
Copper-Deficient Copper(I) Sulfides. J. Am. Chem. Soc. 2009, 131,
4253—4261.

(26) Luther, J. M.; Jain, P. K,; Ewers, T.; Alivisatos, A. P. Localized
Surface Plasmon Resonances Arising from Free Carriers in Doped
Quantum Dots. Nat. Mater. 2011, 10, 361—366.

(27) Liu, Y;; Liu, M; Swihart, M. T. Plasmonic Copper Sulfide-
Based Materials: A Brief Introduction to Their Synthesis, Doping,
Alloying, and Applications. J. Phys. Chem. C 2017, 121, 13435—13447.

(28) Hsu, S.-W,; On, K; Tao, A. R. Localized Surface Plasmon
Resonances of Anisotropic Semiconductor Nanocrystals. J. Am. Chem.
Soc. 2011, 133, 19072—19075.

(29) Kriegel, L; Jiang, C.; Rodriguez-Ferndndez, J.; Schaller, R. D.;
Talapin, D. V.; da Como, E.; Feldmann, J. Tuning the Excitonic and
Plasmonic Properties of Copper Chalcogenide Nanocrystals. J. Am.
Chem. Soc. 2012, 134, 1583—1590.

(30) Kriegel, I; Rodriguez-Fernindez, J.; Wisnet, A.; Zhang, H,;
Waurisch, C.; Eychmiiller, A.; Dubavik, A; Govorov, A. O,
Feldmann, J. Shedding Light on Vacancy-Doped Copper Chalcoge-
nides: Shape-Controlled Synthesis, Optical Properties, and Modeling
of Copper Telluride Nanocrystals with Near-Infrared Plasmon
Resonances. ACS Nano 2013, 7, 4367—4377.

(31) Chen, L.; Hu, H,; Chen, Y.; Gao, J.; Li, G. Plasmonic Cu,.S
Nanoparticles: A Brief Introduction of Optical Properties and
Applications. Mater. Adv. 2021, 2, 907—926.

(32) Comin, A.; Manna, L. New Materials for Tunable Plasmonic
Colloidal Nanocrystals. Chem. Soc. Rev. 2014, 43, 3957—3975.

(33) Agrawal, A;; Cho, S. H.; Zandi, O.; Ghosh, S.; Johns, R. W,;
Milliron, D. J. Localized Surface Plasmon Resonance in Semi-
conductor Nanocrystals. Chem. Rev. 2018, 118, 3121—3207.

(34) Faucheaux, J. A.; Stanton, A. L. D.; Jain, P. K. Plasmon
Resonances of Semiconductor Nanocrystals: Physical Principles and
New Opportunities. J. Phys. Chem. Lett. 2014, 5, 976—985.

(35) Liu, X; Swihart, M. T. Heavily-Doped Colloidal Semi-
conductor and Metal Oxide Nanocrystals: An Emerging New Class
of Plasmonic Nanomaterials. Chem. Soc. Rev. 2014, 43, 3908—3920.

(36) Sun, M.; Kreis, N.; Chen, K; Fu, X; Guo, S.; Wang, H.
Covellite Nanodisks and Digenite Nanorings: Colloidal Synthesis,
Phase Transitions, and Optical Properties. Chem. Mater. 2021, 33,
8546—85S58.

(37) Xie, Y. Riedinger, A.; Prato, M.; Casu, A;; Genovese, A.;
Guardia, P.; Sottini, S.; Sangregorio, C.; Miszta, K; Ghosh, S;
Pellegrino, T.; Manna, L. Copper Sulfide Nanocrystals with Tunable
Composition by Reduction of Covellite Nanocrystals with Cu* Ions. J.
Am. Chem. Soc. 2013, 135, 17630—17637.

(38) Liu, Y,; Liu, M.; Swihart, M. T. Reversible Crystal Phase
Interconversion between Covellite CuS and High Chalcocite Cu,S
Nanocrystals. Chem. Mater. 2017, 29, 4783—4791.

(39) Sun, Z; Yang, Z.; Zhouy, J.; Yeung, M. H; Ni, W,; Wu, H,;
Wang, J. A General Approach to the Synthesis of Gold-Metal Sulfide
Core-Shell and Heterostructures. Angew. Chem., Int. Ed. 2009, 48,
2881—288S.

(40) Bao, H.; Zhang, H.; Zhou, L.; Fu, H; Liu, G.; Li, Y,; Cai, W.
Ultrathin and Isotropic Metal Sulfide Wrapping on Plasmonic Metal

1974

Nanoparticles for Surface Enhanced Raman Scattering-Based
Detection of Trace Heavy-Metal Ions. ACS Appl. Mater. Interfaces
2019, 11, 28145—28153.

(41) Ma, L;; Liang, S.; Liu, X.-L.; Yang, D.-J.; Zhou, L.; Wang, Q.-Q.
Synthesis of Dumbbell-Like Gold-Metal Sulfide Core-Shell Nanorods
with Largely Enhanced Transverse Plasmon Resonance in Visible
Region and Efficiently Improved Photocatalytic Activity. Adv. Funct.
Mater. 20185, 25, 898—904.

(42) Chang, Y.; Cheng, Y.; Feng, Y.; Jian, H.; Wang, L.; Ma, X; Lj,
X.; Zhang, H. Resonance Energy Transfer-Promoted Photothermal
and Photodynamic Performance of Gold- Copper Sulfide Yolk-Shell
Nanoparticles for Chemophototherapy of Cancer. Nano Lett. 2018,
18, 886—897.

(43) Yu, X; Bi, J; Yang, G.; Tao, H.;; Yang, S. Synergistic Effect
Induced High Photothermal Performance of Au Nanorod@Cu-S,
Yolk-Shell Nanooctahedron Particles. J. Phys. Chem. C 2016, 120,
24533—24541.

(44) Motl, N. E.; Bondi, J. F.; Schaak, R. E. Synthesis of Colloidal
Au-Cu,S Heterodimers via Chemically Triggered Phase Segregation
of AuCu Nanoparticles. Chem. Mater. 2012, 24, 1552—1554.

(45) Ding, X.; Zou, Y.; Jiang, J. Au-Cu,S Heterodimer Formation via
Oxidization of AuCu Alloy Nanoparticles and in situ Formed Copper
Thiolate. J. Mater. Chem. 2012, 22, 23169—23174.

(46) Casting Alloys. https://pocketdentistry.com/19-Casting-
Alloys/ (accessed on Dec 17, 2021).

(47) Motl, N. E.; Ewusi-Annan, E.; Sines, L. T_; Jensen, L.; Schaak, R.
E. Au-Cu Alloy Nanoparticles with Tunable Compositions and
Plasmonic Properties: Experimental Determination of Composition
and Correlation with Theory. J. Phys. Chem. C 2010, 114, 19263—
19269.

(48) Li, G. G.; Sun, M,; Villarreal, E.; Pandey, S.; Phillpot, S. R;
Wang, H. Galvanic Replacement-Driven Transformations of Atomi-
cally Intermixed Bimetallic Colloidal Nanocrystals: Effects of
Compositional Stoichiometry and Structural Ordering. Langmuir
2018, 34, 4340—4350.

(49) Li, G. G.; Villarreal, E.; Zhang, Q.; Zheng, T.; Zhu, J.-J.; Wang,
H. Controlled Dealloying of Alloy Nanoparticles toward Optimization
of Electrocatalysis on Spongy Metallic Nanoframes. ACS Appl. Mater.
Interfaces 2016, 8, 23920—23931.

(50) Xia, J.; Ambrozik, S.; Crane, C. C.; Chen, J.; Dimitrov, N.
Impact of Structure and Composition on the Dealloying of Cu,Auy;.y
Bulk and Nanoscale Alloys. J. Phys. Chem. C 2016, 120, 2299—2308.

(51) Sra, A. K; Schaak, R. E. Synthesis of Atomically Ordered Aucu
and AuCu; Nanocrystals from Bimetallic Nanoparticle Precursors. J.
Am. Chem. Soc. 2004, 126, 6667—6672.

(52) Chen, W,; Yu, R; Li, L.; Wang, A; Peng, Q.; Li, Y. A Seed-
Based Diffusion Route to Monodisperse Intermetallic CuAu Nano-
crystals. Angew. Chem., Int. Ed. 2010, 49, 2917—2921.

(53) Sra, A. K; Ewers, T. D.; Schaak, R. E. Direct Solution Synthesis
of Intermetallic AuCu and AuCu; Nanocrystals and Nanowire
Networks. Chem. Mater. 2008, 17, 758—766.

(54) Coughlan, C.; Ibafiez, M.; Dobrozhan, O.; Singh, A.; Cabot, A.;
Ryan, K. M. Compound Copper Chalcogenide Nanocrystals. Chem.
Rev. 2017, 117, 5865—6109.

(55) Zhang, L.; Jing, H.; Boisvert, G.; He, J. Z.; Wang, H. Geometry
Control and Optical Tunability of Metal-Cuprous Oxide Core-Shell
Nanoparticles. ACS Nano 2012, 6, 3514—3527.

(56) Skrabalak, S. E.; Wiley, B. J.; Kim, M.; Formo, E. V.; Xia, Y. On
the Polyol Synthesis of Silver Nanostructures: Glycolaldehyde as a
Reducing Agent. Nano Lett. 2008, 8, 2077—2081.

(57) Li, G. G.; Wang, Z.; Blom, D. A; Wang, H. Tweaking the
Interplay among Galvanic Exchange, Oxidative Etching, and Seed-
Mediated Deposition toward Architectural Control of Multimetallic
Nanoelectrocatalysts. ACS Appl. Mater. Interfaces 2019, 11, 23482—
23494.

(58) Vegard, L. Die Konstitution Der Mischkristalle Und Die
Raumfiillung Der Atome. Z. Phys. 1921, 5, 17-26.

https://doi.org/10.1021/acs.chemmater.1c04451
Chem. Mater. 2022, 34, 1965—1975


https://doi.org/10.1021/ar800018v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b514191e
https://doi.org/10.1039/b514191e
https://doi.org/10.1039/b514191e
https://doi.org/10.1039/b514191e
https://doi.org/10.1021/jp0516846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0516846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar0401045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja805655b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja805655b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat3004
https://doi.org/10.1038/nmat3004
https://doi.org/10.1038/nmat3004
https://doi.org/10.1021/acs.jpcc.7b00894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2089876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2089876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207798q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207798q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn400894d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn400894d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn400894d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn400894d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0ma00837k
https://doi.org/10.1039/d0ma00837k
https://doi.org/10.1039/d0ma00837k
https://doi.org/10.1039/c3cs60265f
https://doi.org/10.1039/c3cs60265f
https://doi.org/10.1021/acs.chemrev.7b00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500037k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500037k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500037k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cs60417a
https://doi.org/10.1039/c3cs60417a
https://doi.org/10.1039/c3cs60417a
https://doi.org/10.1021/acs.chemmater.1c03259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c03259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja409754v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja409754v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200806082
https://doi.org/10.1002/anie.200806082
https://doi.org/10.1021/acsami.9b05878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201403398
https://doi.org/10.1002/adfm.201403398
https://doi.org/10.1002/adfm.201403398
https://doi.org/10.1021/acs.nanolett.7b04162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm300511q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm300511q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm300511q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2jm34916g
https://doi.org/10.1039/c2jm34916g
https://doi.org/10.1039/c2jm34916g
https://pocketdentistry.com/19-Casting-Alloys/
https://pocketdentistry.com/19-Casting-Alloys/
https://doi.org/10.1021/jp107637j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp107637j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp107637j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b00448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b00448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b00448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b07309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b07309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b11637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b11637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja031547r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja031547r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200906835
https://doi.org/10.1002/anie.200906835
https://doi.org/10.1002/anie.200906835
https://doi.org/10.1021/cm0484450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm0484450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm0484450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300546w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300546w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300546w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl800910d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl800910d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl800910d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/bf01349680
https://doi.org/10.1007/bf01349680
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

(59) Kim, H.; Ballikaya, S.; Chi, H,; Ahn, J.-P.; Ahn, K; Uher, C;
Kaviany, M. Ultralow Thermal Conductivity of Beta-Cu,Se by Atomic
Fluidity and Structure Distortion. Acta Mater. 2018, 86, 247—253.

(60) Liu, Y.-Q,; Wang, F.-X,; Xiao, Y.; Peng, H.-D.; Zhong, H.-J;
Liu, Z-H; Pan, G.-B. Facile Microwave-Assisted Synthesis of
Klockmannite CuSe Nanosheets and Their Exceptional Electrical
Properties. Sci. Rep. 2014, 4, 5998.

(61) Morales-Garcia, A.; Soares, A. L.; Dos Santos, E. C.; de Abreu,
H. A; Duarte, H. A. First-Principles Calculations and Electron
Density Topological Analysis of Covellite (CuS). J. Phys. Chem. A
2014, 118, 5823—S5831.

(62) Xu, Q; Huang, B; Zhao, Y;; Yan, Y.; Noufi, R; Wei, S.-H.
Crystal and Electronic Structures of Cu,S Solar Cell Absorbers. Appl.
Phys. Lett. 2012, 100, 061906.

(63) Erlebacher, J.; Aziz, M. J.; Karma, A.; Dimitrov, N.; Sieradzki,
K. Evolution of Nanoporosity in Dealloying. Nature 2001, 410, 450—
453.

(64) van der Stam, W.; Gudjonsdottir, S.; Evers, W. H.; Houtepen,
A. J. Switching between Plasmonic and Fluorescent Copper Sulfide
Nanocrystals. J. Am. Chem. Soc. 2017, 139, 13208—13217.

(65) Xie, Y.; Carbone, L.; Nobile, C.; Grillo, V.; D’Agostino, S.;
Della Sala, F.; Giannini, C.; Altamura, D.; Oelsner, C.; Kryschi, C,;
Cozzoli, P. D. Metallic-Like Stoichiometric Copper Sulfide Nano-
crystals: Phase- and Shape-Selective Synthesis, near-Infrared Surface
Plasmon Resonance Properties, and Their Modeling. ACS Nano 2013,
7, 7352—7369.

(66) Cérdova-Castro, R. M.; Casavola, M.; van Schilfgaarde, M,;
Krasavin, A. V.; Green, M. A,; Richards, D.; Zayats, A. V. Anisotropic
Plasmonic CuS Nanocrystals as a Natural Electronic Material with
Hyperbolic Optical Dispersion. ACS Nano 2019, 13, 6550—6560.

JACS.

N OPEN ACCESS JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Editor-in-Chief
g Prof. Christopher W. Jones

Georgia Institute of Technology, USA
Open for Submissions [}

ACS Publications

pubs.acs.org/jacsau Most Trusted. Most Cited. Most Read

1975 https://doi.org/10.1021/acs.chemmater.1c04451
Chem. Mater. 2022, 34, 1965—1975


https://doi.org/10.1016/j.actamat.2014.12.008
https://doi.org/10.1016/j.actamat.2014.12.008
https://doi.org/10.1038/srep05998
https://doi.org/10.1038/srep05998
https://doi.org/10.1038/srep05998
https://doi.org/10.1021/jp4114706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4114706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3682503
https://doi.org/10.1038/35068529
https://doi.org/10.1021/jacs.7b07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn403035s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn403035s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn403035s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?utm_source=pdf_stamp

Supporting Information for

Chemically Driven Phase Segregation of Alloy
Nanoparticles: A Versatile Route to Dual-Plasmonic

Gold@Copper Chalcogenide Heteronanostructures

Mengqi Sun, Zixin Wang, and Hui Wang*
Department of Chemistry and Biochemistry, University of South Carolina, Columbia, South

Carolina 29208, United States

* To whom correspondence should be addressed.

Email: wang344@mailbox.sc.edu (H. Wang)

S-1



1. Additional Experimental Details

1.1. Chemicals and Materials

Copper nitrate trihydrate (Cu(NOs3)2-:3H20), chloroauric acid tetrahydrate (HAuCls-4H>0),
polyvinylpyrrolidone (average molecular weight of 58,000), selenourea (CH4N2Se), tetraethylene glycol
(TEG), and thioacetamide (C.HsNS) were purchased from Alfa Aesar. Trizma base (TB), hydrazine
solution (N2H4-3H>0, 35 wt%), and Nafion perfluorinated resin solution (5 wt%) were purchased from
Sigma-Aldrich. Trisodium citrate dihydrate (Na3;CsHsO7-2H>0), sodium hydroxide (NaOH), and ethanol
(200 proof) were purchased from Fisher Scientific. All reagents were used as received without further

purification. Ultrapure Milli-Q water (18.2 MQ-cm) was used for all experiments.

1.2. Synthesis of Au Nanoparticles (NPs)

Colloidal Au NPs (52.3 + 5.6 nm in diameter) were synthesized using a previously developed, seed-
mediated growth method.3! Briefly, colloidal Au seeds with an average diameter of ~ 17 nm were first
synthesized by reducing chloroauric acid with trisodium citrate in an aqueous solution. 1.5 mL of 1 wt %
trisodium citrate aqueous solution was added into 48 mL of boiling water under magnetic stir. Then 0.5
mL of 25 mM chloroauric acid was injected into the solution. The reactant mixture was refluxed at boiling
temperature for 30 minutes. The resulting 17 nm Au NPs were used as the seeds to mediate the overgrowth
of Au NPs upon reduction of chloroauric acid with trizma base (TB). Typically, 2 mL of 0.1 M of TB was
added into 45 mL of boiling water under magnetic stir. After 10 minutes of stirring, 1 mL of 25 mM of
chloroauric acid and 2 mL of the Au seed colloids were added. The reactant mixture was maintained at

the boiling temperature for 30 minutes. The resulting Au NPs were stored as synthesized for future use.

1.3. Synthesis of Au-Cu Alloy and Intermetallic NPs

Au-Cu alloy NPs were synthesized following a previously published protocol.5> 33 First, Au@CuO
core-shell NPs were synthesized by growing a Cu2O nanoshell surrounding each Au NP core.5* Typically,
2 mL of the as-synthesized Au NPs and various amounts of Cu(NO3), were added into 30 mL of 2 wt %
polyvinylpyrrolidone (PVP) aqueous solution. Then 0.067 mL of 5.0 M NaOH and 0.030 mL of
N2H4:3H20 were added under magnetic stirring at 300 rpm. After keeping the reactant mixtures under
magnetic stir in an ice bath for 15 minutes, the as-synthesized Au@CuO core@shell NPs were
centrifuged and redispersed in 10 mL of TEG containing 0.1 g of PVP. The colloidal Au@Cu.O
core@shell NPs in TEG transformed into Au-Cu alloy NPs at 300 °C after 30 minutes. The Cu/Au
stoichiometries and particle sizes of the Au-Cu alloy NPs were determined by the relative core and shell
dimensions of the parental Au@Cu>O core-shell NPs, which could be synthetically tuned by adjusting the
relatively amount of Cu(NO3)> with respect to that of the Au NPs. The resulting Au-Cu alloy NPs were
collected through three centrifugation-redispersion cycles and finally redispersed in ethanol for storage.
When dispersed in TEG and maintained at 300 °C for 4 hours, the alloy NPs with Cu/Au ratios of 3:1 and
1:1 further underwent intraparticulate atomic ordering processes to evolve into AuCus L12 and AuCu L1y
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intermetallic phases, respectively. The resulting intermetallic NPs were collected through three
centrifugation-redispersion cycles and finally redispersed in ethanol for storage.

1.4. Structural Characterizations of NPs

The transmission electron microscopy (TEM) images were obtained using a Hitachi H-7800
transmission electron microscope, operated at an accelerating voltage of 120 kV. Samples for TEM
measurements were dispersed in ethanol and drop-dried on 300 mesh carbon-coated Cu grids (Electron
Microscopy Science Inc.). The scanning electron microscopy (SEM) images and energy dispersive
spectroscopy (EDS) measurements were conducted using a Zeiss Gemini500 thermal field emission
scanning electron microscope. An EDS unit attached to the microscope was used to quantify the Au, Cu,
S, and Se stoichiometries in the samples. Atomic ratios were quantified based on the relative area of the
Au Mo, Cu La, S Ka and Se Ka peaks in the EDS spectra. Samples for SEM and EDS measurements
were dispersed in ethanol and drop-dried on silicon wafers (University Wafers). Powder X-ray diffraction
(PXRD) patterns were collected on a SAXSLab Ganesha at the South Carolina Collaborative (Cu Kol =
1.5405 A). Optical extinction spectra were collected from colloidal NPs dispersed in ethanol using a Cary
5000 UV/vis/NIR spectrophotometer.

1.5. Electrochemical measurements

Linear sweep voltammetry (LSV) measurements were conducted using a CHI 660E Electrochemical
Workstation (CH Instruments, Austin, Texas) with a three-electrode system composed of a Pt wire as the
auxiliary, a saturated calomel electrode (SCE) as the reference, and a glassy carbon electrode (GCE, 3 mm
diameter) loaded with NPs as the working electrode. The GCEs were polished with 0.3 pm alumina slurry,
followed by washing with water and ethanol before use. 5 uL of colloidal ink containing 2 pg of Au-Cu
alloy or intermetallic NPs were drop-casted and air-dried on each pretreated GCE at room temperature.
Then 2 pL of Nafion solution (0.2 wt %) was drop-dried on the electrode surface to hold the NPs. LSV
curves of various NPs were measured at room temperature in 0.5 mM H2SO4 electrolyte at a potential
sweep rate of 50 mV s
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2. Additional Figures
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Figure S1. (A) TEM image, (B) size distribution, (C) PXRD pattern, and (D) optical extinction spectrum
of Au NPs. The histogram shown in panel B was obtained from 100 particles in the TEM images. In panel
C, the standard diffraction pattern of Au (JCPDS 04-0784) was also shown as the reference. The extinction
spectrum in panel D was collected from colloidal Au nanoparticles suspended in ethanol.
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Figure S2. Size distributions of (A) Alloy-1, (B) Alloy-ii, and (C) Alloy-iii NPs. The histograms were
obtained from 100 particles in the TEM images of each sample. The average diameters and standard
deviations of the NPs were shown in each panel.
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Figure §3. Energy dispersive spectra (EDS) of (A) Alloy-i, (B) Alloy-ii, and (C) Alloy-iii NPs. (D) Cu/Au
atomic ratios quantified by EDS and PXRD of Alloy-i, Alloy-ii, and Alloy-iii NPs. When analyzing the
EDS results, the Cu/Au atomic ratios were quantified based on the intensities of Cu L and Au M lines.
The Si signals were from the Si substrates. The error bars represented the standard deviations of the results
collected from 3 different regions of each specimen. The Cu/Au atomic ratios were also calculated
according to the peak position of the (111) diffraction in the PXRD patterns using the Vegard's law.
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Figure §4. EDS of (A) Au@Cu, s5-1, (B) Au@CuS-i, (C) Au@Cui sSe-i, and (D) Au@CuSe-i NPs.
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Figure S5. EDS of (A) Au@Cu, sS-ii, (B) Au@CuS-ii, (C) Au@Cu, sSe-ii, and (D) Au@CuSe-ii NPs.
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Figure S6. EDS of (A) Au@Cu sS-iii, (B) Au@CuS-iii, (C) Au@Cu, sSe-iii, and (D) Au@CuSe-iii NPs.
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Figure S7. SEM image and EDS-elemental maps (Au, Cu, S, merged Au+Cu+S) of Au@Cui.8S-ii NPs.
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Figure §8. SEM image and EDS-elemental maps (Au, Cu, Se, merged Au+Cu+Se) of Au@Cu; gSe-ii NPs.
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(B) Au@CusS, (C) Au@Cui sSe, and (D) Au@CuSe heterostructured NPs.
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Figure S10. SEM images of (A) Au@CuS-i and (B) Au@CuSe-i NPs.

Figure S11. SEM images of (A) Au@CuS-iii and (B) Au@CuSe-iii NPs.
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Figure S12. Structures of the unit cells of digenite (Cui sS), covellite (CuS), berzelianite (Cu;.s8Se), and
klockmannite (CuSe). The blue, yellow, and green spheres represent Cu, S, and Se atoms, respectively.
The unit cell structure of Cu;sS was reprinted with permission from ref. S5. Copyright 2012 American
Institute of Physics. The unit cell structure of CuS was reprinted with permission from ref. S6. Copyright
2014 American Chemical Society. The unit cell structure of Cu; 3Se was reprinted with permission from
ref. S7. Copyright 2015 Elsevier. The unit cell structure of CuSe was reprinted with permission from ref.
S8. Copyright 2014 Nature Publishing Groups.

S-8



>
2]
m

Sample (a) ‘l AA .| sample (b) .| Sample (c) ‘l A
Alloy-iii J/\£__/\>

3: S 3

g g g

© (1] (1]

~ ~ ~

2 2| Alloy-ii 2| Aloy-i

7 ® ®

S | s I & |

- Au -~ -~ Au

£ S Au I £

L 1 Cu, S I 2 1 1 Cu, ¢S I 2 L 1 Cu, ¢S | 2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 25 30 35 40 45 50 55 25 30 35 40 45 50 55

20/ degree 20/ degree 26/ degree

-
PR

Figure S13. (A) PXRD pattern and (B) TEM image of Sample (a). (C) PXRD pattern and (D) TEM image
of Sample (b). (E) PXRD pattern and (F) TEM image of Sample (c). Samples (a), (b), and (c) were
synthesized by reacting Alloy-iii, Alloy-ii, and Alloy-i NPs, respectively, with 5.0 mM thioacetamide in
TEG at 280 °C for 15 min. In panels A, C, and E, the standard patterns of Au, Cu (JCPDS 04-0836), and
CuisS (digenite, JCPDS 24-61), as well as the PXRD patterns of the parental alloy NPs are also shown
for comparison.
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Figure S14. Linear sweep voltammetry (LSV) curves of Au, Alloy-i, Alloy-ii, and Alloy-iii NPs on glassy
carbon electrodes in a 0.5 M H>SOj electrolyte at a potential sweep rate of 50 mV s
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Figure S15. (A) Temporal evolution of S/Au atomic ratios (quantified by EDS) during the reactions
between Alloy-ii NPs and 36 mM thioacetamide in TEG at 220 °C. (B) Temporal evolution of Se/Au
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TEG at 200 °C. The insets show the TEM images of the Au@CuS and Au@CuSe products kinetically
trapped at a reaction time of 2 min.
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Figure S16. (A) Temporal evolution of S/Au atomic ratios (quantified by EDS) during the reactions
between Alloy-ii NPs and 10 mM thioacetamide in TEG at 280 °C. (B) Temporal evolution of Se/Au
atomic ratios (quantified by EDS) during the reactions between Alloy-ii NPs and 0.60 mM selenourea in
TEG at 240 °C. The insets show the TEM images of the Au@Cu; sS and Au@Cu; sSe products kinetically
trapped at a reaction time of 2 min.
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Figure S17. (A) TEM image and (B) size distribution of Alloy-iv NPs. The histogram shown in panel B
was obtained from 100 nanoparticles in the TEM images. (C) PXRD pattern of Alloy-iv NPs. The standard
diffraction patterns of Au and Cu are also shown as the reference. (D) EDS of Alloy-iv NPs. The Si signals
were from the Si substrates. The Cu/Au atomic ratio was quantified to be to be 6.92 + 0.29 based on the
intensities of Cu L and Au M lines. The Cu/Au atomic ratio quantified by EDS was in good agreement
with the value calculated from the PXRD pattern using the Vegard's law (7.12). (E) LSV curves of Alloy-
iv (solid curve) and Alloy-iii (dash curve) NPs on glassy carbon electrodes in a 0.5 M H2SO4 electrolyte
at a potential sweep rate of 50 mV s°!. (F) Optical extinction spectrum of Alloy-iv NPs (solid curve). The
extinction spectra were collected from colloidal NPs suspended in ethanol at room temperature. The
extinction spectrum of Au NPs (52.3 + 5.6 nm in diameter) is shown as the dash curve for comparison.
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Figure S18. (A) PXRD pattern and (B) TEM image of Au@CusS-iv NPs, which were synthesized by
reacting Alloy-iv NPs with 4.0 mM thioacetamide in TEG at 280 °C for 15 min. (C) PXRD pattern and
(D) TEM image of Au@CuS-iv NPs, which were synthesized by reacting Alloy-iv NPs with 25 mM
thioacetamide in TEG at 220 °C for 15 min. (E) PXRD pattern and (F) TEM image of Au@Cu gSe-iv
NPs, which were synthesized by reacting Alloy-iv NPs with 0.20 mM selenourea in TEG at 240 °C for 15
min. (G) PXRD pattern and (H) TEM image of Au@CuSe-iv NPs, which were synthesized by reacting
Alloy-iv NPs with 0.80 mM selenourea in TEG at 200 °C for 15 min. The standard diffraction patterns of
Au, Cuy8S, CuS (covellite, JCPDS 6-464), Cui sSe (berzelianite, JCPDS 6-680), and CuSe (klockmannite,
JCPDS 6-427) are shown as the refences for comparison in panels A, C, E, and G.
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respectively. Reprinted with permission from ref. S2. Copyright 2018 American Chemical Society.
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Figure §20. Cu/Au atomic ratios (quantified by EDS) of Alloy-ii, Intermetallic-ii, Alloy-iii, and
Intermetallic-iii NPs.

S-13



Al Intermetallic-ii Intermetallic-iii
20}

0 63.4 + 6.8 nm 0 77.7 +8.1 nm

ke 8 -

O )

¥ 20t £ 15F

S 5

Q Q

S 'Y

S} O 10}

i~ a

I3 [

Q 10F Q

g g

S S 5f

=Z 2

ol . 0 . .
0 20 40 60 80 100 0 20 40 60 80 100
Size /nm Size /nm

Figure S21. Size distributions of (A) Intermetallic-ii and (B) Intermetallic-iii NPs. The histograms were
obtained from 100 NPs in the TEM images of each sample. The average diameters and standard deviations
of the NPs were shown in each panel.
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Figure S22. Temporal evolution of size distributions of the metallic domains in the heteronanostructures
when reacting Intermetallic-iii NPs with 30 mM thioacetamide in TEG at 220 °C. The histograms were
obtained from 100 NPs in the TEM images of each sample. The average diameters and standard deviations
of the NPs were shown in each panel.
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Figure §23. (A) PXRD patterns and TEM images of the heteronanostructures derived from (B)
Intermetallic-ii and (C) Alloy-ii NPs after reacting with 10 mM thioacetamide in TEG at 280 °C for 15
min. The standard PXRD patterns of Au, Cu;sS, CuS, and intermetallic AuCu L1o (JCPDS 25-1220) are
also shown in panel A for reference. The TEM image in panel C is the same as the one in Figure 1B.
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Figure §24. (A) PXRD patterns and TEM images of the heteronanostructures derived from (B)
Intermetallic-iii and (C) Alloy-iii NPs after reacting with 6.0 mM thioacetamide in TEG at 280 °C for 15
min. The standard PXRD patterns of Au, Cui sS, and intermetallic AuCuz L1, (JCPDS 35-1537) are also
shown in panel A for reference. The TEM image in panel C is the same as the one in Figure 1B.
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Figure 8§25. (A) PXRD patterns and TEM images of the heteronanostructures derived from (B)
Intermetallic-ii and (C) Alloy-ii NPs after reacting with 36 mM thioacetamide in TEG at 220 °C for 15
min. The standard PXRD patterns of Au, CuS, and intermetallic AuCu L1, are also shown in panel A for

reference. The TEM image in panel C is the same as the one in Figure 1C.
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Figure §26. (A) PXRD patterns and TEM images of the heteronanostructures derived from (B)
Intermetallic-iii and (C) Alloy-iii NPs after reacting with 30 mM thioacetamide in TEG at 220 °C for 15
min. The standard PXRD patterns of Au, CuS, and intermetallic AuCus L1, are also shown in panel A for
reference. The TEM image in panel B is the same as the one in Figure 5J. The TEM image in panel C is

the

same as the one in Figure 1C.
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Figure §27. (A) PXRD patterns and TEM images of the heteronanostructures derived from (B)
Intermetallic-ii and (C) Alloy-ii NPs after reacting with 0.6 mM selenourea in TEG at 240 °C for 15 min.
The standard PXRD patterns of Au, Cui sSe, and intermetallic AuCu L1y are also shown in panel A for
reference. The TEM image in panel C is the same as the one in Figure 1D.
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Figure §28. (A) PXRD patterns and TEM images of the heteronanostructures derived from (B)
Intermetallic-iii and (C) Alloy-iii NPs after reacting with 0.3 mM selenourea in TEG at 240 °C for 15 min.
The standard PXRD patterns of Au, CusSe, and intermetallic AuCuz L1, are also shown in panel A for
reference. The TEM image in panel C is the same as the one in Figure 1D.
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Figure §29. (A) PXRD patterns and TEM images of the heteronanostructures derived from (B)
Intermetallic-ii and (C) Alloy-ii NPs after reacting with 1.2 mM selenourea in TEG at 200 °C for 15 min.
The standard PXRD patterns of Au, CuSe, and intermetallic AuCu L1y are also shown in panel A for
reference. The TEM image in panel C is the same as the one in Figure 1E.
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Figure §30. (A) PXRD patterns and TEM images of the heteronanostructures derived from (B)
Intermetallic-iii and (C) Alloy-iii NPs after reacting with 0.90 mM selenourea in TEG at 200 °C for 15
min. The standard PXRD patterns of Au, CuSe, and intermetallic AuCusz L1, are also shown in panel A
for reference. The TEM image in panel C is the same as the one in Figure 1E.
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