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Noble metal nanoparticles efficiently absorb visible light and infrared light.
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as a general strategy for controlling light absorption in plasmonic multimetallic
nanoparticles.
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SUMMARY

The design of new plasmonic materials is essential for continued
progress in light manipulation at nanometer length scales. Often,
multimetallic nanoparticles exhibit superior catalytic, mechanical,
or corrosion-resistant behavior compared with their unary counter-
parts. Despite these advantages, designing multimetallic plasmonic
materials remains challenging because, except for Au, Ag, and Al,
most metallic elements exhibit poor plasmonic behavior. Here, we
describe a strategy for manipulating the plasmon resonances of no-
ble metal nanoparticles by post-transition metal alloying. We show
how the metallic properties of post-transition metals—Bi, Ga, In,
and Sn—can be imparted onto noble metals, enabling tunable
higher-energy plasmon resonances that maintain high extinction co-
efficients and enter the UV. Theoretical modeling of simulated
metallic mixtures and idealized Drude free-electron materials shows
how this tunability is generalizable. Consequently, post-transition
metal alloying provides a powerful strategy for realizing a new
chemically diverse class of tunable plasmonic materials.

INTRODUCTION

Plasmonic metal nanoparticles absorb light with remarkable efficiency, enhance cat-
alytic reactions through multiple mechanisms, and confine light into sub-nanometer
volumes.'™ In many instances, however, they are limited by the few metals that
support plasmon resonances. While multimetallic nanoparticles are ubiquitous in
heterogeneous catalysis, solder, and structural materials, there are relatively few
demonstrations of tunable and homogeneous multimetallic plasmonic materials.®”
Most hybrid multimetallic plasmonic materials are phase and function segre-

d,>*® while most homogeneously alloyed materials are limited in tunability

gate
or exhibit highly damped localized surface plasmon resonances (LSPRs).” " All suc-
cessful alloy demonstrations, such as Ag-Au, Al-Au-Ag, and Cu-Al, are limited in syn-
thetic accessibility, spectral range, or oxidative stability.>'?'*"> Therefore, material
strategies that can directly and deliberately control the metallic properties that

dictate the LSPR are needed to realize new classes of functional plasmonic materials.

RESULTS

Designing post-transition-metal-noble-metal plasmonic alloys

Post-transition metals (PTMs) provide an intriguing class of elements to combine
with the plasmonically conventional noble metals (NMs). In contrast with most tran-
sition metals, PTMs have Drude-like metallic properties that enable UV LSPRs by vir-
tue of their high carrier densities and high energy plasma frequencies (Figures 1 and
51).72167"8 Unlike most transition metals, PTMs exhibit covalency originating from
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PROGRESS AND POTENTIAL
Light-absorbing materials are
critical for advances in energy,
medicine, and information
transfer. While metal
nanoparticles absorb light more
efficiently than most forms of
matter, they are limited in the
wavelengths they can absorb as
well as in their composition. This
reduces opportunities for these
so-called plasmonic nanoparticles
to impact new technologies.

Here, we control where plasmonic
nanoparticles absorb light by
creating metallic mixtures. By
diffusing unconventional
plasmonic metals, such as tin, into
traditional ones, such as silver or
gold, we create metallic mixtures
that strongly absorb blue and UV
light that the traditional metals
cannot absorb. These materials
show immense complexity in how
the atoms are arranged with
remarkable tunability, motivating
exploration of an almost limitless
number of metallic combinations.
We envision that these materials
could lead to a broader scope of
opportunities for plasmonics with
reduced noble metal usage.
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Figure 1. NM plasmon manipulation by PTM alloying

200 300 400 500
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(A) PTM incorporation is predicted to shift NM LSPRs toward higher energy because of the intrinsic UV-resonant behavior of PTMs. This is realized

experimentally with Au-Bi, -Ga, -In, and -Sn and Ag-Sn nanoparticles.
(B) Mie theory calculated extinction spectra for unary 20-nm-diameter spheres.

(C) Mie theory calculated extinction spectra for 20-nm spheres comprising 15% Bi-, Ga-, In-, and Sn-Au linearly weighted dielectric functions. See also

Figures S2-54.

(D) Mie theory calculated extinction spectra for 20-nm spheres comprising 15% Bi-, Ga-, In-, and Sn-Ag linearly weighted dielectric functions. See also

Figure S5.

their p-block character; alloying with NMs could enable creation of plasmonic mate-
rials with distinct chemical, physical, and bonding characteristics.'”?° Conceptually,
alloying could systematically alter the metallic properties of the NMs, resulting in
tunable higher-energy LSPRs as a function of composition (Figure 1A).

Classical Mie calculations using linear combinations of the NM and PTM dielectric
functions were used to approximate the optical response of idealized PTM-NM solid
solutions. While an approximation,'? previous literature has shown that linearly
weighted dielectric functions can simulate the Drude response and dispersion of
the dielectric function.?’ Our recent work showed theoretically that many of the
PTMs (excluding Bi) are Drude-like in their response, both by visual inspection of
their dielectric functions and analysis of their plasmon line widths.'® Generally, plas-
monic metals are described using the free-electron Drude model in the long-wave-
length region (away from interband transitions and above the plasma frequency). In
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other words, we assume (and see experimentally) that the plasmonic response is

dominated by the free electron properties of a metal.”’

Deviations can be expected from this simple theory at high (>25% mixing) metal ra-
tios for intermetallics where ordered unit cells give rise to distinct band structures
and due to the emergence of interband transitions that are distinct from those in
the constituent metals (Note $1).%""121-22 Qualitative analysis of the mixed dielec-
tric functions shows that increasing the PTM content makes the real part of the
dielectric function more negative, enabling higher-energy LSPRs, while increasing
the lossy imaginary part (Figures S2 and S3).

The unary PTMs (Bi, Ga, In, and Sn) exhibit sharp plasmon resonances in the UV
ranging from ~200-300 nm, while the NMs exhibit characteristic LSPRs at 395 nm
for Ag and 520 nm for Au (Figure 1B). In contrast, the binary PTM-NM LSPRs are
shifted to higher energy. At 15% PTM content, the LSPRs for Au-X materials are
shifted to ~460 nm, while the LSPRs for Ag-X materials blueshift to ~340 nm for
15% AgxGaq.« (Figures 1C, 1D, S4, and S5). For all PTM-NM combinations, varying
the amount of PTM enables tuning of the LSPR over a wide range (~0.5 eV, Fig-
ure S6). Given this qualitative theoretical evidence for PTM-mediated plasmonic
manipulation, we sought to realize these materials experimentally.

Tunable plasmonic Au-Sn alloys and intermetallics

Au-Sn was selected as a model system because of the well-known synthetic and plas-
monic behavior of Au, the well-studied phase behavior of bulk Au-Sn, and the UV
plasmonic activity of Sn (Figure 2A)."*?* PTM-NM nanoparticles were synthesized
using a seeded chemical reduction of Snt* (experimental procedures). Aqueous
~15-nm citrate-capped Au nanoparticles were used as seeds because of their
colloidal stability, compatibility with the SnCl, precursor, and labile nature of the cit-
rate capping agent (Figure 2B). Incorporation of Sn was controlled by modifying the
added Sn amount, while inductively coupled plasma-mass spectrometry (ICP-MS)
and energy-dispersive X-ray spectroscopy (EDS) were used to quantify the per-
centage of Sn incorporation (Table S1). This approach was found to yield uniform,
spherical, and monodisperse (<15% coefficient of variation) nanoparticles for all
compositions investigated (Table S2; Figures S7 and S8).

Blue-shifting of the LSPR is observed upon incorporation of Sn into the Au seeds
(Figure 2E). Specifically, UV-visible extinction spectroscopy reveals a sharp feature
at 520 nm (Au seeds) that shifts to 507, 497, and 477 nm for 8%, 20%, and 25% Sn
incorporated amounts, respectively (Figure S9; Table S3). At low Sn content, the
LSPR retains much of the Au-character, while increasing the Sn content broadens
the resonance. These changes in optical extinction are visually apparent, changing
the appearance from burgundy for the Au seeds through a series of orange, yellow,
and brown shades with increasing Sn content (Figure 2D). Transmission electron mi-
croscopy (TEM) reveals that the nanoparticles remain spherical and uniform after Sn
incorporation (Figures 2C, S7, and S8), and long-term characterization reveals that
the optical response of the nanoparticles is relatively stable for at least 2 weeks
(Figure S10).

High-angle annular dark-field scanning TEM (HAADF-STEM) coupled with EDS was
used to better understand the structure of the multimetallic nanoparticles
(Figures 2F-2U and S11). Elemental mapping shows that the Sn diffuses through
the volume of the nanoparticle, though it appears visually to be richer in proportion
at the periphery.?*?* Similar syntheses caused intermetallic nucleation at the core,
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Figure 2. Binary Au-Sn plasmonic alloy nanoparticles
(A) Schematic of the seeded method for synthesizing Au-Sn nanoparticles.

(B and C) Transmission electron micrographs of (B) Au seeds and (C) 8% incorporated Sn nanoparticles. Scale bars, 20 nm. See also Figure S7 and
Table S2.

(D) Photograph of the colloidal solutions of Au seeds and the 8%, 21%, 25%, and 41% Sn composition nanoparticles.

(E) Normalized extinction spectra for Au seeds and 8%, 21%, 25%, and 41% Sn nanoparticle compositions.

(F-U) HAADF micrographs (F, J, N, R) and STEM-EDS maps of Au (G, K, O, S), Sn (H, L, P, T), and the Au-Sn overlay (I, M, Q, U) for the 8%, 21%, 25%, and
41% Sn composition nanoparticles. Scale bars, 10 nm. See also Figures S11 and S12.

(V) Powder XRD patterns for the Au seeds and the 8%, 21%, 25%, and 41% composition nanoparticles. Reference stick patterns for Au, AuSn, and AusSn
are included at the bottom. See also Figures S13-S15.

(W) Representations of the relevant unit cells.

amorphous Au-Sn shells, or the presence of Au-rich solid-solutions.”*%* These
studies also suggest that Au diffusion through Sn occurs more rapidly than the in-
verse, although both are possible, and interdiffusion can be observed in nanoscale
systems.” The bulk phase diagram as well as previous literature suggest that many
of these phases can co-exist.””?® However, neither the images nor mapping suggest
the presence of well-separated core-shell structures. EDS line scans through the
nanoparticle show Sn distributed throughout, while mapping suggests an Sn-rich
outer region (Figure S12). Thus, the structure appears to be Sn rich at the periphery,
with Sn incorporated throughout the interior volume.

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used to better
understand the atomic and structural phase behavior (Figure 2V). At low (8%) Sn con-
tent, broadening and shifting of the Au (111) peak is observed, indicative of substitu-
tional alloying (Figure S13; Note S2). With increasing Sn content, the trigonal AusSn
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Table 1. Extinction coefficients for Au-Sn mixed-phase plasmonic nanoparticles

Extinction
Au: Sn Mole Ratio LSPR (nm) Radius (nm) coefficient (M~ em™")
Pure Au 523 150 £ 1.5 456 + 0.03 x 108
12:1 (8% Sn) 507 16.8 £ 1.5 1.33 £ 0.02 x 107
4:1 (21% Sn) 497 178 £ 1.3 8.94 + 0.05 x 10®
3:1(25% Sn) 477 180+ 1.4 6.94 + 0.04 x 10®

See also Figure S21 and Table S5.

phase (up to 21% Sn) and then the hexagonal AuSn phase (25% and 41% Sn) are
observed (Figure 2W). However, a Au-like face-centered cubic (fcc) pattern is retained
in all cases. Rietveld analysis suggests that increasing the Sn content leads to a mono-
tonic increase in AusSn formation for 8%, 21%, and 25% Sn incorporation (Figures S14
and S15). Because the Au fcc pattern is retained with consistent Vegard's-like shifting of
the (111) peak, the intermetallic phases likely co-exist with a substitutional Au,Sn;_ alloy
phase; a variety of eutectic mixtures has been observed previously in Au-Sn.”*** To ac-
count for the measured Sn content (8%, 21%, and 25%), some extent of substitutional
mixing in the Au-phase is likely, given that the intermetallic phases are not sufficiently
Snrich (12.5% in AusSn, 50% in AuSn). XPS further supports this analysis; the measured
surface content is greater than the measured Sn content in the full volume of the nano-
particle (Table S4; Figure S16), further supporting the existence of a Sn-rich periphery.

To probe the relation between optical and structural properties and better under-
stand the diffusion of Sn into the Au seed, syntheses were conducted where the tem-
perature and reducing agent amounts were systematically varied. Synthesis at 60°C
was found to give the most blue-shifted LSPR and the greatest relative amount
of AusSn phase (Figure S17). By comparison, lower temperatures (40°C and room
temperature) resulted in broadened LSPRs that were minimally blue-shifted; these
temperatures also led to formation of greater fractions of AuSn. At 80°C minimal
shifting is observed and the LSPR resembles that of the unreacted Au seeds. These
data suggest that the most blue-shifted LSPRs occur when Au/Au,Snq_, and interme-
tallic (AusSn + AuSn) content is present (Figures S18 and S19). These differences are
likely due to competition between interdiffusion rates of Au and Sn as well as stabi-
lization of thermally favored intermetallic phases. Varying the amount of reducing
agent results in structures that either incorporate less Sn, as evidenced by less
blue-shifted LSPRs and less intermetallic content, or irreversibly aggregate upon
reduction (Figure S20).

Quantification and theoretical analysis of the plasmonic response

To quantify the impact of Sn incorporation on the plasmonic response, extinction co-
efficients for the plasmonic nanoparticles were quantified (experimental proced-
ures). As anticipated, Table 1 shows that the extinction coefficients of the Au-Sn
nanoparticles are within an order of magnitude of the Au seeds up to 25% Sn incor-
poration (Table S5; Figure S21). Therefore, Au-Sn nanoparticles support highly effi-
cient LSPRs despite being composed of up to 25% PTM.

To better understand the relationship between metallic properties and optical
response, theoretical Mie theory calculations were performed using real material
dielectric functions and idealized Drude metals. Material dielectric functions enable
direct comparison with experiments, while idealized Drude dielectrics functions enable
formation of a generalized understanding of what properties influence the LSPR. Linear
combinations of the Au and Sn dielectric functions (Figures 1, 3A, and S22) were found
to give reasonable agreement with experiments, capturing the LSPR blue-shift and
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Figure 3. Optical modeling of the binary Au-Sn plasmonic response

(A) Mie theory modeling of linearly mixed dielectric functions for Au-Sn materials. 10-nm-radius
spheres were simulated using Mie theory with 0% (Au), 8%, 21%, 25%, and 41% Sn linear mixtures as
dielectric functions. See also Figure S22.

(B) Mie theory modeling of mixed dielectric functions for idealized visible (w, = 5, LSPR

~550 nm) and UV (w, = 12, LSPR ~225 nm) Drude materials. See also Figure S24.

(C) Schematic and Mie theory modeling of intermetallic and core-shell structures. Au (red),

AusSn (blue), and AuSn (orange) dielectric functions adapted from Leitao et al.”
used as input. In addition, AusSn core @Au shell (5, 10 nm radius) and AuSn core-AusSn shell-

Au shell (3.33, 6.67, 10 nm radius) spheres are included for comparison. See also Figures 525 and S26.

were
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Figure 3. Continued

(D) Mie theory modeling of core-shell structures with idealized Drude materials where the shell (10-
nm radius) is a lossless visible (w, = 5) plasmonic material, and the core (5-nm radius) is the same
visible plasmonic material with an increasingly lossy dielectric function. See also Figure S27.

(E) Mie theory modeling of core-shell structures with idealized Drude materials where the shell (10-
nm radius) is a lossless visible (w, = 5) plasmonic material, and the core (5 nm radius) has an
increasing plasma frequency. See also Figure 528.

broadening with increasing Sn content (Figures 2E and S23; Table S3). This is despite
these models not being able to fully capture the changes in the metal band structure
that occur because of alloying (Note S1). Linear combinations of UV (w, = 12, LSPR
~225nm)andvisible (w, =5, LSPR ~550 nm) active idealized Drude materials were con-
structed to test the generality of this observation (Figure S24). Here, a blue-shifted and
broadened LSPR was observed as the UV-active material content increased (Figure 3B).
In this idealized Drude case, linear mixing approximates the properties of a substitu-
tional alloy, given that these fictitious Drude materials do not have interband-driven
loss (they are lossless by design).

To investigate the plasmonic response of the phase-separated mixed-phase mate-
rials, core-shell Mie simulations were performed using intermetallic dielectric
functions (Figure 3C) that were calculated previously (Figure S25).2% A series of
pure-phase and core-shell segregated structures was chosen as a model system
for phase-separated pure-phase intermetallic structures. The pure intermetallics
do not support a strong plasmonic response, in agreement with previous observa-
tions (Figure 3C; Note §3).2227:30 The core-shell structures, however, do support
robust LSPRs and approximate the experimental trend: a blueshift is seen when
the intermetallic core is surrounded by a pure Au shell (Figure 3C). Notably, the in-
verse structure, the Au core intermetallic shell, shows no evidence of an LSPR (Fig-
ure S26). These data are thus consistent with the experimental observation of a
Sn-rich outer region putatively comprising a substitutional alloy/intermetallic
mixture rather than a distinct Au@intermetallic core-shell structure.

The idealized Drude model was further developed to describe a core-shell
structure where the shell is a visible active plasmonic metal while the core com-
prises an increasingly lossy metal (Figures 3D and S27) or a metal with an increas-
ingly high-energy LSPR (Figures 3E and S28). These dielectric functions with
tunable loss approximate the intermetallic dielectric functions, which do not sup-
port LSPRs, while allowing one to independently investigate how the distinct
metallic properties that change in alloys and intermetallics can together dictate
the collective LSPR of mixed-phase nanoparticles. An increasingly lossy core (Fig-
ure 3D) and an increasingly high-energy plasmonic core (Figure 3E) were found to
blue-shift the LSPR; however, only the increasingly lossy core results in significant

broadening.?*?'

The combined optical, structural, and theoretical data suggests that PTM alloying
can manipulate the plasmonic response by two primary mechanisms: modification
of the Drude response by formation of Sn-enriched Au substitutional alloys
(Figures 3A and 3B) and by nucleation of phase-separated Au and Au-Sn interme-
tallic phases (Figures 3C-3E). These models are consistent with the experimental
Au-Sn model system, where a Sn-rich region exists on the periphery of the nano-
particle, while AusSn and AuSn intermetallic phases co-exist with Au/Au,Sn1_ solid
solutions. Both mechanisms can contribute to the observed plasmonic tunability,
while the presence of the intermetallic is associated with some damping and
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Figure 4. Plasmonic tunability with Bi, Ga, and In

(A) UV-visible spectra for Au seeds (red) and Au-Bi (purple), Au-Ga (cyan), Au-In (green), and Au-Sn
(blue) nanoparticles.

(B) Photograph of the colloidal solutions of nanoparticles.

(C—H) TEM micrographs and STEM-EDS overlay maps for 10% added Bi (C, F), Ga (D, G), and In (E,
H) nanoparticles. See also Figures 529 and S30 and Table S8.

(1) Powder XRD patterns for the Au seeds and the 10% molar equivalent added Bi, Ga and In, and Sn
nanoparticles. A reference stick pattern for Au is included at the bottom. Scale bars, 10 nm.

See also Figure S31.

broadening. Importantly, the idealized Drude models suggest that this approach to
tuning NM LSPRs is generalizable.

Generalizing NM and PTM alloys for plasmonics

To demonstrate the general strategy of plasmon manipulation by PTM alloying,
tunable LSPRs were achieved by alloying additional PTMs (Figure 4) as well as
by using Ag as the NM base material (Figure 5). To incorporate Bi, Ga, and In,
the synthesis described above was modified by varying the temperatures of the in-
cubation and alloying steps and adding 10% molar equivalent PTM (experimental
procedures). In all cases, incorporation of the PTM resulted in a visible color
change (Figure 4B), and the LSPR was blue-shifted (Figure 4A) from the character-
istic 520 nm LSPR for the Au spheres, with Au-Bi nanoparticles at 504 nm, Au-In at
512 nm, and Au-Ga at 505 nm. TEM micrographs (Figures 4C-4E) show that the
alloyed nanoparticles are spherical and homogeneous in size (<10% coefficient
of variation; Table Sé), while STEM-EDS maps show that their composition is rela-
tively uniform (Figures 4F-4H, S29), although line scans of the Au-Bi and Au-In
structures suggest an outer PTM-rich region similar to that observed for the Au-
Sn structures (Figure S30). We note, however, that detailed structural characteriza-
tion is more challenging because post-synthetic oxidation occurs more rapidly for
these systems compared with the Au-Sn systems, which exhibit approximately
month-long stability (Figure S10).

Matter 6, 838-854, March 1, 2023 845
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Figure 5. Binary Ag-Sn plasmonic alloy nanoparticles

(A and B) TEM micrographs of (A) Ag seeds and (B) 60% Sn added nanoparticles. See also

Figure S34 and Table S9. Scale bars, 20 nm.

(C and D) HAADF micrographs (C) and STEM-EDS overlay maps (D) for 60% Sn added. Scale bars,
10 nm. See also Figures S36 and S37.

(E) UV-visible spectra for Ag, 40%, 52%, 60%, and 66% Sn molar equivalent added nanoparticles.
(F) Powder XRD patterns for Ag, 40%, 52%, 60%, and 66% Sn added nanoparticles.

(G) Inset: powder XRD pattern focusing near the Ag (111) peak. Reference stick patterns for Ag, Sn,
and AgsSn are included at the bottom.

See also Figures S41 and S42.

XRD of the PTM alloys shows a Au-like fcc pattern that is suggestive of substitutional
alloying (Figure 4l), similar to what is observed for low-Sn-content alloys (Figure 2U),
where no intermetallic phases were observed but subtle broadening and shifting of
the (111) and (200) peaks occurs (Figure S31). ICP-MS was used to quantify the PTM
content, and Bi was determined to be present at ~6% and In at ~9% (Table S7). Ga
was only detectable in trace amounts; we note, however, that the Au-Ga nanopar-
ticles were metastable in solution during the centrifugation and processing process
necessary for rigorous characterization. XPS suggests that a surface-rich PTM region
exists on the periphery, similar to that observed for the Au-Sn nanoparticles
(Table S7; Figure S32), and the optical response cannot be explained by the pres-
ence of unreduced salt coordination or formation of oxide shells, both of which
would red-shift the LSPR (Figure 533).%¢

Differences in the optical response and structural behavior between Au-PTM alloys

are likely due to the different molar compositions achieved and differences in the
intrinsic electronic properties of the PTMs (Figures S1-S3). Structural differences
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are ascribed to differences in diffusion in the Au lattice, phase behavior, and oxida-
tion potentials of the PTMs investigated. For example, oxidation of Au-In nanopar-
ticles has been observed previously in aqueous alloy Au-In nanoparticles, resulting in
formation of an Au core@In,Oj3 shell with a red-shifted LSPR.*” These data suggest
that the presence of an intermetallic phase in the Au-Sn systems confers colloidal
stability in contrast to the non-intermetallic Au-PTM alloy nanoparticles. Overall,
the blue-shifted LSPRs observed for the low-PTM-content NM alloys are qualitatively
similar, likely because of their similarly dispersive real dielectric functions in the
visible and UV (Figures S1-S3).

A seeded co-reduction approach (Figure 5; experimental procedures) was used to
synthesize Ag-Sn alloy nanoparticles with a less than 20% coefficient of variation
(Figures S34-S35; Table S9). TEM, HAADF-STEM, and EDS mapping and line scans
show that the nanoparticles are relatively consistent in Sn content (Figures 5A-5D
and S35-537). ICP-MS (Table S10) and XPS (Figure S38; Table S11) suggest that a
Sn-rich periphery is present, analogous to that seen in Au-Sn and other Au-PTM alloy
nanoparticles. Optically (Figure 5E), Sn alloying blue-shifts the LSPR from the visible
(~400 nm for the Ag seeds) to the UV (365 nm at 23% Sn content). With increasing Sn
content, the LSPR line shape asymmetrically broadens toward the blue, possibly
because of the formation of new interband transitions.** However, a clear Ag-
LSPR-like extinction feature is maintained up to ~23% Sn incorporation. Mie simula-
tions incorporating linearly weighted Ag and Sn dielectric functions qualitatively
capture the blue-shifted LSPRs of the Ag-Sn combinations (Figures S39 and S40).
Overall, the optical data show that an Ag-like LSPR is retained, while tunability to-
ward higher energy can be achieved.

Like in the Au-Sn system, XRD reveals formation of an intermetallic phase (AgsSn)
with greater added Sn amounts (Figure 5F). Shifting and broadening of the fcc
(111) peak is observed for the low-Sn-content nanoparticles (Figures 5F and 5G),
indicative of substitutional alloying (Note S2). Interestingly, AgsSn phase content
is seen to increase with increased added Sn equivalents (Figures S41 and S42)
despite the overall Sn content changing by only a few percent (Tables S10 and
S11). It could be that additional Sn stabilizes intermetallic phases, as seen in the
Au-Sn system, although the differences in optical response and AgsSn phase con-
tent suggest that a more complex structural change is occurring. This observation,
combined with the XPS surface content quantification and peak shifting in the
XRD pattern, could suggest strain in part because of the outer Sn-rich region,
although further structural investigation is needed.

DISCUSSION

In the two archetypal plasmonic materials, Ag and Au, PTM alloying is shown to
enable tunable higher-energy plasmon resonances. This tunability is seen in the
presence of NM-rich solid solutions as well as ordered intermetallic phases. This
tunable ability to achieve higher-energy plasmonic resonances is in contrast with
the well-known strategies of controlling plasmonic resonances by changing the
nanoparticle size, shape, and environment, all of which red-shift plasmonic absorp-
tion toward lower energies. This observation presents new questions relating to our
understanding of plasmonic resonances in mixed metallic systems, whereby phase-
separated materials exhibit high quality LSPRs in a tunable manner. Advanced spec-
troscopic, structural, and electron microscopy characterization will be needed to
reveal the underlying fundamental principles that dictate this behavior. The interplay
between the formation of intermetallic phases and their spatial segregation is critical
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for understanding the optical and structural differences observed between NM-PTM
alloys. Additional theoretical work is needed to better simulate and understand the
dielectric functions of alloys and intermetallics, ideally in such a way that novel plas-
monic alloys can be designed using ab initio methods. While linear combinations of
alloys approximate the behavior observed here, more rigorous methods are needed
to fully understand the optical response. Finally, while we have shown that several
putative mixed-phase alloy/intermetallic structures can give rise to this tunability,
the mixed-phase nanoparticles investigated here are not exhaustive. We are only
beginning to understand the role of phase and metallic mixing at the atomic scale
and nanoscale in plasmonic materials and how these together can reveal new stra-
tegies for plasmonic control.

The ability to maintain high-quality plasmon resonance in materials with high inter-
metallic (>25%) and PTM (>25%) content enables future studies that leverage chem-
ical and metallic properties beyond those accessible with NMs.>"*"” PTMs have
properties distinct from transition metals, including covalent and directional
bonding, complex phase diagrams, and catalytic activity.'”?%** Intermetallic and
solid solutions are commonplace in heterogeneous catalysis because of their well-
defined atomic arrangements and distinct properties compared with their unary
constituents.”**~% Finally, tuning plasmonic absorption is important for activating
biomolecules and aligning resonances with photoredox catalysts and UV polymeri-
zations.***® When taken together, this work suggests that control over phase, crystal
structure, and spatial distribution of nanoscale metals can have a profound and high-
ly tunable influence on plasmonic absorption. The realization of robust plasmonic
properties in NM-PTM nanostructures potentially enables future discovery and
application of multimetallic plasmonic nanoparticles for sensing, catalysis, phase-
change materials, hybrid absorbers, and optoelectronic materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to the lead con-
tact, Michael B. Ross (michael_ross@uml.edu).

Materials availability

The materials used here can be synthesized according to the procedures included
using commercially available reagents. Detailed methods can be found in the sup-
plemental information.

Data and code availability
All experimental and theoretical data are available upon reasonable request from
the lead contact.

Materials

The synthesis of metal nanoparticles requires hydrogen tetrachloroaurate (II) trihy-
drate (HAuCl,-3H,0, 99.99%, Alfa Aesar), trisodium citrate dihydrate, (99%, Alfa
Aesar), tin(lV) chloride (SnCls-5H,0, 99.99%, Alfa Aesar), bismuth(lll) nitrate penta-
hydrate (Bi(NO3)3-5H,0, 99.999%, Thermo Fisher Scientific), gallium(lll) nitrate hy-
drate (Ga(NQO3)3-xH50, 99.9%, Thermo Fisher Scientific), indium(lll) chloride (InCl3,
99.99%, Thermo Fisher Scientific), poly(vinylpyrrolidone) (PVP; molecular weight
[MW] = 40,000, Alfa Aesar), sodium borohydride (NaBHy4, 97+%, Alfa Aesar), silver
nitrate (AgNOs, 99.9995%, Thermo Fisher Scientific), sodium bromide (NaBr,
99.99%, Alfa Aesar), and L-(+)-ascorbic acid (99%, Alfa Aesar). All chemicals were
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used without further purification, and all solutions were prepared with 18.2 MQ re-
sistivity water. Syntheses were noted to vary slightly depending on the age of metal
salt precursors, most likely because of hydration and oxidation with time.

Synthesis of Au seeds

Gold seeds were prepared in a 100-mL round-bottom flask submerged in an oil bath
held at 125°C, stirred at 640 rpm. 58.56 mL of water and 1.2 mL of 10 mM HAuCl,
were added to the flask and brought to reflux. At reflux, 480 u L of 100 mM sodium
citrate solution was added. The solution turned purple and then reddish pink within
3-5 min of addition of citrate. The solution was heated for 8 min, after which it was
removed and allowed to cool to room temperature. The seeds were used as synthe-
sized at ~0.7 optical density (OD).

Synthesis of Au-Sn nanoparticles

Au-Sn nanoparticles were synthesized using a seed-mediated approach.?* 40-200
uL of SnCls-5H,0 (5 mM) was added to 3 mL of seeds under vigorous stirring at
room temperature to achieve the desired composition. Water was then added to
bring the total reaction volume to 4 mL. Approximately 0.025 mg PVP-40,000 was
added directly to this mixture, and then the reaction vials were transferred to a water
bath at 60°C. After remaining in the water bath for 10 min, the reaction vials were
removed and stirred during addition of 120-200 uL NaBH, (260 mM). The reaction
vials were returned to the water bath. The samples remained in the water bath for
20 min, after which the product was centrifuged for 8 min at 8,500 rpm, followed
by removal of the supernatant and resuspension in water. For increasing Sn compo-
sition, the volume of 5 mM SnCl,-5H,0 was varied. For example, to achieve the
added Sn compositions of 24%, 30%, 37%, and 50% Sn, 38, 54, 73, and 116 ul,
respectively, of SnCls-5H,0 (5 mM) were added. The PVP and NaBH,4 were adjusted
as fixed ratios of 0.05:1 and 30:1, respectively, to the total molar metal (Au and Sn)
content.

Synthesis of Au-Bi, Ga, In nanoparticles

The conditions and synthetic approach were similar to what was used for the Au-Sn
compositions, with the following modifications. For Ga and Bi, the Au seed solutions
were incubated in an ice bath for 10 min after addition of water, PVP, and the PTM
solution instead of incubation in a 60°C water bath. After incubation, NaBH, was
added with vigorous stirring, and the solutions were placed back in an ice bath for
10 additional minutes. For In, the Au seed solution was incubated at 60°C for
10 min after addition of water, PVP, and the PTM solution, identical to Au-Sn nano-
particle synthesis. After being removed, NaBH,4 was added with vigorous stirring,
and the growth solutions were allowed to stand at room temperature for 10 min.
All nanoparticle solutions were found to be stable for at least 1 h after synthesis.

Synthesis of Ag seeds

Agqueous solutions of sodium citrate (1 mL, 35 mM), AgNO3 (250 uL, 59 mM), and
NaBr (50 uL, 80 mM) were added to 1.25 mL water and stirred at room temperature
for 5 min. After 4 min, 500 uL of an aqueous solution of ascorbic acid (100 mM) was
added to 47.4 mL of boiling water in a 100-mL round flask that was heated with an oil
bath at 125°C using a stirring rate of 600 rpm. The citrate, silver nitrate, sodium bro-
mide solution was added to the refluxing solution after stirring for a total of 5 min
(1 min after the ascorbic acid solution was added).>” The color of the reaction
changed from colorless to yellow. The solution was held at reflux for 1 h with stirring.
Afterward, the solution was centrifuged at 4,100 rpm for 15 min to remove larger
nanoparticles, and the supernatant was saved. The supernatant was then
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centrifuged at 11,400 rpm for 30 min and resuspended in 2 mM aqueous solution of
sodium citrate. The seeds were used at an OD of ~3.

Synthesis of Ag-Sn nanoparticles

Ag-Sn nanoparticles were synthesized by a seeded co-reduction method. In a typical
synthesis, 1.30 mL of Ag seeds were added to 6.02 mL of water. 100 uL of 10 mM
AgNO3 was added under stirring, followed by addition of 160, 260, 360, and
460 pL of SnCl,-5H,0 (5 mM). Next, 190, 220, 260, and 300 uL of sodium citrate
(30 mM) was added to the reaction. The reaction vials were transferred to a water
bath at 60°C for 10 min. After the 10 min elapsed, an aqueous solution of 150,
170, 190, and 215 uL NaBH4 (120 mM) was added to the reaction. Similar to Au-
Sn synthesis, the reaction vials were transferred to a water bath at 60°C for 20 min.

UV-visible spectroscopy
UV-visible spectra were recorded on an Agilent Technologies Cary 100
spectrophotometer.

Electron microscopy

Samples for TEM were prepared by drop-casting a dilute solution of nanoparticles
onto Cu carbon type B grids (Ted Pella). TEM was performed using a Phillips
CM12 operated at 120 kV. Samples for scanning electron microscopy (SEM) were
prepared by centrifugation for 8 min at 8,400 rpm; afterward, the supernatant was
removed, and the pellet was resuspended in water. The second centrifugation was
used to obtain a pellet from which ~20 uL of solution was drop-cast onto a Si wafer.
SEM and EDS was performed using a JEOL JSM 740F SEM equipped with EDAX
analysis software. Elemental mapping was performed using an FEIl Tecnai Osiris
200kV TEM equipped with an HAADF-STEM detector for the STEM-EDS mapping.

XRD and phase analysis

Powder XRD measurements were performed on a Rigaku Miniflex X-ray diffractometer
using CuKa (A = 1.5418 A) radiation in the 20 range of 10°-90° and a scan rate of 1°
min~". 8.0 mL of colloidal sample was concentrated to ~200 uL, drop-cast onto a
zero-background Si sample holder (Rigaku), and dried at room temperature. Individual
crystal phases were indexed using the crystallographic open-source database. Specific
material reference numbers include Au (9013036), Au5Sn (1510571), AuSn (1510301),
AuSn2 (1510306), AuSn4 (1510307), Sn (9008568), Ag (1509146), and Ag3Sn
(9011118). Rietveld analysis was used to simulate the collected patterns. All samples
were purified using multiple rounds of centrifugation and resuspension into water.

XPS

X-ray photo electron spectroscopy (XPS) was performed using a PHI Versaprobe II.
For analysis, the spectra were corrected using a Shirley background, energies
were standardized to the C1s peak, peaks were fit with Voigt functions, and the rela-
tive compositions were determined using the appropriate atomic sensitivity factors.
We note that the samples exhibited limited and inconsistent amounts of adventi-
tious carbon; this fact, coupled with the complexity of assigning oxidation states
for intermetallics and complex alloys, limits their ability to be conclusively assigned.
All samples were purified using multiple rounds of centrifugation and resuspension
into water.

EDS-SEM compositional analysis

EDS was performed using a SEM (JEOL JSM 7401F SEM) equipped with EDAX anal-
ysis software using an accelerating voltage of 25 kV, which allows analysis of the bulk
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composition of Au/Sn and Ag/Sn nanoparticles using SnL, AuM, and AgL to quantify
the atomic ratios. For EDS, samples were centrifuged and drop-cast onto carbon
tape. Three spots were analyzed using a maximum collection time of 100 s, and
these compositions were averaged to obtain the quantities reported.

Determination of composition and extinction coefficients

Elemental analysis was used to determine the elemental composition of the di-
gested nanoparticles. Calculation of the corresponding experimental extinction
coefficients for the Au,Sny_, nanoparticles was performed by ICP-MS with a 7900
ICP-MS (Agilent Technologies, Tokyo, Japan). To prepare samples for ICP-MS anal-
ysis, 2 mL of each sample was taken for each composition studied (24%, 30%, 37%,
and 50% Sn added) and centrifuged for 12 min at 10,000 rpm to isolate the nanopar-
ticles. The supernatant was removed, and the particles were resuspended in 2 mL of
water to wash away unreacted ions and surfactants The sample was again centri-
fuged for 12 min at 10,000 rom. For Au,Sn;_, samples, the supernatant was removed,
and the nanoparticles were resuspended into solution with decreased OD ranging
from 0.1-0.7 OD. 100-pL aliquots were transferred to 15-mL conical tubes, where
the particles were resuspended to 1 mL by addition of 900 pL of water. The nanopar-
ticles were then digested in 1 mL of aqua regia (3:1 HCI/HNO3). Prior to ICP-MS anal-
ysis, the solution was diluted to a total volume of 10 mL. Triplicate measurements
were made for each sample.

Extinction coefficient calculation

To determine the extinction coefficients for each nanoparticle composition, data
collected with ICP-MS were converted to nanoparticles per liter concentrations
before being compared with the corresponding UV-visible spectra in a Beer's law
plot. The original concentration from ICP-MS before dilution is determined in two
steps.

First, the weight of analyte present in the dilute solution was calculated as follows:

1L
1000 mL

The original aliquot concentration can then be calculated as follows:

? * prepared solution volume (mL) = mg of analyte

mg of analyte) = ppm (undiluted solution)

volume of sample(mL
1000 mL

The number of available atoms for each of the constituent metals was calculated
from the original solution concentration. Nanoparticle concentrations were then
calculated using methods modified from the literature.*>? Briefly, the number of
atoms per nanoparticle can be calculated using the following equation:

N = TPP

6 M
where N is the average number of atoms per nanoparticle, p is the density of the
metal, and M is the atomic weight. To obtain the alloyed nanoparticle concentra-
tions, the average number of atoms per nanoparticle was weighted to account for
the atomic percentage of each element:

Total atoms
((Nay * atom%) + (Ns, * atom%))

= particles

The nanoparticles per liter were then divided by Avogadro’s number to provide
molar nanoparticle concentrations for each measured sample. Beer's law plots
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were then constructed in Origin, including the standard deviation in particle concen-
tration, and a linear fit analysis was used to determine the extinction coefficient.

Generalized Mie theory

Mie theory calculations were used to calculate the optical response of alloy nanopar-
ticles. For Au-Sn, calculations were performed assuming a linear mixing of the com-
ponent’s dielectric functions or using previously calculated dielectric functions for
Au-Sn intermetallics. Similar calculations were performed for Au,Biq, AucGa,
Audng, AguSni, AgxBiix AgxGaq, and Agylni, for alloys with 5%, 10%, 15%,
20%, and 25% PTM composition. Dielectric functions were taken from the following
references: Ag,”® Au,*° Bi,*" Ga,**** In,** and Sn.*> Mie theory calculations were
used to calculate the optical response of spherical metal nanoparticles with varying
PTM composition, and 25 vector spherical harmonics were included for all calcula-
tions."**/ Extinction is reported as optical efficiency, Q, which is a unitless quantity.
Surface scattering was not accounted for, and a background dielectric constant of
1.33 (water) was used for all calculations. Mie theory allows calculation of the extinc-
tion cross-section for a sphere:

Cou = i—ijﬂ(zn + 1)Re(a, + by)

where k is the wave vector given by k = 2773;/2/1. an and b, are the scattering coef-
ficients, which contain the Riccati-Bessel functions used in Mie theory.***® We
report extinction as efficiency, which is equal to the ratio of the cross-section to
the particle geometric cross-section, ma?.

Idealized Drude-like model
The permittivity of an ideal free electron gas Drude metal was described using the
Drude-Sommerfeld model:'?3347-51

2

o,

e(w) =1 - —F—
w(w+iy)

where w,, is the bulk plasma frequency and v is a phenomenological scattering rate.

For the metals described here, the scattering rate was set to 0.01 unless noted other-

wise. The dielectric function was used for calculating the extinction efficiency using

Mie theory.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2023.01.004.
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