Northumbria Research Link

Citation: Huang, Jianfeng, Zhu, Yihan, Liu, Changxu, Zhao, Yunfeng, Liu, Zhaohui, Hedhili,
Mohamed Nejib, Fratalocchi, Andrea and Han, Yu (2015) Fabricating a Homogeneously
Alloyed AuAg Shell on Au Nanorods to Achieve Strong, Stable, and Tunable Surface
Plasmon Resonances. Small, 11 (39). pp. 5214-5221. ISSN 1613-6810

Published by: Wiley-Blackwell
URL: https://doi.org/10.1002/smll.201501220 <https://doi.org/10.1002/smlil.201501220>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/id/eprint/47173/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners. Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without prior permission or charge, provided the authors, title and full bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder. The full policy is

available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher's website (a subscription
may be required.)

ok Northumbria 5

University
NEWCASTLE w

O]

8 UniversityLibrary


http://nrl.northumbria.ac.uk/policies.html

WILEY-VCH

DOI: 10.1002/
Article type: Full Paper

Fabricating a Homogeneously Alloyed AuAg Shell on Au Nanorods to Achieve Strong,
Stable, and Tunable Surface Plasmon Resonances

Jianfeng Huang,Yihan Zhu, Changxu Liu, Yunfeng Zhao, Zhaohui Liu, Mohamed Nejib Hedhili,
Andrea Fratalocchi and Yu Han*

J. Huang, Dr. Y. Zhu, Dr. Y. Zhao, Z. Liu, Prof. Y. Han

Advanced Membranes and Porous Materials Center, Physical Sciences and Engineering
Division, King Abdullah University of Science and Technology (KAUST), Thuwal, 23955-
6900, Kingdom of Saudi Arabia

E-mail: yu.han@Xkaust.edu.sa

C. Liu, Prof. A. Fratalocchi

PRIMALIGHT, Electrical Engineering, Applied Mathematics and Computational Science,
King Abdullah University of Science and Technology (KAUST), Thuwal, 23955-6900,
Kingdom of Saudi Arabia

Dr. M. N. Hedhili

Imaging and Characterization Core Lab, King Abdullah University of Science and
Technology (KAUST), Thuwal, 23955-6900, Kingdom of Saudi Arabia

Keywords: Au nanorods, Ag stability, homogeneous AuAg alloys, tunable surface plasmon
resonances, high plasmonic activities

Colloidal metal nanocrystals with strong, stable, and tunable localized surface plasmon
resonances (SPRs) could be useful in a corrosive environment for many applications
including field-enhanced spectroscopies, plasmon-mediated catalysis, etc. Here, a new
synthetic strategy is reported that enables the epitaxial growth of a homogeneously alloyed
AuAg shell on Au nanorod seeds, circumventing the phase segregation of Au and Ag
encountered in conventional synthesis. The resulting core-shell structured bimetallic nanorods
(AUNR@AUAQ) have well-mixed Au and Ag atoms in their shell without discernible domains.
This degree of mixing allows AUNR@AUAg to combine the high stability of Au with the
superior plasmonic activity of Ag, thus outperforming seemingly similar nanostructures with
monometallic shells (e.g., Ag-coated Au NRs (AuNR@Ag) and Au-coated Au NRs
(AUNR@AU)). AUNR@AUAg is comparable to AUNR@AQg in plasmonic activity, but that it

is markedly more stable towards oxidative treatment. Specifically, AUNR@AUAg and
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AUNR@AQg exhibit similarly strong signals in surface-enhanced Raman spectroscopy (SERS)
that are some 30-fold higher than that of AUNR@AuU. When incubated with a H2O solution
(0.5 M), the plasmonic activity of AUNR@Ag immediately and severely decayed, whereas
AUNR@AUAg retained its activity intact. Moreover, the longitudinal SPR frequency of
AuNR@AUAg can be tuned throughout the red wavelengths (~620-690 nm) by controlling
the thickness of the AuAg alloy shell. Our synthetic strategy is versatile to fabricate AuAg
alloyed shells on different shaped Au, with prospects for new possibilities in the synthesis and

application of plasmonic nanocrystals.

1. Introduction

Metal nanocrystals have rich and fascinating optical properties that arise from the
excitation of localized surface plasmon resonances (SPRs).l*) Among the numerous plasmonic
nanocrystals of different sizes, shapes, and compositions, anisotropic Au nanorods (AuNRs)
are of particular interest because the wavelength and strength of their longitudinal SPRs
(LSPRs) can be adjusted by tuning the aspect ratio of the rods.[?! As illustrated by the finite-
difference time-domain (FDTD) simulation, with the aspect ratio of a AUNR increasing from
1 (i.e., isotropic sphere) to 4.4, the maximum intensity of the electric field rendered by LSPRs
is enhanced by ~125 times, while the resonance wavelength undergoes a considerable
bathochromic shift from 530 to 850 nm (Figure S1). The intense LSPRs of AuNRs in the
near-infrared (NIR, > 780 nm) region are particularly useful for biological applications;?!
however, a wide range of applications requires plasmonic responses in the visible range of the
spectra.l*l For example, Wang et al.* and MiKi et al.[* reported the SPR induced efficient
visible light harvesting for enhancing the visible photocatalytic activities of ceria and titania,
respectively. Smolyaninov et al.*ldemonstrated a magnifying superlens whose design was
based on the optics of surface plasmon polaritons in the visible frequency range. Tricarico et

al.*d investigated the plasmonic layered structures for conformal electromagnetic cloaking
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covers at visible wavelengths. Therefore, positioning strong LSPR of rod-shaped nanocrystals
at wavelengths of < 700 nm is desirable.
According to Gans' equation that was initially developed to deal with ellipsoids,® the

LSPR frequency (w) of rod-shaped nanocrystals can be approximately determined by:

g (w) =— (1::) Em » 1)

where €'(o) is the real part of the metal’s dielectric function, em is the medium’s dielectric
function, and P is the depolarization factor for the longitudinal axis of the rod-shaped particle;

the strength and width of the resonance is characterized by a quality factor (Q):[®
Q=5 @

where €" (o) is the imaginary part of the metal’s dielectric function. Thanks to the smaller
dielectric function (both the real and imaginary part) of elemental Ag compared with
elemental Au, Ag nanorods (AgNRs) have an even stronger LSPR (Equation 2) at a shorter
wavelength (Equation 1) than do AuNRs of the same aspect ratio (see Figure S1). Because
direct synthesis is difficult, pre-synthesized AuNRs are commonly coated with a Ag shell as a
strategy to prepare AgNRs, allowing control of the aspect ratio of AgNRs and thus their
LSPRs.[l Although AgNRs have intriguing plasmonic properties, they have not been widely
used in practical applications, mainly because their susceptibility to oxidation makes them
unstable, severely deteriorating its intrinsic high plasmonic activity.

Several attempts have been made to improve the stability of Ag-based plasmonic
nanocrystals. For example, an extra protective SiO:layer was deposited on Ag
nanostructures;® however, thick and dense SiO; limited the approach of target molecules to
the surface of Ag, while thin and porous SiO, provided insufficient protection.[®! Efforts
to deposit a protective Au layer caused partial dissolution of Ag as a result of a replacement
reaction between Ag crystals and Au precursors.!'% Recently, a report investigating a

3
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replacement reaction-free coating of Au on Ag found that the thickness of Au must be
delicately controlled to avoid diminishing the plasmonic activity of the inner Ag core.*!
An alternative and perhaps more effective method is to homogeneously alloy elemental Ag
with elemental Au in nanocrystals. The role of Au to stabilize Ag through alloying has been
documented in the literature:l*2 a higher oxidation potential was required to trigger the
replacement reaction of Ag when it was alloyed with Au;*?4 the replacement reaction of Ag
was hindered when the molar ratio of Au/Ag was greater than 0.17.112°1 A number of diverse
approaches have been developed to prepare AuAg alloyed nanocrystals including laser
ablation,[*®1 sputter deposition,**  phase-transfer,*! replacement reaction,*® digestive
ripening,*™ interface diffusion,™® and co-reduction of Au and Ag precursors.*®! However,
these efforts have paid little attention to achieving compositional homogeneity in the crystals
produced because they did not consider the chemical stability of Ag. Two recent studies
indicated that uniform mixing of Au and Ag atoms (compositional homogeneity) in the
nanocrystal is required to achieve the “stabilizing” effect and that Ag remains susceptible to
oxidation if the two elements are segregated into large domains (results were verified in this
work (vide infra)).?” These two studies are currently the only successful examples of the
preservation of both plasmonic activity and chemical stability by synthesizing homogeneously
alloyed AuAg nanocrystals; however, their synthetic methods were limited to the production
of isotropic (nearly spherical) nanocrystals. In one of these studies,?%d the combined use of
NH4OH and NaBHj facilitated a uniform mixing of Au and Ag during co-reduction, but the
strong reducing power of NaBH4 and the consequential fast reduction kinetics resulted in the
formation of small round crystals (< 10 nm) with a poor size distribution. In the other study,
Yin’s group fabricated fully alloyed AuAg nanospheres with good compositional
homogeneity through the high temperature (~1000 °C) annealing of SiO.-coated Au-Ag core-
shell nanopolyhedrons.?®! This method requires complex procedures (e.g., coating and

removal of SiO2) and harsh annealing conditions, but more importantly, it cannot produce
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alloyed nanocrystals with special shapes (e.g., rods, cubes) other than spheres because
regardless of their original shape, at such high annealing temperatures, nanocrystals will fuse
into spherical particles (see Figure S2). Therefore, shape-dependent SPR properties are yet
unavailable for homogeneously alloyed nanocrystals synthesized by the existing methods, and
their SPRs are confined within the characteristic wavelengths of the Au and Ag spheres (i.e.,
~380-520 nm).[?4

In this paper, we endeavoured to fabricate homogeneously alloyed AuAg shells on AuUNRs
with the aim of integrating the merits of the AuAg alloy (high plasmonic activity and
excellent stability) with the advantages of anisotropic nanorods (strong and adjustable LSPRS).
To this end, we developed a facile synthetic strategy with no constraints on nanocrystal shape.
This strategy took advantage of a simultaneous and slow addition of Au and Ag precursors
into pre-synthesized AuNR solutions containing a strong reducing agent, which guarantees
compositional homogeneity of Au and Ag atoms across the newly formed shells. The
resulting bimetallic nanorods (designated as AUNR@AUAQ) manifested superior chemical
stability and strong LSPRs, as unraveled by our oxidation tests and SERS measurements.
Additionally, the LSPR frequency of AUNR@AUAg could be delicately tuned across the red
wavelength range (620-690 nm) by controlling the thickness of the alloy shell, enriching the

available SPR wavelengths imparted by stable AuAg alloy nanocrystals.

2. Results and Discussion

A typical synthetic procedure is illustrated in Figure la: AgNOs (100 uL, 3 mM) and
HAUCIs (100 uL, 2 mM) were infused into a AuNR seed solution (0.5 mL) containing
cetyltrimethylammonium chloride (CTAC) and sodium ascorbate at a pumping rate controlled
by a programmable syringe pump with dual syringes. The single-crystalline AuNRs

synthesized following our previous procedures were 55.0 + 4.7 nm long and 12.6 £ 0.8 nm
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wide (Figure 1b).[?2l Assuming the added Au and Ag precursors are completely reduced to
form bimetallic shells on the AuNRs, the Au/Ag molar ratio was 3/2 in the shell.

In the first experiment, Au and Ag precursors were rapidly added to the seed solution at a
pumping rate of 6 mL/min (equivalent to a one-shot injection of the full 200 uL of precursors
in 1 second, Figure 1a). We observed that the AuNR seeds grew into thicker nanorods with
pointy ends, and that the original AuNRs and the later-grown shells were discernible by
transmission electron microscopy (TEM) (Figure 1c). Previously, a similar co-reduction
method (a one-shot injection of a strong reducing agent into AuNR solutions containing a
mixture of HAuCls and AgNO3) was used to fabricate shells on AuNRs; the shells were
considered to be homogeneous alloys of Au and Ag.[”l However, this may have been a
mistaken presumption because the pronounced difference in redox potentials of HAuCl4 and
AgNO:s likely results in the sequential reduction of Au and Ag and consequently phase
separation.? To address this question, we employed high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), which is sensitive to the atomic number
(2) of the specimen and can therefore distinguish Au from Ag if there are phase segregations,
to probe the as-synthesized nanorods. The HAADF-STEM images (Figure 2a and b) clearly
revealed that the shell was inhomogeneous in composition, containing discrete Au islands
(brighter contrast), which were attached to the AuNR seeds and buried in a continuous outer
layer of Ag (lower contrast). Energy dispersive X-ray (EDX) spectroscopy line-scan analysis
confirmed the compositional inhomogeneity in the shells with a Au-enriched inside and a
pure-Ag outside (Figure 2c). These results demonstrate that the preferential reduction of Au
over Ag indeed leads to phase segregation in the newly grown shells, and that the outermost
surfaces of the obtained nanorods (hereafter designated as AUNR@AuU@AQ) are composed of
Ag and not a AuAg alloy.

We aimed to overcome this phase segregation by adding the precursors to the seed

solution slowly over time instead of by the one-shot (or fast addition) method. We predicted
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that by slowly adding the precursors, only a tiny amount of fresh Au and Ag precursors would
be available at any time point during the seeded-growth, forcing Au and Ag to gradually
deposit in a well-mixed fashion. On the basis of this hypothesis, we synthesized another batch
of material by following the aforementioned procedure, but we decreased the pumping rate to
0.005 mL/min (Figure 1a). As illustrated in Figure 1d, the obtained material was similar in
morphology to that synthesized by the fast addition protocol (i.e., AUNR@AU@AGQ),
consisting of thick nanorods with pointy ends. However, the contrast between AuNR seeds
and the outer AuAg shell in the TEM image became less distinguishable in the rod-body areas,
suggesting that the composition distribution in the shell might be different in the two
materials. Electron diffraction (ED) demonstrated that each individual nanorod remained a
single crystal, and the HRTEM image accordingly showed a perfect epitaxial growth of the
shell from the AuNR (Figure 1e). As expected, these nanorods had a uniform Z-contrast
throughout the entire later-grown shell in the HAADF-STEM images (Figure 2d and e),
suggesting that Au and Ag atoms were uniformly mixed in the shell. This conclusion was
supported by the analysis of the EDX line-scan (Figure 2f), where Au and Ag signals
occurred concomitantly during electron beam scanning across the nanorod. EDX elemental
maps acquired over one small half of a nanorod showed a uniform overlap in Au and Ag
distributions, further confirming the fully alloyed nature of the shell (Figure 2g-i). These
nanorods are hereafter designated as AUNR@AUAg, which feature homogeneously alloyed
AuAg shells (compositional homogeneity) and epitaxially deposited on AuNRs (structural
homogeneity), and they are expected to render strong and stable LSPRs.

To investigate the LSPR properties of the AUNR@AUAg, the UV-vis-NIR extinction
spectra of its aqueous suspension were collected and compared with those of
AUNR@AU@Ag, AUNR@AU, and AUNR@A(g. Here, AUNR@AuU and AUNR@Ag denoted
the structures that were synthesized by adding only HAuCls or AgNQOg, respectively, with all

other conditions identical to those employed for AUNR@AUAg (see Sl for synthetic details).
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AUNR@AuU and AUNR@Ag are nanocrystals with peanut and cuboid shapes, respectively

(see Figure S3). The original AuNRs that seeded the growth of the four core/shell structures
exhibited a broad LSPR peak at 850 nm, with a full-width at half-maximum (FWHM) of ~178
nm (Figure 3a). In agreement with previous work, the AUNR@AuU manifested a similarly
broad LSPR peak (FWHM: ~ 150 nm) that was slightly blue-shifted (peaking at 794 nm) due
to the decreased aspect ratio and largely intensified owing to enhanced absorption and
scattering.?>! Compared with AUNR@AU, both AUNR@Ag and AUNR@AU@Ag with pure
Ag shells enclosing the AuNR exhibited sharper (FWHM: ~100 nm and ~103 nm,
respectively) and markedly more blue-shifted LSPR bands (peak at 669 nm and 658 nm,
respectively) (Figure 3b and c), demonstrating the advantageous optical properties of Ag (as
discussed earlier). Likewise, the AUNR@AUAg also possessed a sharper (FWHM: ~125 nm)
and more blue-shifted LSPR (peak at 676 nm) in comparison to AUNR@Au (Figure 3d). The
large blue-shift in LSPR observed for AUNR@AuU@Ag and AUNR@AUAg relative to the
original AUNR seed was the result of the combined effect of crystal size, shape and
composition (see Figure S4 and S5 for detailed analysis). These results indicate that
homogeneously incorporated Ag in the AuAg shell can effectively improve the plasmonic
activities of Au.

The chemical stabilities of the four materials against a strong oxidizing environment (i.e.,
H20- in this work) were characterized by monitoring changes in their LSPRs when they were
transferred from H>O to H202 (0.5 M). Because AUNR@AuU is made of pure Au, it showed a
strong resistance to H2O: etching, as evidenced by the nil reduction in its extinction intensity
(Figure 3a). The preservation of plasmonic property was also reflected by the identical color
of AUNR@Au suspended in H,O and H.O: (inset of Figure 3a); Accordingly, TEM showed
the intact particle shape of AUNR@Au after treatment with H.O, (Figure S6a). AUNR@Ag
and AUNR@AU@Ag, which are characterized by strong and sharp LSPRs associated with

their Ag shell, suffered an immediate degradation (within 5 s) upon exposure to H.O2 (0.5 M),
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as indicated by the vivid color changes of their suspensions from greenish in H>O to dark
brown in H2O». Accordingly, in the UV-vis-NIR spectra, the characteristic LSPR band was
severely deteriorated and concomitantly a weak and broad band extending to longer
wavelengths arose (Figure 3b and c). TEM showed that after treatment with H.Op,
AUNR@Ag and AuNR@AuU@Ag NRs were severely deformed and aggregated as a
consequence of Ag etching (Figure S6b and c), which likely accounted for the observed
broad extinction.!”! The etching effect of H.O, on Ag was also verified by X-ray
photoelectron spectroscopy (XPS), which showed the appearance of the Ag oxide, the
oxidizing product of Ag, in treated AUNR@Ag and AUNR@AuU@Ag samples (Figure S7). In
striking contrast, the intense plasmonic activity of AUNR@AUAg was fully inert to the
etching effect of H.O2. As displayed in Figure 3d, after substituting H2O» for H>O, the LSPR
peak was only slightly red-shifted due to the larger dielectric constant of H.O> than that of
H20,21 while the peak intensity remained the same even after 1 h incubation. The extinction
spectra agreed well with the suspension colors using H>O and H>O> as solvents (inset of
Figure 3d). The stability of AUNR@AUAgQ was further corroborated by the TEM images
showing perfect shape preservation (Figure S6d), and the XPS measurements revealing the
identical chemical state for Ag before and after treatment with H20 (Figure S7). In addition,
we observed a negative shift of 0.10 eV in the Ag 3ds2 binding energy of AUNR@AUAg
relative to that of pure Ag-shelled AUNR@Ag or AUNR@AU@Ag (see XPS profiles in
Figure S8). This result is consistent with previous findings, suggesting that Ag redistributes
its s-charge to the d-channel upon alloying with Au.?®1 Since Ag tends to use its s-electron to
get involved in the oxidization chemistry,?®1the depleted electron density in the 4s-subshell of
Ag as a consequence of the charge redistribution[? accounts for the effective resistance of
AUNR@AUAg to oxidation by H>O,. To ensure compatibility with long-term applications,
stability was further tested in a series of higher H202 concentrations for prolonged incubation

times of up to 24 h (Figure 3e and f). We found that even with harsher treatments, the LSPR
9
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peak intensity was well maintained at 98~99% of the original value within experimental
errors, except for a continuous red-shift observed with the gradual increase in H.0O>
concentration (Figure 3f). The red-shift is jointly induced by the larger dielectric constant of
H>0, than that of H>O and light oxidization of Ag component (see Figure S9). We also tested
the stability of AUNR@AUAg in ammonia solution. In the presence of oxygen, ammonia can
effectively etch elemental Ag through oxidative complexing to form soluble [Ag(NHz)2]*
complex in the solution.* We found that after being incubated in ammonia solution (0.5 M)
for 1h, the AUNR@AUAg maintained its LSPR band intensity at ~97% of the original value
(Figure S10). In contrast, AUNR@AU@AQg lost the band intensity by ~41% after the same
treatment (Figure S10). There was no remarkable decay within an additional 1h, due to the
shortage of oxygen supply. These results further confirm that AUNR@AUAg is superior to
AUNR@AU@Ag in stability. Overall, these results demonstrated that AUNR@AUAg NRs
have similarly strong LSPR as that of Ag-coated AuNRs, whereas they are considerably more
stable against oxidative etching.

We found that the LSPR frequency of AUNR@AUAg NRs can be finely tailored within
the red wavelengths by simply varying the total amount of the added Au and Ag precursors
(with an unchanged Au/Ag ratio of 3/2) for the seeded growth. Specifically, when the volume
of the precursors increased from 80 to 150 pL, the extinction band experienced a linear blue-
shift from ca. 690 to ca. 620 nm (Figure 4). The monotonous shift with the addition of more
precursors was attributed partially to the slightly decreased aspect ratios of the NRs as the
shells grew thicker (Figure S11) and partially to the increased Ag atomic fraction in the
material (including both the AuNR core and the AuAg shell) from 29.0% to 42.5%, as
determined by inductively coupled plasma-atomic emission spectroscopy (Figure 4b).
Meanwhile, the bandwidth of the LSPR was slightly reduced from ~135 to ~120 nm.
Regardless of shell thickness, AUNR@AuUAg samples have markedly narrower LSPR bands

than do those of the starting AUNR (~178 nm) or AUNR@Au (~151 nm), implying a sharper
10
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resonance associated with elemental Ag. The intense, sharp, stable, and tunable LSPR of
AUNR@AUAQ appears promising for a multitude of optical applications.

In a proof-of-concept experiment, we demonstrated the merits of AUNR@AUAg by
comparing its colloidal SERS activity with those of AUNR@AU@Ag, AUNR@AuU, and
AUNR@Ag in both H20 and H20,. We used 4-Nitrobenzenethiol (4-NBT) as the Raman
probe, and the excitation wavelength for each material was chosen based on their LSPR
determined from the extinction spectra (see Experimental Section for SERS measurement
details). The strongest 4-NBT SERS band, located at 1334 cm™,2?l was used as a benchmark
for comparing the performance of the four substrates. When the particles were dispersed in
H.O for measurements, the three Ag-containing substrates (i.e., AUNR@AUAg,
AUNR@AU@Ag, and AUNR@AQ) manifested comparable SERS signals of 30-fold, 31-fold,
and 42-fold, respectively, stronger than that of the pure Au substrate (i.e., AUNR@AU)
(Figure 5a), confirming the superior activity of Ag nanostructures over their Au counterparts
in field-enhanced spectroscopies. Upon the addition of H.O>to the suspensions,
AUNR@AU@Ag and AuNR@Ag, with pure Ag in the outmost shell exposed to
H20> oxidation, substantially lost their intense SERS activities; in contrast, AUNR@AUAgQ
and AuUNR@Au efficiently retained their SERS signals, indicating that the alloyed shells of
AUNR@AUAg could be as robust as pure Au in resisting etching by H>O. (Figure 5b).
Overall, these results confirmed that AUNR@AUAg integrates the high plasmonic activity of
Ag with the excellent chemical stability of Au, acting as an ideal SERS substrate in terms of
both sensitivity and durability for molecular detection.

There are a few additional points we wish to highlight regarding the method used
here. (i) The sufficiently small amount of precursor that was infused into the seed solution and
reduced instantaneously at each time point was paramount to the compositional homogeneity
in the shell of AUNR@AUAg. The amount of infused precursor was determined by the

infusion rate (e.g., 0.005 mL/min in this work) multiplied by the concentration (e.g., 3 mM for
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AgNO3z and 2 mM for HAuclsin this work). To maximize the compositional homogeneity,
one would expect the rate to be as small as possible; a rate of 0.005 mL/min was at an
extreme low in the rate range, below which (e.g., 0.0025 mL/min) a capillary lift of the seed
solution into the syringes will take place. Alternatively, one could decrease the concentration
of the precursors; however this will prolong the reaction time. The concentrations of the
precursors used here were a good compromise between the compositional homogeneity and
reaction time. (ii) The stability and sharpness of the LSPR of AUNR@AUAg were strongly
dependent on the concentration ratio of AgNOzto HAuUCIsduring synthesis
(AgNO3/HAUCI4 = 3/2 in the synthesis in this work). High Ag content would favor plasmonic
activity but reduce stability. Two extreme examples are the structures synthesized using
AgNO3/HAUCIs = 5/0 and 0/5. As discussed earlier, the resulting structures AUNR@Ag and
AUNR@AuU were less stable and had weaker plasmonic activity, respectively (Figure 5). At a
ratio of AgNOs/HAUCIs= 3/2, AUNR@AUAg efficiently combines the merits of Au and Ag
with no detriment to either plasmonic activity or stability. (iii) The use of a moderately strong
reducing agent (i.e., ascorbate sodium) is also crucial for the fabrication of AUNR@AUAg.
With an even stronger reducing agent like NaBHa4, homogeneous nucleation and growth of
AuAg particles in the solution would be favored over the epitaxial seeded growth of the AuAg
alloyed shell on AuNRs (Figure S12). When a medium reducing agent (e.g., ascorbic acid)
was used, Au was preferentially deposited at the rod ends, while Ag was enriched outside the
shell, coating the rod bodies. Like the other pure Ag-coated structures, this structure was
unstable even in a low concentration of H20, (0.5 M) (Figure S13). (iv) Our method is facile
and versatile, and it can be easily adapted to coat homogeneously alloyed AuAg shells on Au
nanoscrystals of different shapes. As an example, Au polyhedron@AuAg is presented

in Figure S14.

3. Conclusion
12
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In conclusion, a facile yet effective and versatile seeded growth strategy has been
developed that enables the epitaxial deposition of homogeneously alloyed AuAg shells on
pre-synthesized AuNRs. The resulting AUNR@AUAg exhibits stronger LSPRs and higher
SERS activity than do pure Au nanostructures with comparable sizes and shapes (e.g., AUNR
and AUNR@Au), made possible by the incorporation of Ag. On the other hand, in comparison
to other AuAg bimetallic core-shell structures with pure Ag shells (e.g., AUNR@AuU@Ag and
AUNR@AQg), AUNR@AUAg possesses similarly high plasmonic activity but significantly
improved stability against oxidation by H2O», benefiting from the alloyed nature of the shell.
Our study reveals that the fabrication of AuAg alloyed shells by co-reduction of Au and Ag
precursors is not as straightforward as presumed in previous studies. The sufficiently slow
addition of the precursors along with a suitable reducing agent is the key to success, without
which Au and Ag atoms are easily segregated in the shell as a consequence of sequential
rather than simultaneous reduction. By simply adjusting the amount of HAuCls and AgNOs,
we were able to exquisitely tune the LSPR frequency of the AUNR@AuUAg within the red
region of the spectrum (620-690 nm). Given the strong, stable, and tunable LSPR properties,
the AUNR@AUAg nanorods promise many plasmonic applications because of their high
performance and long lifetime, especially in an oxidizing environment. Our synthetic strategy
holds the potential to be extended to the preparation of core@alloyed shell materials with

other crystal shapes (e.g., cube, polyhedrons) and elements (e.g., Pd, Pt).

4. Experimental Section
Synthesis of AuNR@AuAg, AuNR@Au, AuNR@Ag, and AuNR@Au@Ag: Starting AuNRs

were synthesized and cleaned following the procedure introduced in our previous work,??
with the exception that the growth process was limited to 9.5 h. To prepare the AUNR@AuAg
nanorods, AgNO3 (100 pL, 3 mM) and HAuCls (100 pL, 2 mM) that were pre-sucked in

separate syringes were infused at 0.005 mL/min into a AuNR seed solution (0.55 mL, ~0.92
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nM) containing a capping agent, CTAC (73 mM), and a strong reducing agent, sodium
ascorbate (9.1 mM). After 20 min all the precursors had been ejected, and the product was
washed and collected via centrifuge at 7800 rpm for 8 min. To synthesize AuNR@Au,
AuNR@Ag, and AuUNR@Au@Ag, the same procedure for the synthesis of AUNR@AuAg
was followed, with the exception that for AUNR@Au and AuNR@Ag, HAuCls (250 pL, 2
mM) and AgNOs (166.7 uL, 3 mM) were added, respectively. Here, the volume of HAuCl4
(i.e., 250 uL) and AgNOs (i.e., 166.7 uL) were determined to ensure an equal number of
stoichiometric metal atoms in the shells of AuNR@Au, AuNR@Ag, and AuNR@AuAg. For
AuNR@Au@Ag, the infusion rate was changed to 6 mL/min.

Characterizations. Extinction spectra were taken on a Varian Cary 5000 UV-vis-NIR
spectrophotometer. Low-magnification TEM images were taken on a FEI-Tecnai T12
microscope operated at 120 kV. HAADF-STEM images, EDX line-scan and elemental
mappings were acquired on a FEI-Titan ST electron microscope operated at 300 kV. XPS data
were collected on an Axis Ultra instrument (Kratos Analytical) with a monochromatic Al K,
X-ray source operating at 150 W under ultrahigh vacuum (<1078 torr) conditions.

SERS measurements. AUNR@Au, AuUNR@Ag, AuNR@Au@Ag, and AuNR@AuAg (100
pL, ~0.46 nM) were each incubated with a 4-NTP ethanol solution (5 pL, 0.01 mM)
overnight. SERS spectra were recorded on a Horiba Jobin Yvon LabRAM HR-800
spectrophotometer coupled to an Olympus confocal microscope (BX41) with a x50 objective
(NA = 0.50) in the backscattering configuration. The laser excitations were chosen based on
the substrates’ extinction spectra (Figure 3). Specifically, 660 nm was employed for the three
Ag-containing NRs (i.e., AUNR@Ag, AuUNR@Au@Ag, and AuNR@AuAg) and 785 nm for
the pure Au NRs (i.e., AuUNR@Au). The spectra were collected from the suspension using an
exposition time of 5 s for all samples in conjunction with a grating of 600 lines/mm.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) Schematic illustration of two synthetic routes in which AgNO3z and HAuCl4
solutions are simultaneously infused into a AUNR seed solution at two different rates: 6 and
0.005 mL/min, and of the structures of the corresponding products, AUNR@AU@Ag and
AUNR@AUAg. (b-d) TEM images of (b) the AuNR seeds, (c) AUNR@AU@Ag, and (d)
AUNR@AUAg. (e) HRTEM image and ED pattern (inset) of AUNR@AUAg taken at a rod
end along the [100] axis, showing the perfect epitaxial growth of the AuAg shell from the

AUNR seed.

18



WILEY-VCH

—
(2]
~—

o Intensity (a.u.)

—Ag

—AU

o

5 10 16 20 25
Position (nm)

(f)

o Intensity (a.u.)

oAU

—Ag

10 15 20 26
Posmon (nm)

Figure 2. (a, d) Low-magnification HAADF-STEM images of (a) AUNR@AuU@Ag and (d)

AUNR@AUAg NRs. (b, e) High-magnification HAADF-STEM images of a single (b)

AUNR@AU@Ag and (e) AUNR@AUAg NRs, and (c, f) their corresponding EDX line-scan

analysis along the drawn lines. (g-i) Elemental maps of the marked area in (e) for (g) Au, (h)

Ag, and (i) the superposition of Au and Ag maps, showing the uniform distribution of Au and

Ag in the shell region.
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Figure 3. (a-d) UV-vis-NIR extinction spectra of (a) AUNR@AuU, (b) AUNR@Ag, (c)

AUNR@AU@Ag, and (d) AUNR@AUAg NRs in pure H2O (solid line) and an aqueous

solution of H20. (0.5 M) (dashed line). Insets in each panel are the corresponding visual

appearance (photo pictures) of the suspension in H20O (left) and H20> solution (right). In panel

(a), the extinction spectrum of the starting AuNR seeds is also presented as a reference (the

lowest curve). (e) The extinction spectra of AUNR@AUAQ in different concentrations (i.e., 0O,

0.5, 1, 2, 4, and 8 M) of aqueous solutions of H20.. (f) Enlarged extinction spectra from the

marked area in pane (e). The spectra of H,O»-treated nanocrystals were taken after 1 h (a-d)

and 24 h (e, f) of incubation in H2O> solution.
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Figure 4. (a) UV-vis-NIR spectra of various AUNR@AUAg samples synthesized by using
different volumes of precursors (i.e., AQNO3z and HAuCl4). The spectra have been normalized
relative to their respective maxima. (b) Dependence of the band position and FWHM of the
extinction peaks of the AUNR@AUAg samples on the volume of the precursors. The
corresponding Ag mole fraction in each AUNR@AUAg sample was presented in the upper x-
axis. The error bars represent the standard deviation of three measurements for each sample

that was synthesized in triplicate.
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Figure 5. Colloidal SERS spectra of 4-NBT on AuNR@Au (blue), AUNR@Ag (red),
AUNR@AU@Ag (orange), and AUNR@AUAg (green): (a) in H2O and (b) after addition of

H202 (0.5 M).
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A facile yet effective and versatile seeded growth strategy has been developed that enables
the epitaxial deposition of homogeneously alloyed AuAg shells on pre-synthesized AuNRs.
The resulting AUNR@AUA(g exhibits strong, stable, and tunable Surface Plasmon Resonances,
implying many plasmon-mediated applications in corrosive environments.
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