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Bio-chemical molecular detection in the nanoscale, based on alloyed nanorods (NRs) with tunable surface plasmon
resonance (SPR) properties and high chemical stability, has attracted particular interest. In this work,
alloyed Au-Ag NRs with tunable aspect ratios were achieved by annealing Au nanobipyramid-directed Au@Ag
core-shell NRs. The core-shell NRs were encapsulated within mesoporous silica outer shells to avoid fusion or ag-
gregation. The structural stability of fully alloyed Au-Ag NRs, including chemical and thermal stability, is remark-
ably improved compared with that of Au@Ag core-shell NRs. The alloyed NRs would maintain the rod-like
structure after being incubated in etchant solution, while Au@Ag core-shell NRs would decay into nanobipyramids.
Additionally, fully alloyed NRs present stable morphology under annealing at high temperatures of up to 600°C in
air. Benefiting from excellent structural and chemical stabilities, the surface-enhanced Raman scattering effect based
on alloyed NRs is stable in harsh environments. Taking advantage of tunable SPR properties (600–1800 nm) and
excellent stability, the obtained nanostructures can serve as drug carriers. The perfect photo-thermal effect induced
by the particular SPR of alloyed NRs can improve the release efficiency of drugs. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000558

1. INTRODUCTION

Noble metal nanoparticles have been extensively investigated to
apply plasmonic responses [1], upon coupling with an electro-
magnetic field, to many promising applications, such as photo-
electronic devices [2,3], bio-medicine [4–6], and catalysis [7,8].
The plasmonic properties of metal nanoparticles are dependent
on the shape, size, composition, and surrounding medium.
Compared with spherical metal nanoparticles (NPs), anisotropic
metal nanorods (NRs) exhibit two anisotropic surface plasmon
resonance (SPR) modes, transverse SPR (SPRT) and longitudinal
SPR (SPRL) [9–12]. Both longitudinal and transverse modes are
tunable, but if the nano-rod shape is kept (i.e., one radius at least
1.5 times bigger than the other) the transverse mode is tunable in
a smaller spectral range. With the increasing aspect ratio of NRs,
the SPRL can be tuned from the visible to the near-infrared (Vis-
NIR) region. Systematic exploration on Au and Ag nanoparticles
has been widely reported [13–15]. Although Au nanocrystals of-
fer excellent chemical stability and tunable SPR in a large region
(>500 nm), their practical applications are limited for their
relatively weak surface-enhanced Raman scattering (SERS) and
catalytic effects compared with similar Ag nanoparticles [16].
The plasmonic resonance in silver nanoparticles is indeed more

efficient since silver has lower losses compared to gold. However,
the poor chemical and structural stability of Ag impedes the fun-
damental research and technical applications. Moreover, the dis-
persity of nanoparticle colloid stabilized by surfactants is critical
for application in a liquid environment. Notably, surfactants will
lead to bio-toxicity and reduced adsorption between the analyte
and metal core. For the case of stability and plasmonic activity,
Au-Ag alloyed nanostructures provide an alternative approach by
changing the alloy composition [17,18], and the advantages of
mesoporous silica can be taken to avoid the bio-toxicity and pro-
vide adsorption channels.

Studies on anisotropic NRs with the advantages of alloyed
materials have been reported. However, previous studies were
mainly focused on the spherical Au-Ag alloyed nanoparticles,
which combined both the superior properties of high chemical
stability of Au nanocrystals and excellent plasmonic properties
of Ag nanocrystals. Yin and co-workers have used functional-
ized alloyed Au-Ag nanospheres as SERS sensors for quantita-
tive detection of endonuclease [19]. Moreover, it is reported
that Au-Ag alloyed NPs can be used as stimuli for enhancing
optical and mass spectrometric imaging of latent fingerprints
due to the enhanced optical absorption efficiency and improved
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stability [20,21]. Additionally, alloyed nanostructures also show
a more active ability toward catalyzing a wider variety of reac-
tions than pure Au or pure Ag nanoparticles [22].

Alloyed Au-Ag nanostructures were usually fabricated by laser
ablation [23], solvothermal synthesis [24], co-reduction of Au
and Ag salts [25], or replacement reactions [26–28]. Annealing
is also an alternative approach to prepare alloyed nanostructures
[29,30]. Unfortunately, annealing at a high temperature would
fuse anisotropic nanostructures into nanospheres. There are only
a few reports on the synthesis of fully alloyed Au-Ag NRs. Han
et al. [31] fabricated homogeneously alloyed Au-Ag shells on Au
NRs by a co-reduction method, and the SPRL wavelength could
only be tuned in a region of 648–736 nm. Although phase seg-
regation was inevitable due to the close lattice parameters of Au
(4.08 Å, 1 Å = 0.1 nm) and Ag (4.09 Å), a considerable discrep-
ancy of surface energy between Au (97 meV∕Å2) and Ag
(78 meV∕Å2) would possibly lead to the aggregation of Ag atoms
on the surface of Au, forming core-shell structures rather than
alloyed nanostructures [32]. Recent results show that Au-Ag al-
loyed NRs can be obtained by thermal treatment of Au@Ag core-
shell NRs coated by mesoporous SiO2 shells [33,34]. Notably,
the deposition of Ag on transverse side surfaces of single-crystal-
line Au NRs is faster than in the longitudinal ending directions,
and these finally result in the formation of cubic Au@Ag nano-
structures [35]. The SPRL of the resultant alloyed nanostructures
could be adjusted from ∼600 to ∼800 nm in wavelength.
Therefore, fabrication of alloyed Au-Ag NRs with highly tunable
plasmonic properties is still challenging.

Herein, alloyed Au-Ag NRs with tunable aspect ratios were
synthesized by annealing well-defined Au@Ag core-shell NRs
with the aid of mesoporous silica. Silica capping formations on
alloyed NRs are selective for carrier gas conditions. For exam-
ple, annealing in air leads to hollow silica capping due to the
sublimation of Ag. The SPRL mode of alloyed NRs can be con-
trolled from the visible to near-infrared region (600–1800 nm)
by increasing the amount of AgNO3. The SPRT modes can be
tuned in the spectral region of 400–500 nm by adjusting the
Ag/Au composition. To investigate the chemical stability, NRs
including core-shell and alloyed types are incubated in etchant
(including NH4OH and H2O2) solutions. Alloyed Au-Ag
NRs are highly stable, while core-shell NRs transform into
Au nanobipyramids (NBPs). Moreover, the thermal stability
also was explored by annealing alloyed Au-Ag NRs and
core-shell NRs at 600°C. Based on the excellent structural sta-
bility, the application research into alloyed NRs in the bio-
medical field, taking the SERS signal detection of R6G and
the drugs’ release as examples, was explored. It can be found
that hollow silica capping can provide much more space to store
the drugs. Owing to the selective photo-thermal effect based on
the tunable SPR properties, the release efficiency of drugs ab-
sorbed on alloyed Au-Ag NRs will be increased. As a result,
alloyed NRs are also promising candidates for bio-medicine
applications.

2. EXPERIMENTAL SECTION

A. Synthesis of Au Nanobipyramids
A seed-mediated method was used to fabricate well-defined Au
NBPs as reported previously [35–38]. The seed solution was

prepared by adding a fresh ice-cold NaBH4 solution (0.1 M,
0.2 mL; 1 M = 1 mol/L) into a mixed solution of HAuCl4
(0.01 M, 0.2 mL), trisodium citrate, and deionized water
under vigorous stirring. The resultant seed solution was kept at
85°C for 1.5 h to promote the formation of five-fold twined
crystals. The growth solution was made by sequential addition
of HAuCl4 (0.05 M, 1 mL), AgNO3 (0.02 M, 0.5 mL), HCl
(1 M, 2 mL), and ascorbic acid (0.1 M, 0.8 mL), and the
as-prepared seed solution was put into a hexadecyl trimethyl
ammonium bromide (CTAB) solution (0.1 M, 100 mL) under
gentle stirring for 10 s. The reaction solution was undisturbed
at room temperature for 2 h to generate Au NBPs.

Typically, high-yield Au NBPs were achieved by two steps,
including Ag overgrowth based on as-grown Au NBPs and the
undisturbed storage and re-etching with NH4OH (8 mL) and
H2O2 (6%, 5 mL) solution.

B. Synthesis of Au@Ag Core-Shell NRs
Well-defined Au NBPs (90 mL) of different sizes were re-
dispersed in a CTAB solution (0.08 M), which was followed by
adding AgNO3 (4–9mL, 0.02M) and the same amount ascorbic
acid (0.1 M) to grow Au@Ag core-shell NRs with tunable
aspect ratios. The Au@Ag core-shell NRs were centrifuged twice
at 5300 r/min for 10 min, removing the redundant surfactant.
The precipitate was dispersed in a CTAB solution (1 mM).

C. Synthesis of Au@Ag@SiO2 Core-Shell NRs
The as-prepared Au@Ag core-shell NRs (90 mL) with the pres-
ence of CTAB were added in the mixture of NaOH (900 μL,
0.1 M) and tetraethylortho silicate (TEOS) (900 μL, 10% in
ethanol) under stirring at room temperature for 20 h, during
which the mesoporous silica outer shell formed through surface
coating. The products were centrifuged at 5000 r/min for
8 min and then dispersed in ethanol.

D. Synthesis of Alloyed Au-Ag NRs
In situ synthesis: The alloying process is performed and
observed using an in-situ scanning transmission electron micro-
scope (STEM) during heating the as-prepared Au@Ag core-
shell NRs on an e-chip (the vacuum level is to 4 × 10−5 Pa).
The critical temperature at which alloying happened can be
read out directly according to the heating setup.

Ex situ synthesis: Different aspect ratios of Au@Ag@SiO2

core-shell NRs were placed on the quartz substrate. The dried
samples were transferred to the tube furnace and flushed with
N2 for 30 min at room temperature. Subsequently, the oven
was heated to 400°C with a rate of 5°C/min, kept at 400°C
for 10 min and naturally cooled to room temperature inN2 flow
or air. The annealed samples could be re-dispersed in deionized
water containing CTAB (0.01 M), diethylamine, and NaOH to
remove the silica shell. Finally, the samples with and without
silica capping were collected by centrifugation and redispersed
in water for further application and characterization.

E. Characterization
Transmission electron microscopic images were taken with
transmission electron microscopy (TEM, JEOL-100CX,
Japan) and high-resolution TEM (FEI Tecnai 20, FEI Titan
80-300). High-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM), energy-dispersive X-ray
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(EDX) spectra, and element mappings were measured by
TecnaiG2 F20. UV-vis-NIR absorption spectra were recorded
using 3600-Plus spectrophotometer. SERS spectra were ac-
quired by Raman microscope (Finder One, Zolix, China).

F. SERS Measurements
As-prepared alloyed Au-Ag NRs and Au@Ag core-shell NRs
were each incubated with rhodamine-6G (10−5 mol∕L) over-
night, and subsequently dried under N2 flow. SERS spectra
were recorded under irradiation with a 532 nm laser using
an exposure of 3 s.

G. Doxorubicin Loading and Release
Alloyed Au-Ag NRs coated by mesoporous silica were mixed
with doxorubicin (DOX) aqueous solution (1 mL, 1 mg/mL).
The mixture was stirred at 30°C for 24 h to reach a loading
equilibrium state. Subsequently, the DOX-loaded alloyed
NRs were centrifuged and dispersed in phosphate buffer solu-
tion (PBS), and the supernatant was collected and measured
using 3600-Plus spectrophotometer. A resonance wavelength
of 480 nm (the characteristic peak of DOX) was used to
estimate the amount of DOX loading. At a certain time inter-
val, the DOX-loaded samples with and without irradiation of
980 nm laser (7.5 W∕cm2, GKD-30FMS) were centrifuged,
and the supernatant was measured via the spectrophotometer.
Meanwhile, fresh PBS was added for further measurements.

3. RESULTS AND DISCUSSION

A. Alloyed Au-Ag NRs with Tunable SPR Properties
A typical synthetic procedure of alloyed Au-Ag NRs is shown in
Fig. 1(a). Au@Ag core-shell NRs were first prepared by over-
growing Ag on the Au NBPs. The Au@Ag core-shell NRs were
subsequently coated with mesoporous silica. The core and shell
parts of the NRs can be distinguished clearly from the HAADF-
STEM images due to the different Z -contrast between Au and
Ag, as shown in Fig. 1(b). In the process of in situ heating, the
interface between Au and Ag vanishes momentarily at ∼350°C
[Fig. 1(c)], indicating the accomplishment of alloying between
Au and Ag. Under the instruction of in situ observations, ex situ
thermal treatments of Au@Ag@SiO2 NRs are carried out in a
furnace tube under different annealing temperatures and atmos-
pheres to further investigate the alloying process. It has been
found that Au@Ag core-shell NRs present an absorption should-
ers at ∼340 nm, which corresponds to the characteristic peak
of anisotropic Ag NRs [Fig. 2(a)]. As the annealing temperature
rises up to 400°C, SPRT at ∼400 nm presents an obvious

redshift. Meanwhile, the absorption shoulder gradually decays
and vanishes during increasing temperature, owing to the struc-
tural change [Fig. 2(b)].

In contrast to the heteroepitaxy growth of Ag on single-
crystalline Au NRs, the growth of Ag on twined Au NBPs gen-
erally occurs along the longitudinal directions [9]. With the
addition of AgNO3, the high aspect ratio of Au@Ag core-shell
NRs could be prepared. The tunable SPR and corresponding
TEM images of the annealed precursor NRs (Au@Ag core-shell
capsuled in mesoporous silica) are illustrated in Fig. 2. It can be
demonstrated that the SPRL wavelength is controllable in a
large region through the change in the aspect ratio. As a result,
alloyed Au-Ag NRs with highly tunable SPR can be generated
by annealing the as-prepared core-shell NRs. Figures 2(b) and 2(c)
reveal the spectral evolution of alloyed Au-Ag NRs as a function of
the volume of AgNO3 precursors, wherein the annealed samples
were immersed into NaOH solution to remove the silica shells.
Similar to the core-shell NRs, the SPRL modes of alloyed NRs
also present a redshift trend in the Vis-NIR region with the in-
creasing AgNO3 volume. Notably, the SPRT modes of alloyed
NRs blueshift subsequently, which is different from those of
the core-shell ones. It is well known that the SPRT modes of core-
shell NRs have little shift. Increasing the addition of AgNO3

would cause an increase of the Ag/Au composition ratio, which
influences the structural dielectric constants [18]. Consequently,
the SPRT wavelength of alloyed Au-Ag NRs can be tuned.
Corresponding to the absorption spectra, Figs. 2(d)–2(i) illustrate
the TEM images of alloyed Au-Ag NRs with different aspect ra-
tios. It is obvious that the morphology has not transformed after
annealing the core-shell NRs coated by mesoporous silica.

Moreover, the elemental distribution of alloyed Au-Ag NRs
(annealing at 400°C) with different aspect ratios was investi-
gated by EDX mapping. For short alloyed Au-Ag NRs
(n � 3), the homogeneous distribution of Au and Ag elements
confirms fully alloyed structures, as shown in Fig. 2(j). In con-
trast, the distribution of Au atoms in NRs with high aspect
ratios (n � 6) is inhomogeneous. Au atoms do not gradually
disperse out from core; rather, they distribute at the surface
of ends, forming partially alloyed Au-Ag NRs [Fig. 2(k)].

To the best of our acknowledge, the formation energy (or
phase stability) of alloyed nanostructures is lower than that of
core-shell nanostructures [32]. The driving force in the kinetic
alloying process derives from the formation energy difference
between alloy and core-shell nanostructures, which gradually de-
creases with diffusion of Au and Ag atoms. If the driving force
(formation energy) and external effect (annealing temperature:

Fig. 1. (a) Schematic illustration of the synthetic process of alloyed Au-Ag NRs. HAADF-STEM images of as-prepared. (b) Au@Ag core-shell
NRs and (c) alloyed NRs with in situ STEM heating up to 350°C (scale bars: 100 nm).
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400°C) are not enough to reach the thermodynamic equilibrium,
the final products will be surface-alloyed instead of fully alloyed.

As previously reported, the atomic diffusion (D) is depen-
dent on the temperature, and the relation can be expressed by
the Boltzmann–Arrhenius equation [24]

D � D0 exp

�
−
ΔHd

kT

�
, (1)

wherein k is the Boltzmann constant, ΔHd is the activation en-
thalpy of diffusion, and D0 is the pre-exponential factor. It can
be obtained that the diffusivity of atoms is accelerated exponen-
tially with increasing annealing temperature. Therefore, higher
annealing temperature can enhance the diffusion, leading to
thermodynamic equilibrium. A series of annealing conditions
were performed to obtain fully alloyed Au-Ag NRs. Figure 3(a)
shows the absorption spectra of alloyed Au-Ag NRs under differ-
ent annealing temperatures. The SPRL and SPRT modes have no
obvious change as the annealing temperature increases to 450°C.
Further raising the annealing temperature, a slight blueshift SPRL

mode appears, while the SPRT wavelength has no change. It can
be proposed that high temperature may induce slight damping of
the aspect ratio of NRs. The transform of composition from par-
tial to full alloying with increasing temperature seems to be con-
tradictory with the unchanged SPR mode. The phenomenon is

Fig. 2. UV-vis-NIR absorption spectra of (a) Au@Ag core-shell NRs and (b) alloyed Au-Ag NRs under annealing at 400°C in N2 flow. (c) SPRL

and SPRT wavelength versus the volume of the AgNO3 precursor. (d)–(i) TEM images of alloyed Au-Ag NRs with increasing aspect ratios
(n � L∕W , the ratio between length and width of NRs, i.e., 3, 4, 5, 6, 8, 9). The insets of (d)–(i) are corresponding TEM images of
Au@Ag core-shell NRs capsuled within mesoporous silica. (j),(k) HAADF-STEM images and element mapping of alloyed Au-Ag NRs (aspect
ratio n � 3 and 6, respectively) (scale bars: 200 nm).

Fig. 3. Annealing temperature effects on alloying of Au and Ag.
(a) UV-vis-NIR absorption spectra and (b)–(d) corresponding
TEM images of alloyed Au-Ag NRs obtained at annealing tempera-
tures of 450°C, 500°C, and 600°C. The inset of (a) is the evolution
schematics of partially and fully alloyed Au-Ag NRs. (e) The elemental
distribution of fully alloyed Au-Ag NRs obtained at 450°C (scale bars:
200 nm).
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attributed that the SPRT mode is not capable of characterizing
the property of full structure but only that in the surface shell.
The TEM images in Figs. 3(b)–3(d) display the change of aspect
ratio. Compared with the samples annealed at 400°C, EDXmap-
ping of NRs annealed at 450°C shows homogeneous distribu-
tions of Ag and Au elements, indicating the formation of fully
alloyed NRs [Fig. 3(e)]. The evolution schematics from partially
to fully alloyed NRs are illustrated by the inset in the UV-vis-NIR
spectra of Fig. 3. It can be obtained that an alternative approach
to fabricate fully alloyed NRs with different aspect ratios is to
uniformly anneal SiO2-coated Au@Ag core-shell NRs based
on well-defined Au NBPs at 450°C.

B. Chemical and Thermal Stability
As is well known, chemical and thermal stability are critical for
some practical applications. The tests on chemical stability are
exhibited by incubating both Au@Ag core-shell NRs and alloyed
Au-Ag NRs in etchant solution including NH4OH and H2O2.
The spectra and corresponding TEM images in Fig. 4 demon-
strate that Au@Ag core-shell NRs will decay to Au NBPs within
15 min since Ag shell is oxidized and etched, and the colloid
change from green to brown [inset of Fig. 4(a)]. However, both
the spectra and morphology of alloyed NRs in Fig. 4(b) have no
obvious transformation. As a consequence, it could be deemed
that alloying of Au and Ag can improve the chemical stability of
rod-like nanostructures. Interestingly, partially alloyed Au-Ag
NRs produce hollow ends, which is attributed to the oxidation
of Ag-rich parts in the ends, as shown in Fig. 4. For the fully
alloyed samples, no hollow ends can be found after etching,
and the morphology of samples is well retained.

In particular, the increased Au weight relative to Ag also would
promote the chemical stability of alloyed NRs. Experiments on

changing the size of the Au NBPs core of the core-shell precursor
are carried out to fabricate different composition ratios (Ag/Au) of
alloyed NRs. Figures 4(d)–4(g) illustrate that a small number of
hollow ends appear for alloyed NRs with the increasing size of Au
NBPs (or the decreasing Ag/Au composition ratio). It can be re-
vealed that partially alloyed Au-Ag NRs with low Au weight
present larger hollow ends after etching in NH4OH and H2O2

solution. Therefore, the larger supply of Au atoms facilitates full
alloying. As mentioned above, by annealing core-shell NRs with a
high Ag/Au composition ratio at 450°C, uniformly alloyed NRs
are achieved [inset in Fig. 4(d)]. Consequently, for the case of a
precursor with a moderate composition ratio of Ag/Au, fully
alloyed NRs possess excellent chemical stability.

To investigate the thermal stability, alloyed Au-Ag NRs an-
nealed at different temperatures were further heated to 600°C
inN2 or air atmosphere. Table 1 summarizes products in differ-
ent annealing conditions. The corresponding optical spectra
and TEM images in Fig. 5 demonstrate that the morphologies
of alloyed NRs slightly change, when the products were rean-
nealed in N2 (samples 1 and 3). It is therefore revealed that
re-annealing will induce re-diffusion of Au and Ag atoms.
However, annealing partially alloyed NRs at 600°C in air could
induce structural deformation, while fully alloyed NRs keep
stable. Moreover, Au@Ag@SiO2 core-shell NRs under one-step
annealing in air would transform into alloyed nanoparticles.
It further proves that full alloying of Au and Ag would im-
prove structural thermal and chemical stability. For partially
alloyed NRs, Ag atoms could sublimate during the process
of annealing in air, leading to the appearance of vacancy
between the SiO2-shell and alloyed NR, or even the formation
of nanoparticles.

Fig. 4. UV-vis-NIR absorption spectra and corresponding TEM images of (a) Au@Ag core-shell NRs and (b) alloyed Au-Ag NRs before and after
incubated inNH4OH andH2O2 solution. The insets in (a),(b) are corresponding colloidal products. The following samples were etched and further
observed. (c) HAADF-STEM images and corresponding elemental distribution of fully/partially alloyed Au-Ag NRs. (d)–(g) TEM images of alloyed
Au-Ag NRs with increasing Au composition under annealing at 400°C. The bottom insets in (d)–(g) are TEM images of Au NBPs, and the top inset
in (d) is the TEM image of alloyed Au-Ag NRs by annealing at 450°C.
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C. SERS Signal Stability
Because of the excellent plasmonic properties, fully alloyed Au-
Ag NRs will be ideal candidates for molecule detection based
on SERS measurement. SERS spectral stability of R6G-
absorbed alloyed NRs and core-shell NRs is investigated.
The absorption spectra of samples present the same resonance
intensity [Fig. 6(a)]. It can be known from Figs. 6(b) and 6(c)
that SERS signals of R6G on alloyed NRs and core-shell NRs
are remarkably enhanced (the characteristic peak of R6G is as-
signed [39]). In general, SERS enhancement of Ag nanostruc-
tures should be stronger than that of the same Au-Ag alloy.
However, the enhancement intensity of alloyed NRs is higher
than that of core-shell NRs, which can be attributed to the

oxidation of the Ag shell. This result is also in accordance with
the previous report on alloyed nanoparticles [19]. Moreover,
when the samples were placed in the etching solution, the
SERS signal of alloyed NRs is stable even after 12 h, while that
of core-shell NRs is decreasing due to the etching of Ag atoms.
Therefore, alloyed Au-Ag NRs will be a stable substrate of
SERS enhancement.

D. Drug-Release Improvement
Alloyed Au-Ag NRs coated by mesoporous silica can provide
stability storage spaces for small molecules, and thus serve as
drug carriers [Fig. 7(a)]. DOX is selected as model guest to
be loaded in the alloyed Au-Ag NRs@SiO2. Notably, the hol-
low silica capping would be formed due to oxidation of partial
Ag atoms when the annealing atmosphere was in air instead of
N2 flow, as shown in Fig. 7(b). It can be proposed that the
hollow silica end can provide much more space to store drug
molecules, except for dispersing in the mesoporous and absorb-
ing on the surface. Figure 7(c) demonstrates that the loading
efficiency of DOX on alloyed NRs with hollow capping
(5.4 wt%) is ∼2.8 times as high as the full silica capping one
(1.93 wt%). The two types of alloyed NRs colloids have the
same intensity of SPRL located at 980 nm, indicating that these
samples possess the same particle numbers. The cumulative
DOX release profile from alloyed Au-Ag NRs@SiO2 with or
without irradiation of the 980 nm laser is shown in Fig. 7(d).
For hollow silica capping, the release can reach the equilibrium
state within 5 h. It can be observed that the release of DOX is
faster under 980 nm laser irradiation, and the release is 8.5%
higher than that without laser irradiation. These are because

Fig. 5. UV-vis-NIR absorption spectra and corresponding TEM images of as-prepared alloyed NRs after re-annealing at higher temperatures in
an N2 or air atmosphere.

Table 1. Morphology Evolution of As-Prepared Alloyed
NRs after Re-Annealing at Higher Temperatures in an N2
or Air Atmospherea

Sample 1 2 3 4 5

T 1 (°C) 400 400 450 450 600
Atmosphere N2 N2 N2 N2 Air
Time (min) 10 10 10 10 10
Alloying Partial Partial Full Full
T 2 (°C) 600 600 600 600
Atmosphere N2 Air N2 Air
Time (min) 10 10 10 10
Product Fully

alloyed
NRs

Deformation Fully
alloyed
NRs

Fully
alloyed
NRs

Deformation

aWherein, T 1 is the initial annealing temperature, T 2 is the re-annealing
temperature, and time is the heat preservation period.

Fig. 6. (a) UV-vis-NIR absorption spectra of core-shell and alloyed NRs with the same resonance intensity. (b), (c) SERS spectra of R6G absorbed
on alloyed and core-shell NRs-loaded substrates before and after etching in NH4OH and H2O2.
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alloyed NRs with SPR located at the NIR window (∼980 nm)
have excellent photo-thermal effects under irradiation of
980 nm laser [40,41]. The irradiation leads to the rapid tem-
perature rising of alloyed NRs colloid without morphology
evolution [Figs. 7(e) and 7(f )], which facilitates the release
of DOX. However, the drugs carried on full silica capping will
be quickly released, in which condition the photo-thermal ef-
fect can be neglected. Hence, the stable alloyed NRs with
hollow silica capping are promising drug carries.

4. CONCLUSION

In summary, alloyed Au-Ag NRs with high aspect ratios have
been achieved by annealing Au@Ag core-shell NRs coated by
mesoporous silica at 450°C. The alloyed NRs exhibit excellent
SPR properties and high stability. Different from the SPR modes
of monometallic NRs, both the SPRL (600–1800 nm) and SPRT

(400–500 nm) modes of alloyed NRs can be tuned. SPR peaks
can shift in a large wavelength region by adjusting the aspect ratio
and composition ratio. Under annealing at the critical tempera-
ture of phase transition, alloying of Au and Ag for a high aspect
ratio of NRs prefers to form partially alloyed Au-Ag NRs. With
an increase in the annealing temperature, the atomic diffusivity is
intensified, resulting in the transformation from partially to fully
alloyed NRs. Alloying of Au@Ag core-shell NRs with a moderate
composition ratio of Ag/Au can remarkably improve the chemical
stability of NRs, although hollow ends can be generated for this
case. Meanwhile, the fully alloyed NRs also possess high thermal
stability. The morphology has no obvious deformation under
annealing temperatures as high as 600°C in air, while core-shell
NRs would turn into nanoparticles. Based on the tunable SPR
properties and excellent (chemical and thermal) stability, alloyed
Au-Ag NRs can serve as the substrate of SERS enhancement.
More sensitive and stable SERS signal enhancement of R6G from
the alloyed Au-Ag NRs substrate can be detected compared with
Au@Ag core-shell NRs. Additionally, fully alloyed NRs with
hollow silica capping can be used to store and release the drug.

The release efficiency will be higher due to the high temperature
triggered by the photo-thermal effect. As a consequence, it is ex-
pected that well-defined alloyed NRs with tunable plasmonic
properties and high stability can extend to the applications of
bio-medical and other related fields.
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