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ABSTRACT: This paper reports the fabrication of highly stable
semi-hollow gold-silver nanostars (hAuAgNSts). Galvanic replace-
ment between silver nanostars (AgNSts) and chloroauric acid
afforded optically tunable hAuAgNSts with plasmonic resonances
ranging from UV to visible to near-infrared wavelengths. Moreover,
the compositionally unique bimetallic hAuAgNSts exhibited strong
extinction maxima in the UV−vis range, which contrasts AgNSts
(centered in the UV) and the more common gold nanostars
(AuNSts; centered largely in the near infrared). Notably, the
hAuAgNSts exhibited enhanced thermal and colloidal stability
without the need for surface modification when compared to
AgNSts and AuNSts. This latter feature offers additional
opportunities in the fields of photocatalysis and photovoltaics as well as alternative strategies for post-synthetic modification that
enable applications in biosensing and theranostics.
KEYWORDS: nanostars, gold, silver, nanoparticle, plasmonic, bimetallic, semi-hollow, biomedical, stability

■ INTRODUCTION
Metallic nanostructures have been studied for years because of
their unique plasmonic properties and potential applications in
various fields including solar cells, energy storage, sensing and
biosensing, and biomedical applications including treatments
for COVID-19 infection.1−9 Under the illumination of an
electromagnetic field, noble metal nanostructures exhibit
localized surface plasmon resonance (LSPR) that arises from
the collective oscillation of the delocalized electron cloud
induced by an incident electromagnetic field.10 This localized
resonance phenomenon leads to numerous exotic properties of
plasmonic nanostructures such as optical absorption,11

spectroscopic enhancement,12 plasmonic heating,13 hot elec-
tron injection,14 and plasmon-induced resonance energy
transfer.15

Metallic nanostars such as gold nanostars (AuNSts) and
silver nanostars (AgNSts) represent a relatively new class of
plasmonic nanostructures with unique and attractive optical
characteristics.16−18 The morphologies of these nanostars
provide enhanced surface-to-volume ratios compared to more
conventional plasmonic nanostructures (e.g., nanospheres and
nanorods). With many interfacial spikes, plasmonic nanostars19

can produce intense electromagnetic fields with numerous
electromagnetic hotspots compared to other structures20

including nanospheres,21 nanotripods,22 nanocubes,21 nano-
triangles,23 and nanorods.24

Although AuNSts offer greatly enhanced properties
compared to conventional plasmonic nanostructures due to
their unique shape, control of the optical properties of AuNSts
requires delicate handling of the synthetic steps to obtain
reproducible sizes and morphologies.25,26 Further, due to their
modest stability, gold nanostars usually require judicious
surface modification, which can limit their use in certain
applications. Importantly, their greatly intensified electro-
magnetic fields, their superior surface-to-volume ratios, and
their inherent biocompatibility have enabled unique oppor-
tunities for a wide range of applications20 including
optoelectronics,16 biosensing,27,28 catalysis,29,30 photovol-
taics,31,32 spectroscopies,33,34 light-controlled therapies,35 and
drug delivery.36 Strategies to overcome the synthetic
challenges25,37 include growing a secondary nanostructure34

or creating core−shell structures38 to tune the plasmonic
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properties of the nanostars. However, these approaches require
even more careful handling and modification to obtain the
desired optical properties. Moreover, the optical range of these
nanostructures is confined to ∼700 nm to near-infrared (NIR)
wavelengths,29,39 which further limits their breadth of
applications.
Another bottleneck in the development and applications of

AuNSts is their propensity for aggregation, which occurs for
many types of gold nanostructures.40−42 The common strategy
employed to deal with this problem is to functionalize the Au
nanostructures with stabilizing ligands.43−45 This additional
modification step, however, further complicates the synthetic
process; moreover, the introduction of a molecular coating
layer can negatively impact applications that require intimate

contact between the electromagnetic field of the metallic
nanostars, such as catalysis or photovoltaics.46−48

Silver nanostars (AgNSts) have also been used in several
applications, such as surface-enhanced Raman spectroscopy
(SERS)-based sensing49−52 and antimicrobial surfaces.53

Notably, the plasmonic resonance wavelengths of silver
nanostars (∼375 nm)49 are found in the ultraviolet region in
contrast to the usual range for gold nanostars (∼700 nm and
longer).29,39 However, the LSPR peak position of silver
nanostars exhibits limited tunability, remaining largely constant
despite changes in particle size,54 which limits the practical
applications of AgNSts in solar-powered applications such as
photocatalysis and photovoltaics because the ability to operate
in the visible region (400−700 nm), which makes up ∼43% of

Scheme 1. Synthesis of Silver Nanostars and Semi-Hollow Gold-Silver Nanostars

Figure 1. (a) SEM, (b) TEM images, and size distribution (inset) of the silver nanostar (AgNSt) starting materials and (c) SEM, (d) TEM images,
and size distribution (inset) of the semi-hollow gold-silver nanostars (hAuAgNSts).
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solar energy that reaches the surface of the earth,55 is critical
for optimal performance.
In this work, we report the synthesis and characterization of

a new nanostar architecture: semi-hollow gold-silver nanostars
(hAuAgNSts), which we prepared via galvanic replacement on
AgNSts, as shown in Scheme 1. The new bimetallic gold-silver
nanostars were characterized by electron microscopy, energy-
dispersive X-ray spectroscopy, X-ray diffraction, UV−vis
extinction spectroscopy, and thermal stability tests. The results
demonstrate a highly stable semi-hollow gold-silver nanostar
with LSPR maxima that can be tuned simply by adjusting the
ratio of Ag:Au in the nanostar composition without the need to
modify the nanostar dimensions.25,37 Notably, the optical
extinctions of the gold-silver nanostars span both ultraviolet
and visible regions with an extended tail in the NIR region.
Compared to gold nanostars, the bimetallic gold-silver
nanostars also exhibited superior thermal and colloidal stability
at elevated temperatures without the need for surface
modification. Coupled with their enhanced stability, the ability
to tune the extinction maxima of the new hAuAgNSts across
UV-to-NIR wavelengths offers new opportunities in photo-
catalysis, biosensing, and other applications that utilize
plasmonic nanostructures.

■ RESULTS AND DISCUSSION
Synthesis of Silver Nanostar Starting Materials.

Colloidal silver nanostars were obtained using the method
described in the experimental section. The scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) images in Figure 1a and Figure 1b, respectively, reveal
that the synthesized silver nanostars have an average size of
∼190 nm with the number of arms varying from 8 to 16. A
small number of overgrown silver nanostars exhibited
secondary arms when the nanostar size is bigger than 300
nm. The size distribution of the silver nanostars was provided
in the inset of Figure 1a.

Synthesis and Morphology of Semi-Hollow Gold-
Silver Nanostars. As outlined in Scheme 1, the fabrication of
semi-hollow gold-silver nanostars (hAuAgNSts) was achieved
by galvanic replacement of silver nanostars in a basic gold salt
(K-Au) solution containing potassium carbonate and hydrogen
tetrachloroaurate hydrate. In the K-Au solution, metallic silver
is oxidized by Au3+ ions to form Ag+ ions and metallic gold.
During this process, silver atoms of AgNSts are replaced by
gold atoms to form semi-hollow bimetallic gold-silver nano-
stars. The formation of the semi-hollow Au-Ag nanostars
revealed characteristic pinhole features, as shown in Figure 1c
and particularly Figure 1d. The pinhole features correspond to
the sites of highly active galvanic replacement, which creates
hollow cavities like those observed in previous studies
involving the synthesis of hollow gold-silver nanoshells and
other galvanically replaced bimetallic hollow nanostruc-
tures.56−58 Due to the galvanic replacement process, the
centers of the nanostar arms were often carved out, leaving the
characteristic bright rim features in SEM images (Figure 1c) or
dark rim features in TEM images (Figure 1d). Similar
observations were also observed in other hollow metallic
nanostructures.56,59 More characteristic hollow features can be
observed in the STEM images (vide inf ra). The size
distribution of the Au-Ag nanostars is provided in the inset
of Figure 1c. Interestingly, the etching process led to a
shrinkage in size of the newly formed bimetallic hAuAgNSts;
when compared to the starting Ag nanostars (∼190 nm), the

average size of the gold-silver nanostars was found to be ∼170
nm.
The galvanic replacement process involved in the formation

of the hAuAgNSts is illustrated in Scheme 2. When K-Au and

AgNSt colloidal solutions are mixed together, Ag atoms on the
surface of the AgNSts are oxidized to form Ag+ ions in
solution, while the Au atoms formed via the galvanic reduction
of Au3+ ions are deposited on the surface of the Ag nanostar
substrates.56,57,60 The rapid oxidation taking place at the
pinhole sites leads to rapid removal of silver atoms and the
consequent generation of hollow cavities, as illustrated in
Scheme 2.
In addition to the pinhole features, a greater number of

depression areas can be observed on the surface of the semi-
hollow gold-silver nanostars (see Figure 1d and Scheme 2)
than the smoother surface of silver nanostars (Figure 1b). The
widespread presence of the depression areas on the surface of
the Au-Ag nanostars indicates that the galvanic corrosion and
replacement of silver atoms by gold ions occurred at multiple
sites across the nanostar structure. It should be noted that
rapid and thorough mixing of the K-Au solution after adding to
the AgNSt stock solution is critical to achieving a uniform
population of hollow gold-silver nanostars. In particular,
inadequately mixed solutions can give rise to severe corrosion
of the silver nanostars to create “chopped-off” gold-silver
pieces such as those shown in Figure S1.

Elemental Characterization of Semi-Hollow Gold-
Silver Nanostars. We used energy-dispersive X-ray spectros-
copy (EDX) to study the elemental composition and
distribution of the semi-hollow gold-silver nanostars. Figure
2 shows a representative scanning transmission electron
microscopy (STEM) image and the corresponding EDX
elemental maps of the semi-hollow gold-silver nanostars
prepared using our methodology. While Figure 2b confirms
the presence of Ag atoms throughout the bimetallic nanostar,
Figure 2c shows a uniform distribution of Au atoms
throughout the bimetallic nanostar, which is consistent with
the introduction of gold atoms via galvanic replacement.
Additionally, the line-scan spectrum along one arm of a typical

Scheme 2. Formation of Semi-Hollow Gold-Silver
Nanostars via Galvanic Replacement on Silver Nanostars by
Treatment with K-Gold Solution
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semi-hollow gold-silver nanostar (Figure S2) also demonstrates
the presence and uniform distribution of Ag and Au within the
bimetallic gold-silver nanostar structure.
The EDX spectrum of the hollow gold-silver nanostars in the

Supporting Information (Figure S3) confirms the presence of
the characteristic Lα (2.98 keV) and Lβ (3.21 keV) peaks of
silver as well as the characteristic Lα (9.71 keV) and Mα (2.13
keV) peaks of gold. A small Lα peak at 0.93 keV was also
observed for the supporting copper grid of the TEM sample
holder used in the measurement. Moreover, the atomic
concentrations of gold in the bimetallic gold-silver nanostars
formed in various etching conditions were also determined.
The graph in Figure 3 shows the average Au atomic

percentages in hAuAgNSts prepared with K-Au/AgNSt
solution volume ratios of 0, 0.05, 0.1, 0.2, and 0.5. The linear
relationship between the Au content in hAuAgNSts and the K-
Au/AgNSt ratio allows for precise tunability of the elemental
composition of the targeted bimetallic semi-hollow gold-silver
nanostars. With the high R2 value of the linear relation (>0.99),
we anticipate that the trend toward longer LSPR wavelengths
will continue with higher K-Au/AgNSt ratios such as 1 or
more. This compositional flexibility is critical for fine-tuning
the extinction maximum of the plasmon resonance of the
hAuAgNSts and will be discussed in more detail in the Optical
Properties section below.

Crystallinity of the Semi-Hollow Gold-Silver Nano-
stars. The crystalline characteristics of the three types of
nanostars were evaluated using X-ray diffraction (XRD). Figure
4 shows the XRD patterns of hAuAgNSts, AuNSts, and

AgNSts together with the reference peaks for pure Au (JCPDS
card no. 04-0784) and pure Ag (JCPDS card no. 04-0783). For
Ag nanostars (Figure 4a), strong diffraction peaks at 2θ =
38.15, 44.15, 64.42, and 77.34° corresponding to the respective
(111), (200), (220), and (311) crystallographic planes of silver
were observed. For Au nanostars (Figure 4b), strong peaks at
2θ = 38.21, 44.33, 64.72, and 77.74° corresponding to the
respective (111), (200), (220), and (311) crystallographic
planes of gold were observed. In the case of hollow gold-silver
nanostars (Figure 4c), strong peaks at 2θ = 38.19, 44.23, 64.61,
and 77.58° corresponding to the respective (111), (200),
(220), and (311) crystallographic planes were observed. The
comparable reflections and close proximity of the diffraction
peaks from the three types of metallic nanostars can be
attributed to the fact that both gold and silver have the same
crystal structure (face-centered cubic) and possess similar
atomic radii. Moreover, the average lattice constants of 408.29,
407.71, and 407.84 pm for AgNSts, AuNSts, and hAuAgNSts,
respectively, were also calculated from the XRD patterns. Thus,
the XRD results confirm the crystalline characteristics of
metallic Au, Ag, and semi-hollow Au-Ag nanostars.

Optical Properties. UV−vis extinction spectra of the
AgNSts, hAuAgNSts, and AuNSts were recorded and are
presented in Figure 5; the corresponding localized surface

Figure 2. (a) STEM image and STEM-EDX elemental maps for (b) Ag and (c) Au in a typical semi-hollow gold-silver nanostar (hAuAgNSt).

Figure 3. Au content of semi-hollow gold-silver nanostars synthesized
using various ratios of K-Au and silver nanostar stock solutions. The
size of the symbol reflects the error in the measured data point.

Figure 4. XRD spectra of (a) silver nanostars, (b) gold nanostars, and
(c) semi-hollow gold-silver nanostars in comparison with the
reference patterns of (d) gold and (e) silver.
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plasmon resonance (LSPR) maxima as a function of the Au
content are provided in Table 1. The data show that with
increasing atomic concentrations of gold, the extinction
maxima shift from ∼375 nm for the AgNSts to ∼450 nm for
the hAuAgNSts to ∼730 nm for the AuNSts. Notably, at the
highest concentrations of gold, the hAuAgNSts exhibit strong
extinction tails that span the entire visible spectrum and parts
of the near infrared. This broadband extinction characteristic
makes the semi-hollow gold-silver nanostars potentially useful
for radiation blocking.61,62 Furthermore, the expansion from
the UV region (5% of solar radiation)55 into the visible (43%
of solar radiation)55 and NIR regions of the solar spectrum
offers unique opportunities for a myriad of solar-driven
applications that include photocatalysis,29,30,48 photovol-
taics,31,32 and photothermal power generation.63

Similar to the phenomenon observed with plasmonic
nanorods,64 the broadening of the extinction peaks of
hAuAgNSts with increased Au content can be attributed, at
least in part, to the size shrinkage of the hAuAgNSts compared
to the starting AgNSts (vide supra). Furthermore, it is likely
that the extinction tail arises in part from the various
longitudinal oscillation modes65,66 along the many different
arms of the gold-silver nanostars.67 Perhaps more importantly,
the broadening and redshifting of the extinction maxima can be
attributed to the change in the Au-Ag nanostar composition68

as well as the increased formation of hollow cavities when
increasing the K-Au/AgNSt ratio in solution.69 These
relationships, when coupled with the previously discussed
capacity to adjust the elemental composition of the
hAuAgNSts, enable facile tuning of the optical responses of
the semi-hollow gold-silver nanostars simply by adjusting the
galvanic replacement conditions used in their preparation.

Stability Studies. Since the tendency of gold nanostars to
aggregate leads to complications that often require surface
functionalization43−45 that limit the range of potential

applications, we evaluated the thermal and colloidal stabilities
of our unfunctionalized bimetallic gold-silver nanostars at
elevated temperatures. As a first step, we determined the
surface charges of AgNSts, hAuAgNSts, and AuNSts at room
temperature using zeta potential measurements, which found
that both AgNSts and hAuAgNSts have greater surface charges
(−31.3 and −28.9 mV, respectively) than AuNSts (−25.5
mV); these measurements thus predict a higher colloidal
stability for the new hAuAgNSts when compared to the more
common AuNSts.
In further studies, Figure 6 shows the extinction spectra of

the hollow gold-silver nanostars after heating for 1 h at 40, 60,

80, and 100 °C. Importantly, the spectra remained constant at
all temperatures, indicating a high thermal and colloidal
stability for the semi-hollow bimetallic Au-Ag nanostars.
Notably, the size and morphology of the hAuAgNSts remained
essentially unaffected after heating (Figure S5), which can be
taken as a further indication of the stability of the hAuAgNSts.
Moreover, the hAuAgNSt solutions remained colloidally

stable even after heating at 100 °C, as shown in Figure S6. In
comparison, the AuNSt solution had visible aggregation even
at room temperature (Figure S6). The optical response of
AuNSts also varied significantly with temperature (Figure S7a
and Table S1). The high stability even at elevated temperatures
gives the newly developed bimetallic semi-hollow gold-silver
nanostars significant potential for applications that require
non-aggregated and/or non-functionalized nanostructures such
as catalysis, photovoltaics, biosensing, and drug delivery.
Furthermore, both hAuAgNSt and AgNSt as well as the
Triton-stabilized AuNSt studied in this report still retained
their optical and colloidal properties after at least 2 weeks of
storage at 4 °C in the dark (i.e., conditions that we typically
use for plasmonic nanoparticle storage).

Figure 5. Extinction spectra of silver nanostars, semi-hollow gold-
silver nanostars with varying Au content, and gold nanostars.

Table 1. Localized Surface Plasmon Resonance Maxima and Au Content of Semi-Hollow Gold-Silver Nanostars at Various
Ratios of K-Au/AgNSt

sample AgNSt hAuAgNSt hAuAgNSt hAuAgNSt hAuAgNSt AuNSt

K-Au/AgNSt 0 0.05 0.1 0.2 0.5
Au at% 0 1.6 ± 0.2 3.7 ± 0.3 6.1 ± 0.3 14.6 ± 0.5 100
LSPR (nm) ∼375 ∼390 ∼405 ∼425 ∼450 ∼730

Figure 6. Extinction spectra of semi-hollow gold-silver nanostars
(hAuAgNSts) after heating for 1 h at the indicated temperatures.
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■ CONCLUSIONS
This report demonstrates the fabrication of semi-hollow gold-
silver nanostars (hAuAgNSts) via galvanic replacement of
silver nanostars (AgNSts). The morphology, size distribution,
surface charge, composition, crystallinity, and optical proper-
ties of the newly developed bimetallic Au-Ag nanostars were
thoroughly characterized. Notably, the semi-hollow gold-silver
nanostars exhibited enhanced thermal and colloidal stability
when compared to conventional gold nanostars (AuNSts).
Furthermore, simply by controlling the composition of the
gold-silver nanostars, the optical extinctions of the hAuAgNSts
were found to be tunable across ultraviolet and visible
wavelengths with strong tailing into the near infrared. The
versatile optical tunability, the broad and strong extinctions,
and the enhanced thermal and colloidal stability render the
hAuAgNSts potentially useful for a multitude of solar-driven
applications such as photocatalysis, photovoltaics, radiation
blocking, and biosensing.

■ MATERIALS AND METHODS
Materials. Silver nitrate (Sigma-Aldrich), trisodium citrate (EM

Science), sodium hydroxide (Macron Chemicals), hydroxylamine
(Thermo Fisher Scientific), hydrogen tetrachloroaurate(III) hydrate
(Strem), potassium carbonate (J.T. Baker), nitric acid (EM Science),
hydrochloric acid (EM Science), Triton X-100 (Sigma-Aldrich),
sodium borohydride (Sigma-Aldrich), and ascorbic acid (Sigma-
Aldrich) were purchased from the indicated suppliers and used
without further purification. Deionized water was obtained from an
Academic Milli-Q Water System (Millipore Corporation). All
glassware used in the syntheses was cleaned with aqua regia solution
(HCl:HNO3 = 3:1), rinsed with Milli-Q water, and dried prior to use.

Synthesis of Silver Nanostars. Silver nanostars were prepared
via modification of a previously reported method.52 In a typical
experiment, a mixture of 0.5 mL of 0.06 M hydroxylamine and 0.5 mL
of 0.05 M NaOH was added into 9 mL of 0.111 mM AgNO3 under
magnetic stirring at 20 °C for 5 min in a 20 mL glass vial. Afterward,
100 μL of 0.03 M sodium citrate solution was added into the vial
followed by 15 min of stirring. Shortly after the addition of sodium
citrate, the color of the solution changed from transparent to murky
gray, indicating the formation of silver nanostars. The final solution
was then centrifuged at 8000 rpm for 15 min, and the volume reduced
to 200 μL and kept as the AgNSt stock solution for further use.

Synthesis of Semi-Hollow Gold-Silver Nanostars. A potas-
sium-containing gold salt solution (K-Au solution) was prepared by
mixing 5 mL of 2 mM K2CO3 aqueous solution with 100 μL of 30
mM HAuCl4 aqueous solution for 1 h. Semi-hollow gold-silver
nanostars were fabricated via galvanic corrosion of the as-synthesized
silver nanostars upon treatment with the K-Au solution. In typical
experiments, 1 mL aliquots of AgNSt stock solution were placed in
glass vials under vigorous stirring. Selected amounts of K-Au solution
(0.05, 0.1, 0.2, and 0.5 mL) were injected into the vials containing the
AgNSts followed by 5 h of stirring for the formation of hAuAgNSts
possessing various amounts of gold. The final solutions were
centrifuged at 8000 rpm for 15 min and then washed with deionized
water three times before storage.

Synthesis of Gold Nanostars. Gold nanostars were synthesized
via modification of a previously reported method.70 Gold nanoseeds
were prepared by adding 10 mL of 0.2 mM aqueous HAuCl4 solution
to 10 mL of 150 mM Triton X-100 aqueous solution; 600 μL of fresh
cold 10 mM sodium borohydride was then added to the mixture to
form the gold nanoseeds. Separately, the AuNSt growth solution was
prepared by adding 280 μL of 4 mM AgNO3 solution and 0.4 mL of
25 mM HAuCl4 solution to 20 mL of a 150 mM aqueous solution of
Triton X-100. Then, 300 μL of 0.78 M ascorbic acid solution was
added to the growth solution at rt with stirring. When the mixture
became colorless, 14 μL of the gold nanoseed solution was added to

the growth solution. The solution turned blue and was stirred for
another 8 h at rt to generate the gold nanostars.

Nanoparticle Characterization. All synthesized nanoparticles
were imaged using a LEO-1525 scanning electron microscope (SEM)
operating at 15 kV and 5.5 mm working distance. All SEM samples
were deposited on pre-cleaned silicon wafers and dried at 60 °C in an
oven for 1 h before imaging. An X’Pert powder X-ray diffractometer
operating at 45 kV and 30 mA was used to assess the crystalline
nature of the nanoparticles. All powder X-ray diffraction (PXRD)
samples were prepared by drop-casting and drying on glass slides in
an oven at 60 °C for 2 h. A JEOL JEM-2010 FX transmission electron
microscope (TEM) with electron-dispersive X-ray spectroscopy
(EDX) function operating at 200 kV was used to assess the
morphology and the elemental distribution of the nanostars. All
samples for TEM characterization were deposited on 300 mesh holey
carbon-coated nickel grids and dried at 60 °C for 2 h before analysis.
A Cary 50 scan UV−visible (UV−vis) spectrometer operating over a
spectral range of 200−1000 nm was used to measure the optical
properties of the synthesized nanostars. Zeta potential measurements
were conducted on a Malvern Zetasizer model ZEN3600.

Stability Studies. The stabilities of the synthesized hAuAgNSts
and AuNSts were assessed by heating their aqueous solutions at 20,
40, 60, 80, and 100 °C for 1 h followed by cooling to rt. At each
temperature, the cooled-down nanostar solutions were checked for
visible aggregation before having their extinction spectra recorded.
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