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are essential components in innumerable 
materials and structures such as build-
ings, airplanes, computers, or medical 
implants. The allure of alloys stems from 
the improved mechanical properties (e.g., 
ductility or hardness) and enhanced chem-
ical behavior (e.g., oxidation resistance) 
that can emerge from the combination of 
two or more metals.[1] In nanotechnology, 
the formation of alloy nanocrystals pro-
motes drastic changes in their optical, 
electrical, and magnetic features and/or 
their performance as catalysts.[2–8] How-
ever, most of these attributes are sus-
ceptible to subtle variations in the size, 
shape, and composition of the nanopar-
ticles, thereby compromising their prac-
tical application. Thus, achieving control 
over the alloying process and nanocrystal 
growth would provide a great potential 
in this direction. Among the wide variety 
of available synthetic methods, colloid 
chemistry is highly versatile in terms of 
nanoparticle shape and composition, in 

particular for noble metals such as platinum, silver, palladium, 
or gold.[9–13] For example, different kinds of mesoporous alloy 
nanoparticles have been synthesized using this method.[14–16]

The synthesis of colloidal alloy nanocrystals is typically 
accomplished via co-reduction or thermal decomposition of 
suitable metal precursors.[9–13,17–21] Other strategies based 
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1. Introduction

The discovery of metal alloys during the Bronze Age represents 
one of the most significant breakthroughs in human history, 
enabling the fabrication of sophisticated tools and the evolution 
of ancient societies into more advanced cultures. Today, alloys 
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on the concurrence of seed-mediated growth methods with 
Galvanic replacement reactions have also been successfully 
employed.[9,22–25] Indeed, they allow for a better control over 
the resulting morphology, enabling the fabrication of hollow 
nanostructures (uniquely suited for catalytic applications due 
to their large surface area).[22,24,26] Notwithstanding, signifi-
cant limitations are still present when colloidal strategies are 
applied, which restrict the formation of metal alloys when com-
pared to those available in the bulk scale. For instance, the dif-
ferences in the reduction potential of different metals impair 
the co-reduction process, often resulting in core–shell architec-
tures rather than alloys, or involve complex and multistep pro-
cedures that hamper their scalability.[9,13] Alternative methods, 
such as thermal treatment of the metal precursors or of metal 
oxide nanoparticles in reducing environments, are widely used 
to prepare multimetallic alloy nanoparticles.[27–29] However, the 
control achieved over the morphology and size of the nanocrys-
tals is largely limited.

Recent strategies to overcome current limitations have 
focused on the synthesis of bimetallic core–shell nanostruc-
tures using colloidal methods, with subsequent annealing 
to induce the alloying process.[30–33] This strategy provides a 
simple handle to control the nanoparticle composition, by 
tuning the relative dimensions of the core and shell. While this 
strategy may hold a good potential for the synthesis of colloidal 
alloy nanocrystals, few examples can be found in the literature. 
One of the reasons for its poor implementation is likely related 
to the need to carry out the alloying process in the dry state (i.e., 
where atomic diffusion is enhanced and the metals may melt 
together). Thus, unless the nanoparticles are protected with an 
additional protective shell (e.g., silica), the nanocrystals can be 
readily sintered and reshaped during the alloying event, thereby 
losing their functionality.[30]

To address these issues, we propose the synthesis of colloidal 
alloy nanoparticles directly in solution, where femtosecond 
(fs) laser irradiation emerges as the key feature enabling the 
alloying process without affecting the dispersion in size and 
shape of the nanoparticles. Plasmonic Au@Ag core–shell nano-
particles are excellent candidates to investigate this hypothesis, 
as they can actively interact with fs-laser pulses (owing to their 
ability to sustain tunable localized surface plasmon resonances, 
LSPRs) and thereby be heated and alloyed directly in solu-
tion.[34–39] Interestingly, this process should occur at the sub-
nanosecond scale, without significant heating of the bulk solu-
tion, which would further help preserve the colloidal stability 
of the nanoparticles.[34] Hence, we first synthesized plasmonic 
Au@Ag nanorods (Au@Ag NRs) with a longitudinal LSPR 
band centered at 800 nm, in resonance with the wavelength of a 
50-fs-pulsed Ti:Sapphire laser, used to investigate the proposed 
hypothesis. It should be noted that, the ability of Au and Ag to 
form alloys with different morphologies and compositions is an 
essential advantage of the selected system.[40]

2. Results and Discussion

The synthesis of Au@Ag NRs with an LSPR band at 800  nm 
started from the growth of single-crystal gold nanorods (Au 
NRs) with a longitudinal LSPR band at 1000  nm (see the 

Experimental Section and Figure S1, Supporting Information), 
followed by overgrowth of an Ag shell, which resulted in a 
blueshift of the longitudinal LSPR to 800 nm.[41–43] Indeed, by 
tuning the dimensions of the Ag shell, we can control the posi-
tion of the longitudinal plasmon band to match the fs-laser wave-
length (Figure 1A,B). For Au NRs of 102 ± 8 nm in length and  
18 ± 2 nm in width, the growth of an Ag shell of 6 ± 2 nm in thick-
ness at the sides was appropriate to shift the LSPR band from 
1000 down to 800 nm (Figure 1A,B and Figure S1, Supporting 
Information). The parallelepiped-like morphology adopted 
by the Au@Ag NRs (108 ± 10  nm in length and 30 ± 3  nm  
in width, Figure  1B and Figure S2, Supporting Information) 
has been ascribed to the stabilization of {100} Ag facets in the 
presence of cetyltrimethylammonium chloride (CTAC), the sur-
factant used during the growth process (see the Experimental 
Section).[44] CTAC was further used as the colloidal stabilizing 
agent during the irradiation experiments.[45]

With the aim of determining the optimal conditions to 
trigger alloy formation, we explored the use of fs-laser pulses at 
different fluences, as this is the most relevant parameter to con-
trol energy deposition.[34,38,39,45,46] By varying the laser fluence, 
it is possible to reshape, melt, or even disintegrate plasmonic 
metal nanoparticles. Upon irradiation at a fluence of 3.2 J m−2 
for 20 min (complete modification of the LSPRs), we observed 
a 60 nm blueshift of the Au@Ag NR longitudinal LSPR band 

Figure 1.  Effects of the pulse fluence of a fs-laser on Au@Ag NRs.  
A) UV–vis–NIR spectra and B–F) corresponding TEM images of Au@Ag 
NRs; B) before irradiation (corresponds to the black curve in (A)), and 
after irradiation at different fluences and times: C) 3.2 J m−2 for 20 min 
(red), D) 6.4 J m−2 for 10 min (blue), E) 33.28 J m−2 for 5 min (green), and 
F) 92 J m−2 for 2 min (magenta). Scale bars: 50 nm.
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(i.e., from 800 to 740  nm, Figure  1A). Such an effect has also 
been observed for Au NRs irradiated with fs-laser pulses and 
is typically associated with a reduction of NR anisotropy.[34,46,47] 
However, a different morphological change was revealed upon 
analysis of TEM images. In the case of Au@Ag NRs, the shape 
of the tips was significantly modified (Figure 1C and Figure S3, 
Supporting Information), becoming more rounded. We addi-
tionally noticed a reduction of the Au@Ag NR length from 
108 to 102  nm whereas the thickness was barely reduced (the 
observed 0.5–1  nm reduction can be attributed to intrinsic 
errors that are made during measurements of TEM images). 
These results suggest that the excitation of Au@Ag NRs with 
fs-laser pulses induces their reshaping, yielding nanoparticles 
with a hot-dog-like morphology. It is worth noting that a certain  
dispersion in the shell shape was observed for the obtained  
hot-dog-like NRs, which may result from two different effects. 
First, the energy absorbed by the NR is largely dependent on its 
orientation with respect to the polarization of the incident laser 
pulse,[34] meaning that identical rods can absorb very different 
amounts of energy in each pulse. Second, although to a lesser 
extent, dispersion in the aspect ratio of the synthesized Au@Ag  
NRs can also lead to varying absorption coefficients for the  
fs-laser wavelength. For instance, NRs with an aspect ratio 
larger than 3.4 will not resonate with the 800 nm fs-laser, and 
therefore will be modified to a lesser extent (Figure S3, Sup-
porting Information). In both cases, the difference in absorbed 
energy translates into different degrees of shape modification 
(aspect ratio dispersion of 10–15%).

By increasing the pulse fluence to 6.4 J m−2, irradiation 
for 10  min (complete modification of the LSPRs) induced a 
blueshift of the plasmon band to 710 nm. TEM analysis revealed 
the formation of different nanostructures such as “naked” Au 
NR cores (i.e., with partial or total loss of the Ag shell) and 
hot-dog-like NRs. In addition, NRs with a rice-like morphology 
(94 ± 10  nm in length and 34 ± 4  nm in width, Figure  1A,D 
and Figure S4, Supporting Information) and an aspect ratio of 
2.8 were also observed. Further reshaping of the Au@Ag NRs 
was achieved by increasing the laser fluence to 33.28 J m−2. 
Under such irradiation conditions, the longitudinal LSPR band 
decreased in intensity and blueshifted by ≈200 nm in less than 
5 min (complete modification of the LSPRs). TEM characteriza-
tion of this sample revealed the presence of nanoparticles with 
various morphologies (Figure  1E and Figure S5, Supporting 
Information), ranging from rice-like NRs with completely or 
partially degraded Ag shells and “naked” Au NRs, to spherical 
nanocrystals (NSs).

Besides the effect of size polydispersity in the irradiated 
Au@Ag NRs, such a broad distribution of shapes obtained at 
pulse fluences of 6.4 and 33.28 J m−2 highlights the importance 
of the amount of energy absorbed by each Au@Ag NR during 
a single laser pulse, on the subsequent evolution of the overall 
system. The total energy placed on an Au@Ag NR depends 
on the absorption cross-section at the laser wavelength, which 
varies as a function of both the NR orientation with respect to 
the laser polarization and its aspect ratio. Moreover, a substan-
tial modification of the Au@Ag NR shape can occur at high 
fluences, even after a single pulse, inducing a change in the 
optical properties, reducing its absorption cross-section at the 
laser wavelength and therefore reducing also the probability of 

further reshaping when a second pulse arrives (i.e., the Au@Ag  
NR may not be any longer in resonance with the 800  nm fs-
laser).[34] For example, the maximum deposition of energy 
occurs when the Au@Ag NR is perfectly aligned with the 
laser polarization. In this case, larger morphological changes 
may occur within a single pulse. However, if the Au@Ag  
NR is not well oriented, several pulses may be needed to induce 
significant morphological changes, which could be very dif-
ferent from those occurring in a single pulse. Hence, an array 
of morphologies can be observed at high pulse fluences (i.e., 
33.28 J m−2), simply because Au@Ag NRs are randomly ori-
ented when dispersed in the solution.[34]

Furthermore, we noticed a new plasmon band centered at 
447 nm, which could be associated with the formation of AuAg 
alloy nanospheres (AuAg NSs; Figure  1A), suggesting that 
alloying can take place if high pulse fluences are used. Thus, we 
further increased the pulse fluence to potentially improve the 
yield of species with an LSPR band at 447 nm, by ensuring that 
sufficient energy is deposited on Au@Ag NRs within a single 
pulse, regardless of their orientation. By reducing the beam 
area from 10 to 6 mm2 (focused laser beam), a pulse fluence 
of 92 J m−2 was achieved, resulting in the disappearance of the 
Au@Ag NR LSPR band within less than 2 min (complete modi-
fication of the LSPRs) of irradiation (Figure  1A). The intensity 
of the previously mentioned band at 447  nm increased simul-
taneously, suggesting the formation of AuAg NSs in high yield.

Nevertheless, although the NR-to-NS transformation was con-
firmed by conventional TEM analysis (Figure 1F and Figure S6,  
Supporting Information), more advanced characterization tech-
niques were required to determine whether fully alloyed AuAg 
NSs were formed, and to properly characterize the hot-dog- and 
rice-like NRs obtained at lower fluences. Through the use of 
high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) and energy-dispersive X-ray spec-
troscopy (EDX) mapping, we characterized the location of Au 
and Ag elements in the Au@Ag NRs before and after irradia-
tion at different pulse fluences (Figure 2 and Figure S7, Sup-
porting Information).[32]

EDX mapping of Au@Ag NRs confirmed the formation of an 
Ag shell around Au NRs, being ≈65–70% of the bimetallic nano-
structure composed of Ag (Figure 2A and Figure S7, Table S1,  
Supporting Information). After 20  min of irradiation with  
3.2 J m−2 fs pulses, the Ag shell was removed entirely from the 
tips, producing a hot-dog-like morphology, where only the sides 
of the Au NR core remained covered by an Ag shell. Characteri-
zation of this unique structure via EDX tomography confirmed 
that Au and Ag remained segregated after irradiation with low 
fluence pulses (Figure  2C,D and Figure S8, Supporting Infor-
mation). However, when the pulse fluence was increased up 
to 6.4 J m−2, characterization of the obtained rice-like NRs by 
HAADF-STEM and EDX revealed substantial changes in the 
distribution of Au and Ag (Figure  3A; Figures S9 and S10, 
Table S1, Supporting Information). For instance, Au atom con-
centration seems to increase at the tips of rice-like NRs, while 
Ag concentration rises at the sides. Yet, compared to the initial 
core–shell particles as well as the hot-dog-like NRs, the whole 
inner Au NR became thinner (Figure S11, Supporting Infor-
mation). However, 2D projection images can be misleading 
and we therefore analyzed the 3D elemental composition by 
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EDX tomography. It should be noted that from pure HAADF-
STEM tomography it is not possible to quantify partial alloying 
unless tomography was also performed under the same condi-
tions on the very same initial nonalloyed core–shell particle.[33] 
From the EDX tomography reconstruction of the nanoparticles 
(Figure 3B) we see that, although the 2D EDX projection maps 
overestimate this effect, the Au core is thinner in the middle of 
the particle and thicker at the tips. We attribute this apparent 
anisotropic thinning to intermixing of Au and Ag atoms at the 
contact planes located in the middle region of the irradiated 
Au@Ag NR. This effect might be related with a higher heat 
power delivered in this region at the LSPR wavelength,[48,49] 
but further investigations would be required to confirm it. It 
is likely that alloying also occurred at the tips to a small extent, 

which lies beyond the spatial resolution of EDX tomography 
but might explain the overall thinning of the pure Au rod core 
for the rice-like particles (Figure S11, Supporting Information). 
These results show that alloying can be induced by fs-laser  
irradiation in aqueous solution (Figure  3B,C). The slight 
increase of Au in the tips and Ag in the middle could be 
explained by the diffusion of atoms toward the center of the 
core–shell structure. This effect would explain the overall reduc-
tion of the length observed in the rice-like NRs (i.e., 94  nm) 
with respect to as-synthesized Au@Ag NRs and Au NR cores 
(i.e., 108 and 102 nm, respectively).[34]

The formation of alloy AgAu NSs is remarkable (Figure 3D),  
because it suggests that the initial structures reshape and 
alloy within a wide range of deposited energy. In this way, the 

Figure 3.  Morphology of Au@Ag NRs after irradiation with fs-laser pulses at fluences of 6.4 and 92 J m−2, and characterization of the distribution of 
Au and Ag. A) HAADF-STEM image (top left) and quantified EDX maps (top right and bottom) of Au@Ag NRs after excitation with 6.4 J m−2 fs laser 
pulses. Under 6.4 J m−2 irradiation, Au@Ag NRs reshape into rice-like NRs, where Au from the NR core diffused into the allow, preferentially at the 
center, producing a slight thinning at the middle. Furthermore, Au (green) and Ag (red) atoms partially intermix, as revealed by EDX analysis (top right 
and bottom). B) 3D EDX tomography (top) and the corresponding longitudinal section through the middle of the 3D visualization (bottom) of a rice-like 
NR enable better visualization of the intermixed Au (green) and Ag (red) atoms. C) This effect can also be observed in the transversal section, where 
Au atoms can be seen distributed through the entire thickness. D) HAADF-STEM image (top left) and quantified EDX maps (top right and bottom) of 
Au@Ag NRs after excitation with 92 J m−2 fs-laser pulses. The initial Au@Ag NRs were transformed into alloyed spheres, where Au and Ag atoms are 
homogeneously mixed and distributed. Scale bars: 50 nm.

Figure 2.  Morphology of Au@Ag NRs before and after irradiation with fs-laser pulses at a fluence of 3.2 J m−2 and characterization of the distribution 
of Au and Ag. A,B) HAADF-STEM images (top left) and quantified EDX maps (top right and bottom) of Au@Ag NRs A) before and B) after excitation 
with 3.2 J m−2 fs-laser pulses. Au (green, top right) and Ag (red, bottom left) atoms are clearly segregated in both cases, as it can be observed when 
overlapping Ag and Au maps (bottom right). C) 3D visualization of the EDX tomography (top) and D) the corresponding longitudinal section (bottom) 
and transversal section through the middle of the 3D reconstruction of a hot-dog-like NR, where it can be observed that Au (green) and Ag (red) are 
segregated. Scale bars: 50 nm.

Adv. Optical Mater. 2021, 9, 2002134

 21951071, 2021, 10, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202002134 by U
niversidad C

om
plutense D

e M
adrid, W

iley O
nline L

ibrary on [19/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2002134  (5 of 9)

www.advopticalmat.de

orientation of the rods with respect to the polarization of light 
becomes irrelevant and the pulse fluence becomes the key 
parameter behind the complete alloying of Au and Ag. Besides 
the formation of partially alloyed anisotropic nanoparticles, this 
strategy makes the irradiation of colloidal core-shell structures a 
robust method for alloy fabrication, being capable of converting 
the starting rods into alloyed spheres. HAADF-STEM and EDX 
analysis of Au@Ag NRs irradiated at an even higher pulse  
fluence (33.28 J m−2) reinforced this idea, as we could observe 
the formation of AuAg NSs (i.e., a homogeneous distribution 
of Au and Ag with the same composition as that of the original 
Au@Ag NRs, between 60% and 70% of Ag). This fact might 
indicate that at higher fluence, the mixing of Au and Ag atoms 
is favored over the dissolution of the Ag shell. However, irradia-
tion under such experimental conditions leads to a mixture of 
rice-like NRs, partially and completely alloyed NSs, and Au NRs 
with partially dissolved Ag shells (Figures S5, S12, and S13,  
Supporting Information). Fortunately, the efficiency of the pro-
cess was largely improved when fs-laser pulses at a fluence 
of 92 J m−2 were used, as confirmed by the formation of fully 
alloyed AuAg NSs in a yield of over 80% (Figure 3D, Figures S6 
and S14, Supporting Information).

To further understand the effect of fs-laser pulses on Au@Ag  
NRs, we performed a series of electromagnetic simulations. 
The dependence of the LSPR band on the shape and alloying 
degree of Au@Ag and AuAg nanoparticles provides additional 
means to characterize the morphology and metal atom distribu-
tion (Figure 4, a detailed description of the applied models and 
methods is provided in the Supplementary Information). To 
simulate the optical response of as-synthesized Au@Ag NRs, 
we constructed a Au NR of 102.3 × 17.8 nm covered by an Ag 
shell, thereby producing a parallelepiped of 108.2 × 30.4  nm 
(such as those characterized by HAADF-STEM, Figure  2 and 
Figure S15, see Supplementary Information for further details). 
For hot-dog-like NRs, the same Au NR core was used whereas 
the Ag shell was modified. A hemispherically capped cylin-
drical shape was adopted, with a total length of 102.3 nm and 
width of 30.4 nm (i.e., the same length of the Au NR core; see 
Figure S15, Supporting Information). In the case of rice-like 
NRs, on the basis of HAADF-STEM and EDX tomography, we 
represented them using a NR core with a slight thinning at the 
middle: 94 nm in length and widths of 17.8 nm at the tip and 
11 nm at the center. An alloyed AuAg shell with Au and Ag con-
tent of 34% and 66%, respectively, was then employed to obtain 
the final rice-like morphology of 94 × 34  nm (an ellipsoidal 
shape, see Figures S15 and S16, Supporting Information). In 
all cases, the calculated longitudinal and transversal bands were 
close to the experimental ones. For instance, we can observe a 
similar blueshift of the transversal band as that experimentally 
seen during the formation of the hot-dog- and rice-like NRs 
(Figure 4A), which qualitatively proves that the simulated parti-
cles represent the geometries obtained in the irradiation experi-
ments. Likewise, the transversal mode variation is also reflected 
in the simulated plasmon bands, in particular the loss of the 
Fano-resonance modes.[41]

Based on the simulated optical properties, the blueshift of the 
longitudinal band observed for the hot-dog-like NRs compared 
to as-synthesized ones (from 800 to 760 nm) can be explained 
as a result of the preferential loss of Ag from the tips and 

modification of the cuboidal shell morphology. Indeed, these 
combined effects might compensate for the increase in aspect 
ratio, from 3.5 to 3.7. In the case of rice-like NRs, the effect of 
alloying was investigated. The reduction in aspect ratio might 
explain the large blueshift of the longitudinal LSPR band with 
respect to that of the as-synthesized Au@Ag NRs (from 800 to 
680 nm, aspect ratio reduction from 3.5 to ≈2.8).[34,50] Moreover, 
its shape resembles an ellipsoid, which can further induce the 
observed LSPR band shift. An additional effect that might con-
tribute to this phenomenon is the partial alloying in the shell. 
However, it is important to note that some discrepancies arise 
in the LSPR position (≈20–30  nm) between calculated and 
measured spectra, which can be explained by the experimen-
tally observed alloying and morphological polydispersity. This 
effect is particularly relevant in rice-like NRs, which typically 
constitute less than 30% of the products (Figures S4 and S12,  
Supporting Information).

To gain further insight into the role of the morphology and 
degree of alloying on the LSPR position, simulations were fur-
ther carried out (the results of the optical response for hot-dog- 
and rice-like NRs are provided in the Supplementary Informa-
tion, Figures S17–S21). For hot-dog-like NRs, the Ag shell thick-
ness and coverage of the Au NR core were varied to simulate 
the removal of the shell (Figure S17 and Table S2, Supporting 

Figure 4.  Optical simulations of irradiated Au@Ag NRs. A) The optical 
responses of as-synthesized Au@Ag NR (blue), hot-dog-like (red) and 
rice-like (green) NRs are shown for the longitudinal (straight lines) and 
transversal (dashed lines) LSPR bands. Near-field enhancement maps 
for the various structures are included as insets (maps are equally scaled 
in the range 1–80). B) The calculated optical spectra for AuAg NSs are 
plotted along with the experimental spectra. Dimensions of the models 
are given in Table S2 (Supporting Information).

Adv. Optical Mater. 2021, 9, 2002134
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Information). A significant blueshift of the longitudinal LSPR 
band, ranging from from 770 to 725 nm, was noticed due to 
the reduction of the shell thickness or NR length, whereas the 
transversal band was barely affected. Similarly, to further under-
stand the role of the alloying degree over the optical properties 
of rice-like NRs, we calculated the optical response as a func-
tion of the proportion of Au and Ag in both the core and the 
shell. The simulated spectra revealed that the degree of alloying 
does not significantly affect the LSPR position (≈620–660 nm) 
when it takes place in the core; however, a red-shift to 720 nm 
was observed when increasing the Au content in the Ag shell 
with a nonalloyed core (Figure S17, Supporting Information).

Near-field enhancements were also calculated for as-
synthesized Au@Ag NRs and both hot-dog- and rice-like NRs. 
(Figure  4A and Figures S18–S21, Supporting Information). 
For as-synthesized Au@Ag NRs, the maximum near-field 
enhancement is concentrated on the edges and vertices, due to 
the square prism-like shape. However, for hot-dog- and rice-like 
NRs, the higher intensities are found at the tips, as expected 
due to the lack of vertices. Interestingly, the near-field enhance-
ment intensity for both types of NRs at the plasmon wavelength 
is higher than that for the as-synthesized Au@Ag NRs. For  
hot-dog-like NRs, the electric field is significantly enhanced and 
concentrated at the uncovered Au NR core tips. The effect is 
more pronounced when increasing the amount of Ag removed 
from the tips (Figures S18–S20, Supporting Information), sug-
gesting that these nanostructures may be suitable for surface-
enhanced spectroscopies. This result may seem surprising, as 
Ag usually generates a higher field enhancement than Au, so 
that one would expect a reduction of the near-field enhancement. 
This effect may arise from the larger curvature and because the 
Ag shell concentrates the fields at the tips of the structure.

Finally, the theoretical optical response of AuAg alloyed NSs 
was also calculated.[51–54] In this case, the spectra were simu-
lated considering a Gaussian distribution of diameters with the 
values obtained from TEM analysis (46 ± 3 nm). To investigate 
the role of the Au:Ag ratio on the optical properties, the spectra 
of alloyed NSs with a decreasing proportion of Ag were calcu-
lated (100%, 85%, 66%, 35%, 15%, and 0% of Ag, Figure  4B). 
In this case, a blue shift of the longitudinal LSPR band was 
observed for higher Ag contents, ranging from 525 nm for Au 
NSs to 400  nm for Ag NSs. Nevertheless, the resonance posi-
tion of the measured optical density matches the theoretical 
efficiency calculated with the dielectric function for an alloy 
with an Ag content of 66% and Au content of 34%, which is in 
good agreement with the values obtained from EDX analysis. 
Overall, the optical simulations help us understand the effect of 
fs-laser pulses on the reshaping and alloying of Au@Ag NRs.

Based on the results of HAADF-STEM, EDX tomography 
and optical calculations, the formation of the distinct species 
obtained at different pulse fluences might be explained by sev-
eral phenomena induced by the fs-laser. We hypothesize that 
the formation of hot-dog- like NRs at low fluences (3.2 J m−2) 
arises from the loss of Ag atoms at the tips, which may result 
from their oxidation enhanced by laser heating and by the pres-
ence of CTAC molecules (i.e., CTAC can complex and stabilize 
Ag (I)) [44,55–57] The higher curvature of the tips should further 
facilitate this process.[58–60] At higher fluences (6.4–33.2 J m−2),  
redistribution of Ag and Au atoms in the nanocrystal  

(via diffusion) and mixing (solid solution formation) are 
expected to occur (i.e., due to their higher activation energy). 
Indeed, the formation of rice-like NRs (where the shape of the  
as-synthesized Au@Ag NRs is strongly modified) suggests that 
diffusion of both Ag and Au atoms can be promoted. More-
over, partial intermixing of the different metals observed at the  
boundaries between the core and the shell at the middle of 
the Au@Ag NR implies that the pulse fluence is sufficient to 
induce partial alloying. In this case, we observed a reduction of 
the final volume and Ag content of rice-like NRs (compared to 
those of the as-synthesized AuNRs, from ≈1 × 105 to ≈5.7 × 104 
nm3 and ≈64%, respectively). This fact might also be explained 
by a partial loss of the Ag atoms due to oxidation (as hypothe-
sized for hot-dog NRs), or due to a laser-induced fragmentation 
of the shell (an effect described for high-fluence fs-pulsed laser 
irradiation of plasmonic nanoparticles).[36–39,46,61] That could 
explain the presence of some irradiated Au@Ag NRs where the 
silver shell was partially degraded in the middle region (Figures S5  
and S13, Supporting Information) or has been completely 
removed (“naked” NRs, Figures S4–S6, Supporting Informa-
tion). Finally, at the highest investigated fluence (92 J m−2), 
the energy absorbed by Au@Ag NRs is sufficient to induce 
complete reshaping and mixing (interdiffusion) of Au and Ag 
atoms. The size reduction (to ≈5.1 × 104 nm3) suggests that part 
of the material constituting the as-synthesized Ag@Ag NRs is 
also lost. Again, we could attribute it to the loss of some Ag 
atoms from the shell, which would be in agreement with the 
slight decrease of Ag content observed in the EDX analyses 
(from 70% in the as-synthesized Au@Ag NRs to 64% in the 
AuAgNSs, Table S1, Supporting Information).

Overall, at low laser fluence oxidation of Ag might be favored. 
At intermediate fluences, redistribution of Ag and Au atoms in 
the nanocrystal could be promoted, accompanied by partial loss 
of Ag due to oxidation and/or fragmentation of the shell. Further 
increments of the lattice temperature obtained at the highest flu-
ence could finally also induce the alloying of Ag and Au atoms.

3. Conclusions

We have described a new route to synthesize colloidal metal 
alloy nanoparticles, which combines wet-chemistry methods 
with the thermal effects produced by fs-pulsed laser irradia-
tion. This approach involves the fabrication of bimetallic plas-
monic core-shell nanoparticles, designed to efficiently absorb 
fs-laser pulses, thus receiving enough energy for melting to 
occur. Therefore, we propose that heating and subsequent 
alloying occur directly in the colloidal dispersion. To demon-
strate this method, we synthesized core-shell Au@Ag NRs with 
a longitudinal LSPR band at 800  nm, in resonance with the 
wavelength of a 50 fs pulsed Ti:Sapphire laser. Besides the effi-
cient plasmonic properties of Au and Ag, their ability to form 
a solid solution within a wide range of compositions justifies 
their choice as our model system. The irradiation of Au@Ag  
NRs at different pulse fluences was found to be critical to 
induce an array of effects on the shape and degree of alloying. 
At a fluence of 3.2 J m−2, NRs with hot-dog-like morphology 
were obtained, where the Ag shell was partially removed under 
the fs-laser irradiation, with no sign of alloying. By increasing 
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the fluence to 6.4 J m−2, rice-like NRs were formed, among 
other structures. Moreover, partial alloying of Au and Ag under 
these irradiation conditions was confirmed by HAADF-STEM 
imaging and EDX tomography in the case of rice-like NRs. 
Although this effect was more evident at fluences of 33.28 J m−2,  
only at 92 J m−2 we observed complete formation of alloyed nan-
oparticles, which in this case adopted a spherical morphology.

We thus demonstrated a colloidal phase synthesis of AuAg 
nanoparticles, by irradiation of Au@Ag NRs with fs-laser pulses 
directly in solution. Moreover, different structures with distinct 
degrees of alloying can be obtained through control of the 
pulse fluence. Overall, the proposed strategy enables the partial 
and complete alloying of core-shell Au@Ag nanoparticles in a 
simple manner, being potentially applicable to other colloidal 
multimetallic heterostructures. The main requirements shall 
be the ability of such nanoparticles to absorb laser light (either 
via excitation of LSPRs or interband transitions), and the avail-
ability of fs-laser pulses with the desired wavelength and flu-
ence. We expect this methodology to provide novel routes for 
the synthesis of colloidal multimetallic alloy nanoparticles with 
precise control over their size and composition, with prospec-
tive implications in catalytic, plasmonic, and magnetic applica-
tions. We believe that future research efforts to solve the loss 
of anisotropic morphology may be focused on using silica coat-
ings, an approach that has been employed to form AuAg NRs 
via thermal annealing.[30,33]

4. Experimental Section
All starting materials were purchased from Sigma-Aldrich and used 
without further purification: hexadecyltrimethylammonium bromide 
(CTAB for molecular biology ≥99%), CTAC (25% w/w aqueous solution), 
1-decanol (n-decanol, 98%), hydrogen tetrachloroaurate trihydrate 
(HAuCl4·3H2O, ≥99.9%), silver nitrate (AgNO3, ≥99.0%), l-ascorbic 
acid (≥99%), hydrochloric acid (37% weight), and sodium borohydride 
(NaBH4, 99%) were purchased from Aldrich. MilliQ grade water 
(resistivity 18.2 MΩ cm at 25 °C) was used in all experiments.

Synthesis of Au@Ag NRs: The nanoparticles were prepared using an 
established seeded growth method with some modifications.[42]

Synthesis of Au@Ag NRs—Synthesis of 1–2 nm Au Seeds: 20 mL of a 
50 × 10−3 m CTAB and 13.5 × 10−3 m n-decanol solution was mixed with 
200  µL of 0.05 m HAuCl4 and 100  µL of 0.1 m ascorbic acid solutions 
(stirring at ≈500  rpm and 25 and 27 °C). Once the mixture became 
colorless, 800  µL of a freshly prepared 0.02 m NaBH4 solution was 
injected under vigorous stirring (1000 rpm using a PTFE plain magnetic 
stirring bar: 30 × 6  mm). The resulting brownish-yellow solution was 
aged for 1 h at 25–27 °C prior to use.

Synthesis of Au@Ag NRs—Synthesis of Small Anisotropic Seeds (21 nm in 
Length and 7.5 nm in Width): In a typical synthesis, 300 mL of a 50 × 10−3 m 
CTAB and 11 × 10−3 m n-decanol solution (placed in a 500 mL Erlenmeyer) 
was mixed with 3000  µL of 0.05 m HAuCl4, 2400  µL of 0.01 m AgNO3, 
21 mL of 1 m HCl, and 3900 µL of 0.1 m ascorbic acid (sequentially). The 
solution temperature was maintained at 25 °C during the entire procedure. 
The growth was initiated by the addition of 18  mL of the 1–2  nm seed 
solution and was left to proceed undisturbed at 25 °C for at least 4 h (the 
solution changed from colorless to dark brownish gray during this time). 
The resulting small Au NRs (longitudinal LSPR located at 725–730  nm) 
were centrifuged at 14 000–15 000  rpm for 60  min (in 2  mL Eppendorf 
tubes) and redispersed with 100 mL of 10 × 10−3 m CTAB solution. This step 
was repeated two more times, and the small Au NR stock solution was 
eventually concentrated to a final value [Au0] = 4.65 × 10−3 m (absorption at 
400 nm of 1, optical path: 0.1 cm).

Synthesis of Au@Ag NRs—Au NRs with LSPR at 1000 nm: In a 
typical synthesis, 5000 µL of 0.01 m AgNO3, 2000 µL of 0.05 m HAuCl4, 
18 000 µL of 1 m HCl, and 1600 µL of 0.1 m ascorbic acid solutions were 
added under stirring to 200 mL of a 50 × 10−3 m CTAB and 11 × 10−3 m 
n-decanol solution at 28 °C. The growth was initiated by the addition of 
1 mL of the stock solution (under stirring). After 6 h, the Au NRs were 
sedimented by centrifugation at 7000  rpm, 30  min, and redispersed in 
20 mL of a 25 × 10−3 m CTAC solution. This step was repeated twice to 
ensure the removal of CTAB. Finally, they were redispersed in 5 mL of a 
25 × 10−3 m CTAC solution. The resulting Au NRs presented an average 
length of 102 ± 5 nm and diameter of 18 ± 2 nm.

Synthesis of Au@Ag NRs—Au@Ag NRs at 800 nm: The nanoparticles 
were prepared following a previously reported seeded growth method.[41] 
Briefly, a given volume of the Au NR solution (≈60  µL) was added to 
10 mL of a 25 × 10−3 m CTAC solution (final absorption of the Au NRs 
in the growth mixture at 400 nm of 0.4 optical path: 1 cm). To precisely 
adjust the LSPR band at 800  nm, a calibration curve was previously 
obtained by varying the concentration of Au NRs in solution (absorption 
at 400 nm between 0.2 and 0.6). This concentration can vary owing to 
batch-to-batch fluctuations in the Au NR size and aspect ratio. Then, 
500  µL of 0.01 m AgNO3 and 50  µL of 0.01 m ascorbic acid solutions 
were added. The mixture was heated up to 65 °C and left undisturbed for 
12 h. Finally, the Au@Ag NRs were centrifuged for 30 min at 5000 rpm 
and redispersed in 20 mL of a 25 × 10−3 m CTAC solution. This step was 
repeated twice.

Characterization Techniques—Transmission Electron Microscopy: TEM 
images were obtained on a JEOL JEM-1400PLUS transmission electron 
microscope operating at an acceleration voltage of 120  kV. For TEM 
grid preparation, 1.5  mL of the Au, Au@Ag, and irradiated products 
were centrifuged (in 1.5 mL Eppendorf tubes) and redispersed in 1.5 mL 
of a 1  × 10−3 m CTAC solution. This step was repeated twice, and the 
nanoparticles were redispersed in 20 µL of a 1 × 10−3 m CTAC solution. 
Finally, 3  µL of water and 1  µL of the nanoparticle suspension were 
deposited on a carbon-coated 400 square mesh copper grid (placed on 
Parafilm) and allowed to dry slowly.

Characterization Techniques—STEM and EDX: STEM images were 
acquired using a ThermoFisher Tecnai Osiris electron microscope 
operated at 200 kV in HAADF-STEM mode at typical beam currents of 
50 pA. EDX-based elemental maps were recorded using the Super-X 
detector at the same microscope at typical beam currents of 150 pA 
and acquisition times of 10 min. All EDX maps shown were quantified 
representing the atomic percent of Ag and Au. For EDX tomography, 
a previous approach was followed as detailed elsewhere.[62,63] In short, 
after acquiring a HAADF-STEM tomography series in a tilt range of 
±75° with an increment of 3°, EDX maps were acquired every 10° and 
quantified according to the ζ-factor method.[63] Both data were then 
combined in the reconstruction process.[62]

Characterization Techniques—UV/Vis/NIR Spectra: All experiments 
were carried out using a Varian Cary 5G spectrophotometer at 298 K and 
quartz cuvettes with optical paths of 1 cm.

Irradiation Experiments: Au@Ag NRs with longitudinal LSPR centered 
at 800  nm were irradiated with 50 fs, 804  nm laser pulses generated 
with an amplified Ti:Sapphire laser system (Spectra-Physics). Samples 
were irradiated in quartz cuvettes (4 mL volume, 200–2500 nm spectral 
range) with an optical path of 1 cm and a fixed volume of 2.5 mL (under 
constant stirring at 300 rpm using a magnetic bar at room temperature).

Two irradiation regimes were applied: focused and nonfocused 
beam irradiation. For the latter, fluence control was performed with a 
continuously variable neutral density filter wheel. In this case, the selected 
irradiation fluences were 3.2, 6.4, and 33.28 J m−2 with a beam diameter 
of about 1 cm and irradiation times of 20, 10, and 5 min, respectively. For 
the focused beam regime, the laser beam was focused with a 25 cm focal 
length silica lens, and the sample placed 10  cm from the lens to avoid 
damage of the cuvette. In this case, the laser fluence was 92 J m−2 with a 
beam diameter of about 6 mm and irradiation time of 2 min.

Optical Simulations: The irradiated nanoparticle optical response was 
studied by finite-differences in the time-domain (FDTD) using the free 
software computer code MEEP[64] and by Mie Theory using scattnlay 
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software.[51,52] The former was applied for the experimentally observed 
rice- and hot-dog-like NRs and the as-synthesized Au@Ag NRs,[41] 
whereas the latter was used for the NSs obtained at high laser fluences.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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