
Nanoscale

PAPER

Cite this: Nanoscale, 2017, 9, 2845

Received 29th October 2016,
Accepted 16th January 2017

DOI: 10.1039/c6nr08484b

rsc.li/nanoscale

Fully alloyed metal nanorods with highly tunable
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Alloyed metal nanorods offer a unique combination of enhanced plasmonic and photothermal properties

with a wide variety in optical and catalytic properties as a function of the alloy composition. Here, we

show that fully alloyed anisotropic nanoparticles can be obtained with complete retention of the particle

shape via thermal treatment at surprisingly low temperatures. By coating Au–Ag, Au–Pd and Au–Pt core–

shell nanorods with a protective mesoporous silica shell the transformation of the rods to a more stable

spherical shape was successfully prevented during alloying. For the Au–Ag core–shell NRs the chemical

stability was drastically increased after alloying, and from Mie–Gans and finite-difference time-domain

(FDTD) calculations it followed that alloyed AuAg rods also exhibit much better plasmonic properties than

their spherical counterparts. Finally, the generality of our method is demonstrated by alloying Au–Pd and

Au–Pt core–shell NRs, whereby the AuPd and AuPt alloyed NRs showed a surprisingly high increase in

thermal stability of several hundred degrees compared with monometallic silica coated Au NRs.

Introduction

Confining electrons in metals to the nanoscale leads to
efficient interactions with light due to localized surface
plasmon resonance (LSPR) which gives rise to interesting
optical and photothermal properties. Unlike spherical par-
ticles, nanorods (NRs) have two LSPRs: a transverse and longi-
tudinal resonance. The longitudinal LSPR can be tuned by
changing the aspect ratio and spans the visible to the near-
infrared (NIR) region of the spectrum. Metal NRs also exhibit
better plasmonic properties and stronger local field enhance-
ments than nanospheres, making them valuable materials for
light-based applications. Due to their strong plasmon reso-
nance and chemical stability, Au NRs are successfully
employed in many applications such as optical data storage,1

photocatalysis,2 sensing3 and cancer treatment.4,5

Of all metals Ag shows the best plasmonic properties due to
a low imaginary part of its dielectric function over a large
energy region. By growing a silver shell around Au nano-
particles (NPs), the plasmonic properties can be significantly
enhanced,6,7 but their applicability is hampered by the rela-
tively poor chemical stability of the Ag shell. Alloying the two
metals solves this problem as it significantly increases the
chemical stability of the particles, which was shown for spheri-
cal NPs.7 Furthermore it leads to additional control over
optical properties.8

Alloyed metal NPs are also interesting for catalysis,9,10 as
their catalytic properties can be superior to the single-com-
ponent systems.11,12 Irradiating such metal catalysts with light
can enhance their catalytic performance due to their plasmo-
nic properties.2,13 In addition, alloying can lead to a signifi-
cant increase in the thermal stability of the NPs.14,15

Ideally one would like to combine the superior rod-shape
with the advantages of alloyed materials. However, there is no
facile way of making rod-shaped alloys while simultaneously
controlling their composition and shape, and most studies to
date have focused on spherical alloyed NPs. Only a few
examples were reported on the synthesis of alloyed NRs, such
as template-directed electro-chemical or wet-chemical co-
deposition and low-temperature decomposition of bimetallic
precursors.16–21 These synthesis routes only yield NRs with a
fixed composition and/or are highly laborious with small
amounts of sample obtained. Alternatively, alloying of spheri-
cal core–shell nanoparticles via thermal treatment is a simple
and scalable method with precise control over composition
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and size.7,22 Unfortunately, at the elevated temperatures
required for alloying, the rod-shape is unstable and the rod
deforms to a spherical shape.23 A protective coating can
improve the stability during heat treatment and was used for
making spherical alloyed NPs.7 However, it has not been
shown yet that this method can be extended to anisotropic par-
ticles without changing the particle shape after alloying and
how an out-of equilibrium NR shape influences this process.

Here we make, for the first time, fully alloyed nanorods via
thermal treatment while retaining the anisotropic particle
shape. This is achieved by coating the particles with a protec-
tive mesoporous-silica layer, which enhances their thermal
stability, prevents sintering of NRs during thermal treatment
and allows mass transport to the metal surface, which is
crucial for catalytic applications. Surprisingly, alloying was
achieved at much lower temperatures than needed to alloy
spherical NPs as reported by Gao et al.7 implying that the out-
of equilibrium shape of NRs could play an important role. The
metal composition of the NRs can be tuned precisely by
varying the core-to-shell size ratio.6 In this study, we followed
the alloying of mesoporous-silica coated Au(core)–Ag(shell)
nanorods (Au@Ag@SiO2 NRs), Au(core)–Pd(shell) nanorods
(Au@Pd@SiO2 NRs) and Au(core)–Pt(shell) nanorods
(Au@Pt@SiO2 NRs) in situ with high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
and energy-dispersive X-ray spectroscopy (EDX). We compared
the measured extinction spectra of AuAg alloyed NRs with an
empirically shape-corrected analytical model based on the
Mie–Gans theory and with FDTD calculations, and found
enhanced plasmonic properties of the alloyed NRs over their
spherical counterparts. Moreover, the thermal stability of the
alloyed NRs was greatly improved. It is important to stress that
our methodology is not limited to the metals chosen in this
paper or to rod-shaped nanoparticles, but can be applied to
different metals and different anisotropic particle shapes as
well.

Methods
Synthesis, alloying and stability experiments

The Au@Ag@SiO2, Au@Pd@SiO2 and Au@Pt@SiO2 core–shell
NRs were synthesized according to ref. 6. To form alloys, these
particles were heated either in situ in an electron microscope
using a heating stage or externally in a furnace under an air or
N2 atmosphere. For the in situ heating the particles were drop-
cast on a SiN heating chip and inserted in an electron micro-
scope. The temperature was changed in steps of 50 °C (5 min
heating at a constant temperature) and the changes were moni-
tored using STEM and EDX (15 minutes at a constant tempera-
ture). For the oven heating experiments the particles were
dropcast on a microscope glass slide and heated at 400 °C for
30 min (air) and 60 min (N2). The extinction spectra before
and after heating were measured with Fourier transform infra-
red spectroscopy (FTIR) on the particles on a microscope slide
in an air environment. Our Bruker Vertex 70 spectrometer is

equipped with a NIR source, a quartz beam splitter and a Si
diode detector, which enabled us to measure in the VIS as
well. To check the chemical stability, the Au@Ag@SiO2 core–
shell and AuAg@SiO2 alloyed particles on the microscope slide
were exposed to an aqueous mixture of 1.7 vol% H2O2 and
0.9 vol% NH3·H2O for 15 min and 2 h, respectively. More
experimental details about equipment, chemicals and pro-
cedures can be found in the ESI.†

Calculations

We calculated the extinction spectra for the alloyed spherical
NPs and NRs with FDTD simulations or Mie theory and
Mie–Gans theory, respectively. Mie–Gans theory is only valid
for spheroidal shapes, and to adapt it to experimentally more
realistic particle shapes, an empirical shape correction factor
was used based on the experimentally obtained aspect ratio
and volume.24 For the spherical particles the same volume was
assumed as for the NRs. We took the dielectric functions from
an analytical model derived from measurements of the dielec-
tric function of certain alloy compositions, which allows for
extrapolation of the dielectric function to any composition.8 It
is important to use dielectric functions obtained for alloys as
it was demonstrated that the measured extinction spectra of
spherical AuAg alloyed NPs could not be reproduced by a
linear combination of the dielectric functions of Au and Ag
but only by using the dielectric data of alloys.8,25 We further-
more size-corrected the dielectric functions to account for the
influence of the particle size confinement on the electron
mean free path.26 A detailed description of the calculations
can be found in the ESI.†

Results and discussion

To study the thermally induced alloying of nanorods we first
synthesized Au@Ag NRs in a mesoporous silica shell.6 The
average length of the Au@Ag rods was 73 nm and the diameter
was 27 nm, while the Au core length and diameter were 61 nm
and 20 nm, respectively. In order to find the required heating
temperature for alloying which can deviate substantially from
bulk values,22,27 the core–shell NRs were heated in situ in a
high-resolution electron microscope operated in HAADF-STEM
mode. The temperature was increased in 50 °C steps and kept
constant for 5 min at each temperature (Fig. 1). Below 400 °C
the Au core and Ag shell can clearly be distinguished by the
z-contrast inherent to STEM. At 400 °C this contrast difference
became less apparent and vanished at 450 °C indicating that
an alloy was formed. The EDX measurements in Fig. 1b show
that alloying started at the Au–Ag interface at 400 °C and con-
firmed the transition of the core–shell structure to a homo-
geneous alloy at 450 °C. After cooling back to room tempera-
ture, the alloyed structure was preserved (Fig. 1b) and the FCC
crystallinity of the rod retained (Fig. 2), as expected for AuAg
alloys. The (111) lattice spacing of a formed AuAg alloy NR was
measured to be 0.235 nm in good agreement with the known
values of 0.2355 nm and 0.2358 nm for Au and Ag FCC

Paper Nanoscale

2846 | Nanoscale, 2017, 9, 2845–2851 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 2
0 

Ja
nu

ar
y 

20
17

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ite

it 
U

tr
ec

ht
 o

n 
22

/0
3/

20
17

 1
0:

11
:3

9.
 

View Article Online

http://dx.doi.org/10.1039/c6nr08484b


crystals, respectively. The particles preserved their anisotropic
shape during heat treatment due to the stabilizing silica shell.
The same Au–Ag ratio was obtained before and after heating,
which was approximately 57/43 as determined from EDX. To
make sure that alloying was not induced by the electron beam,
we checked different spots that had not been exposed to the
electron beam prior to heating (Fig. S7†) and concluded that
the alloying was not modified by the electron beam.

It needs to be mentioned that it is remarkable that alloying
was achieved at such low temperatures which are well below
the bulk melting temperatures of Au and Ag. For spherical
NPs, Gao et al. needed to heat to at least 930 °C to obtain fully
alloyed AuAg NPs.7 Similarly to the volume dependent thermal
stability of nanoparticles, an effect that is mainly relevant for
sizes below 10 nm,28–31 smaller particle volumes could be
expected to alloy at lower temperatures. However, the decrease

Fig. 1 In situ heating of silica coated Au@Ag core–shell nanorods. (a) HAADF-STEM images recorded before, during and after heating to 450 °C.
The scale bars are 50 nm. (b) EDX maps showing the metal distribution of Ag (green) and Au (red) in the core–shell and alloyed metal nanorods
before and after heating, respectively. The average aspect ratio of the four particles shown here changed from 3.0 to 2.7 when heated to 450 °C. All
scale bars are 40 nm. (c) EDX line scans perpendicular and along the long axis of the top left nanorod at 20 °C and (d) 450 °C. It should be men-
tioned that the SiO2 shell is always present (Fig. S8†) although the Si or O EDX maps are not shown here and the SiO2-STEM contrast is weak com-
pared to the metals.
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in alloying temperature cannot be ascribed to a smaller par-
ticle volume in this case, since our rods have a 6.6 × larger
volume than the spherical particles used by Gao et al. Also a
difference in Au–Ag interface area can hardly explain the temp-
erature difference since the rods and spheres have a compar-
able interface-to-volume ratio of 0.13 nm−1 and 0.10 nm−1,
respectively. This implies that alloying for out-of equilibrium
shaped particles like NRs is quite different from equilibrium
processes. Such out-of equilibrium behaviour was, for
example, also observed in the thermal deformation of Au NRs
towards more spherical shapes which happens at temperatures
far below the melting point of Au.23

Alloying of larger quantities of Au@Ag@SiO2 NRs was suc-
cessfully achieved outside the electron microscope in an oven.
We observed a strong effect of the surrounding atmosphere on
the alloying process when heating the NRs to 400 °C. The EDX
maps in Fig. 4a demonstrate that alloyed NRs were formed
during heating in nitrogen. The blue-shift in the extinction
spectrum after alloying is mainly due to a slight decrease in
aspect ratio and is in agreement with our calculations
(Fig. S4†). Identically to the in situ experiments, the particles
heated externally kept their rod shape, which would not be
possible without the protecting silica shell.23,32,33 We demon-
strate this in Fig. 3 where we show results of the heated
Au@Ag core–shell NRs (L = 84 nm, D = 24 nm, AR = 3.5) that
were not protected by a mesoporous silica shell. As expected,
the nanorod shape could not be preserved and the particles
deformed and sintered together.

We furthermore demonstrate the enhanced chemical stabi-
lity of the obtained alloyed NRs. We exposed both the silica-
coated core–shell and alloyed NRs to a mixture of hydrogen
peroxide (H2O2) and ammonia (NH3), which is known to
oxidize and dissolve Ag.7 The longitudinal LSPR peak of the
core–shell particles dropped to about 40% of the original value
and red-shifted after only 15 min (Fig. 4c). This indicates that

the Ag shell was dissolved as confirmed by our EDX measure-
ments (Fig. S9†). Indeed a similar but reverse shift and
increase in intensity were observed when Ag was grown onto
the Au rod (Fig. S1†). Contrarily, the peak position and Au–Ag
ratio of the alloyed NRs did not change after keeping the par-
ticles in the etch solution for 2 h (Fig. 4c).

The situation is very different when heating Au@Ag@SiO2

NRs in air. The larger blue-shift in the extinction spectrum in
Fig. 4b upon heating, compared with heating under nitrogen
flow, can only be explained by the deformation of the rods to a
more spherical shape. The EDX and STEM images confirm that
the particles heated in air deformed. The average aspect ratio
dropped from 2.7 (73 nm × 27 nm) to 1.7 (42 nm × 25 nm) with
an average volume loss of almost 50%. Interestingly, the EDX
measurements revealed that most of the Ag vanished after
heating, which explains the observed volume loss, leaving a void
for the Au to deform towards the thermodynamically more
stable spherical shape (see also Fig. S11†). The difference in the
behaviour of the Ag shell during inert and oxygen rich heat
treatment is probably linked to the oxidation state of the silver.
Heating of Ag NPs on silica supports in air was reported to give
similar losses of silver and was ascribed to the dissolution of
silver ions in the silica support.34

To compare the experimental results with theoretical pre-
dictions and to explore a larger parameter space in compo-
sition and aspect ratio, we performed FDTD simulations and
calculations based on the Mie–Gans theory which we tailored
for our experimental shapes and corrected for size-confine-
ment of the electrons (see the ESI† for details). As displayed in
Fig. 5a, the LSPR can be tuned by changing the composition of
the alloyed NR, similarly as for spherical particles. Most com-
positions show comparable extinction intensities to those of a
pure Au NR, although around an Ag composition of xAg = 0.5
the intensities are slightly decreased, caused by the dielectric

Fig. 2 High-resolution electron microscopy of an alloyed NR. (a) High
resolution TEM image, (b) the corresponding FFT and (c) zoom in of an
AuAg@SiO2 alloyed nanorod (L = 74 nm, D = 27 nm, AR = 2.7) after
in situ heating showing showing the {111} lattice planes with a lattice
spacing of 0.235 nm. Fig. 3 STEM image and EDX intensity maps of initial Au@Ag core–shell

NRs without a mesoporous silica shell after heating them for 1 h at
400 °C in N2.
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functions of the alloys exhibiting higher losses close to 50%
composition than the pure metals (Fig. S3†). The plasmonic
properties improve when more Ag is added and exceed those

of pure gold at xAg = 0.7. For comparison we added the calcu-
lated extinction spectra for alloyed spherical particles of the
same volume in Fig. 5b. It needs to be mentioned that the

Fig. 4 Alloying of silica coated Au@Ag core–shell nanorods in different gas atmospheres and increased chemical stability against etching of AuAg
alloyed NRs. (a) Extinction spectra of AuAg nanorods before (black) and after heat treatment (red) under a N2 atmosphere and (b) under an air atmo-
sphere show a LSPR peak shift from 740 to 667 nm and from 745 to 586 nm, respectively. The HAADF-STEM image and EDX maps show homo-
geneously mixed Au(red)–Ag(green) nanorods after heating in N2 and deformed rods that lost most of the silver after heating in air. The average
aspect ratio of the four particles shown in (a) and (b) are 2.4 and 2.1, respectively. The Au–Ag ratio after heat treatment in N2 was 56/44 whereas
after heating in air Ag loss occurred and the Au–Ag ratio shifted to 79/21. The scale bars are 40 nm. (c) Extinction spectra of core–shell (red) and
alloyed (blue) nanorods before (solid) and after (dotted) exposure to an aqueous etching solution (1.7 vol% H2O2 and 0.9 vol% NH3 solution). The
EDX maps show alloyed nanorods after 2 h of etching. The scale bars are 50 nm.

Fig. 5 Comparison of calculated extinction spectra of AuAg alloyed rods and spheres of the same volume. (a) FDTD calculations for AuAg alloyed
NRs with a cylindrical shape with varying composition. The inset shows the extinction peak position as a function of Ag composition. (b) FDTD calcu-
lations for spherical AuAg alloyed particles of the same volume as the NRs in (a). The inset compares the extinction intensities of the rods (red) with
the spheres (black) normalized to the extinction intensity of the Ag NR.
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plasmon wavelengths of the pure Ag and Au spherical NP are
slightly blue-shifted as known from the measurements done in
water since our used surrounding medium dielectric constant
is lower (1.65) than that of water (1.77) to mimic our experi-
mental conditions. The alloyed NRs show improved plasmonic
properties compared with spherical particles with up to
9 times higher extinction coefficients. The enhancement can
even be increased up to 14 times when using larger aspect
ratios (Fig. S10†). These findings were also confirmed by the
Mie–Gans calculations which gave results very similar to the
FDTD calculations shown in Fig. 3 (Fig. S5†). Both methods
could reproduce the measured extinction spectra from Fig. 4a
which is presented in Fig. S6.† Thus, alloyed AuAg NRs have
significantly better plasmonic and hence photothermal pro-
perties than their spherical counterparts.

Our method for the alloying of core–shell rods can, in prin-
ciple, be applied to any combination of metals that mix in the
bulk phase. As a proof of principle in situ heating measure-
ments of Au@Pd@SiO2 NRs with an average length of 73 nm,
diameter of 22 nm and Au–Pd ratio of 69/31 (Fig. 6) and of
Au@Pt@SiO2 NRs with an average length of 57 nm, diameter
of 18 nm and Au–Pt ratio of 85/15 (Fig. S13†), were carried out.
Fig. 6 shows that the initially dendritic Pd shell first smooth-
ened around 500 °C, then started to mix with the Au core at
700 °C and finally formed a homogeneous alloy when heated
for about 30 min at 800 °C. We found indications that the
alloying temperature depends on the metal ratio as for a lower
Pd content alloying was achieved at 600 °C (not shown).
Similarly to the observed alloying temperatures for the AuAg
NRs, the observed temperatures for AuPd and AuPt are far
below the bulk melting temperatures of Au, Pd and Pt.

Remarkably, the AuPd and AuPt NRs did not seem to lose
any anisotropy during the heating process, whereas pure Au

NRs deform at such high temperatures, even with a silica-
coating32 (Fig. S12†). Hence, alloying Au with a relatively small
amount of Pd or Pt (that have significantly higher melting
temperatures) can drastically increase the thermal stability of
the rod. The combination of the good optical properties of
Au and the enhanced thermal and catalytic properties of Pd/Pt
make alloyed AuPd/Pt rods interesting materials for, for
example, photocatalysis,13,35 optical laser writing36 or other
applications where the dynamic range is limited by the
thermal stability of the NRs.4,5

Conclusions

In conclusion, we introduced a general approach to obtain
alloyed metallic NRs in a mesoporous silica shell of which the
metal composition and optical properties can be tuned. The
silica coating provides both thermal and colloidal stability,
whereas its mesoporosity enables mass transport to the NR
surface during, for example, catalysis.37 Interestingly, alloying
was achieved at much lower temperatures than needed to alloy
spherical NPs,7 which is ascribed to the out-of equilibrium
shape of the NR. We furthermore showed that the plasmonic
properties of the resulting NRs were enhanced compared with
spherical particles of the same volume, and that thermal stabi-
lity can be greatly improved by alloying with higher melting
point metals. We expect that our method can be employed
with any combination of metals that mix in the bulk phase.
Furthermore, it is possible to extend this method to more than
two metals or to different anisotropic particle shapes. Thus,
our research opens the way to a wide variety of anisotropic
nano-alloys with variable compositions, tunable properties

Fig. 6 In situ heating of silica coated Au@Pd core–shell nanorods. (a) HAADF-STEM image and EDX maps showing the Au (red) and Pd (green)
metal distribution before and during heating to 800 °C, respectively. The average aspect ratio of the five particles shown here changed from 3.3 to
3.2 when heating to 800 °C. The scale bars are 40 nm. (b) EDX line scan of the most right AuPd nanorod at 20 °C and 800 °C.
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and different particle shapes which would be difficult to
achieve via direct synthesis routes.
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