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1. Introduction

1D noble metal nanorods (NRs) are one of the most promising
nanomaterials due to their plasmonic properties,[1,2] which can
be tuned mainly through a delicate control of their dimensions.
The importance of these materials is reflected in a wide range of
successful applications such as bio- and chemosensing,[3,4] opti-
cal data storage,[5] photothermal cancer treatment,[6] catalysis,[7]

or photocatalysis.[8]

Upon interaction of light with rod-shaped noble metal nano-
particles, these manifest two surface plasmon resonance (SPR)
absorptions, i.e., a transverse one (t-SPR) and a longitudinal
one (l-SPR), being the latter tuneable in a wide range from

the visible (up to 700 nm) to the near-
infrared (NIR) I (700–900 nm) or, even,
to the NIR II (1000–1700 nm) range.[9,10]

The most usual way of tuning this l-SPR
absorption is the modification of the NRs
aspect ratio. Nevertheless, an even tighter
mastering of this l-SPR absorption could
be exerted by a combined control of the
composition, the size (aspect ratio), and
the shape leading, even, to enhanced or
new properties.

Among the different types of noble
metal nanoparticles, composition con-
trolled bimetallic ones formed by the
combination of gold and silver display
remarkable stability and tailored plasmonic
or catalytic properties compared with

the corresponding monometallic constituents.[11] In the case
of bimetallic AuAg NRs obtained through wet-chemical
approaches, a main class of nanostructure is described, i.e.,
Au@Ag core–shell NRs, being the AuAg alloyed NRs much less
represented.[1] The facile formation of the core–shell structure, in
spite of the ease phase segregation between gold and silver, arises
from the smaller surface energy value of silver with respect to
gold.[12] A number of works have described the controlled anneal-
ing of core–shell AuAg NRs to afford the synthesis of alloyed
ones when the nanostructures are covered with a SiO2 shell,
although in the absence of such protection the annealing of
anisotropic nanostructures may lead to isotropic spherical
ones.[13–15] Therefore, the direct synthesis of alloyed AuAg
rod-shaped nanostructures is a challenging issue. Moreover,
the interest on this type of bimetallic AuAg NRs stems from their
versatility in potential applications. This type of nanostructures
has been used, for instance, in surface enhanced Raman scatter-
ing for the monitoring of catalytic oxidation and reduction
reactions using AuAg porous alloy NRs[16] and for the
detection of Rhodamine 6G in surface wastewater using AuAg
NRs@SiO2,

[17] or the improved detection of 4-nitrothiophenol
employing Au NR@AuAg shell.[18]

In addition to composition, the size (aspect ratio) control of
colloidal noble metal NRs or nanowires (NWs) provides a funda-
mental tool for plasmonic tuning. For example, ultrathin Au[19]

and AuAg[20] NRs (UNRs) and NWs (UNWs) displaying diame-
ters of less than 2 nm and lengths from several nm to μm give
rise to notably redshifted l-SPR absorptions up to the far-IR
(Au UNWs) or mid-IR (AuAg UNWs), probably due to the
increase of the dielectric constant arising from the ultrathin
nature of the nanostructures.[21] The special characteristics of

J. Quintana, J. Crespo, J. M. López-de-Luzuriaga, M. E. Olmos,
M. Rodríguez-Castillo, M. Monge
Departamento de Química, Centro de Investigación en Síntesis Química
(CISQ)
Universidad de La Rioja Complejo Científico-Tecnológico
26006 Logroño, Spain
E-mail: maria.rodriguez@unirioja.es; miguel.monge@unirioja.es

A. Falqui
Department of Physics “Aldo Pontremoli”
University of Milan
Via Celoria 16, 20133 Milan, Italy

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adpr.202200246.

© 2022 The Authors. Advanced Photonics Research published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adpr.202200246

Alloyed AuAg wavy nanorods (wNRs) of �24.0 nm length and 3.5 nm width
are formed by the mild decomposition of the organometallic complex
[Au2Ag2(C6F5)4(OEt2)2]n in tetrahydrofuran (THF) in the presence of oleic acid.
Ligand exchange with L-glutathione (GSH) or poly(ethylene glycol) methyl ether
thiol (PEG-SH) leads to water-soluble nanostructures. These AuAg wNRs display
tunable size-dependent longitudinal localized surface plasmon resonance
(l-LSPR) broad absorptions beyond 750 nm in the near-infrared (NIR) I and II
regions. These intense plasmonic absorptions lead to interesting photothermal,
catalytic, and photocatalytic properties, including the catalytic reduction of
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these materials have permitted the application of Au UNWs as
stable pressure sensors showing high sensitivity.[22] Other inter-
esting examples of size-controlled noble metal NRs are mini Au
NRs (diameter of less than 10 nm), which display tuneable plas-
monic properties in the visible–NIR region, leading to extremely
efficient photothermal properties.[23] However, the tuning of the
plasmonic properties of mini NRs is difficult because the
increase in length usually leads to diameter increase in this
mini-size regime, what makes the development of new synthetic
approaches for this type of nanostructures a very interesting idea.

A third factor affecting the tuning of the plasmonic properties
of rod-shaped noble metal nanoparticles is the shape control.
This is usually achieved through NRs overgrowth. At this regard,
Song et al. recently reported on the DNA-mediated Au NRs
reshaping from nanodumbbells to nanooctahedra, leading to
the control of the l-SPR absorptions beyond 1000 nm, in the
NIR II region. The large redshift of the l-SPR absorption is
related to the narrower diameter of the middle region of the
nanostructures.[24] Also, Zhang et al. reported on the overgrowth
of Au NRs into concave and convex nanocuboids or nanocubes,
achieving a broad redshift of the l-SPR in the case of the former
ones.[25] Regarding AuAg bimetallic rod-like nanostructures,
AuAg NRs and NWs were prepared by diffusing AgCl into
preformed Au NRs, leading to the corresponding t-SPR and
l-SPR absorptions.[26] However, a direct one-step shape control of
rod-like noble metal nanostructures leading to efficient l-SPR
absorptions in the NIR region has not been reported to date.

In addition to the singularity of the morphology and surface
plasmon resonance tuning that can be achieved when a tight con-
trol of composition, size, and shape is applied, the new nano-
structures would provide a combination of characteristics that
make them ideal for improved applications. At this regard, the
confluence of three interesting properties such as 1) catalytic
activity; 2) surface plasmon-induced photothermal heating and
3) NIR light generation of hot electrons, within a given type
of nanostructure, would provide a very promising platform for
light-to-energy conversion applications.

We have previously reported on the synthesis of alloyed AuAg
spherical nanoparticles[27] or ultrathin 1D NWs (UNWs) and
straight NRs (UNRs)[20] displaying localized surface plasmon
resonance (LSPR) absorptions in the visible (spherical), or in the
NIR and mid-IR (UNRs and UNWs) regions. To achieve the syn-
thesis of the ultrathin AuAg NWs and NR materials, we carried
out the mild decomposition of the organometallic complex
[Au2Ag2(C6F5)4(OEt2)2]n using pure oleic acid (OA) as solvent,

capping ligand, and growth-directing agent. Herein, we report
a straightforward and consistent organometallic approach for
the synthesis of 1D rod-like nanostructures displaying alloyed
composition (AuAg), small size (mini rod-like), and complex
shape (wavy nanorods, wNRs). This singular one-step approach
of combined control of size, shape, and composition provides
nanostructures displaying very intense and tuneable plasmonic
absorptions in the NIR II region (1000-1700 nm). We have
proved the ligand exchange possibilities on these AuAg wNRs
transforming hydrophobic wNRs into hydrophilic ones, keeping
the morphology and plasmonic properties. Remarkably, these
AuAg wNRs lead to interesting catalytic and plasmonic-induced
photothermal and photocatalytic properties, including NIR-
induced plasmonic photocatalytic reduction of 4-nitrostyrene
or photocatalytic hydrolysis of ammonia borane for H2 release.

2. Results and Discussion

2.1. Synthesis and Characterization of AuAg wNRs

The synthesis of OA-AuAg wNRs (1) was carried out by the con-
trolled reduction of complex [Au2Ag2(C6F5)4(OEt2)2]n (Scheme 1)
under argon atmosphere, in the presence of 64 equivalents of OA
and using anhydrous tetrahydrofuran (THF) as solvent. The
light-protected reaction mixture was stirred for 6 h under reflux
leading, in all cases, to the formation of a dark red solution, due
to the combination of a main population of AuAg NRs and spher-
ical nanoparticles. The solvent was removed under vacuum
and the solid obtained was washed by centrifugation with
toluene:ethanol mixtures, to isolate a dark brown solution of
purified OA-AuAg wNRs (1).

Figure 1A depicts the corresponding transmission electron
microscopy (TEM) image of OA-AuAg wNRs (1) of 24� 9 nm
length, 3.5� 0.5 nm width, and wavy shape. Figure 1B shows
the high-resolution transmission electron microscopy
(HRTEM) micrograph for OA-AuAg wNRs (1). The HRTEM
analysis (see Figure 1B and S1, Supporting Information) indi-
cates that the OA-AuAg wNRs display fcc lattice parameters
expected for gold or silver. The wNRs grow along the (111) direc-
tion, although some deviations from a straight growth, leading to
the wavy shape, could arise from defects and/or local changes in
the crystalline orientation. To characterize the alloy composition
of the AuAg wNRs, we collected high-angle annular dark-field
scanning transmission electron microscopy (STEM-HAADF)
images and the corresponding energy-dispersive X-Ray

Scheme 1. Synthesis of AuAg wNRs and replacement of capping ligands.
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spectroscopy (EDS) analysis of OA-AuAg wNRs (1). This analysis
shows a higher gold composition, with Au:Ag ratio of �60:40
(see Figure 1C,D).

On the other hand, the capping OA molecules can be replaced
by new stabilizing agents (Scheme 1), which allow the dissolu-
tion of the wNRs in water. Thus, a THF solution of the obtained
nanoparticles was mixed with a water solution of L-glutathione
(GSH) or poly(ethylene glycol) methyl ether thiol (PEG-SH)
during 30min. Then, the organic solvent was removed under
vacuum and the resulting brown water solution was lyophilized
during 2 days, resulting a dark brown solid corresponding to

GSH-AuAg wNRs (2) and PEG-SH-AuAg wNRs (3), respectively.
Figure 2A,B displays the TEM images of AuAg wNRs (2) and (3)
with lengths of 23� 8 and 24� 10 nm, respectively. These wNRs
(2 and 3) show similar dimensions to those of the starting wNRs
1, showing the possibility of exchange of the stabilizing species
without altering the morphology of the AuAg nanostructures.
This exchange permits broadening the study of properties and
potential applications of these wNRs in aqueous media and,
moreover, the storage and handling of solid samples of
wNRs are favored when large excesses of GSH or of PEG-SH
are used.

Figure 1. A) TEM image of OA-AuAg wNRs (1); B) HRTEM image of a crystalline OA-AuAg wNR (1), numerical diffractogram of the AuAg wNR (1) ([001]
zone axis of the gold/silver lattice) and magnification of the squared area; C) STEM-HAADF image of a group of AuAg wNRs (1); and D) EDS spectra of
different parts (1–5 in STEM-HAADF image) of a single wNR, with corresponding Au:Ag ratio obtained by Gaussian fits of the Lα peaks of Ag (centered at
2.984 keV) and Au (centered at 9.712 keV).

Figure 2. TEM image of A) GSH-AuAg wNRs (2); B) PEG-SH-AuAg wNRs (3).
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The plasmonic properties of AuAg wNRs are similar for sam-
ples 1–3, in agreement with their similar morphology (Figure 3),
showing a strong absorption in the NIR II region, with a maxi-
mum around 1400 nm. This strong absorption arises from the
longitudinal mode of the surface plasmon resonance (l-SPR)
of the wNRs. In addition, these nanostructures display a less
intense absorption due to the transverse mode (t-SPR), with a
maximum around 500 nm, which is not suppressed as it occurs
for similar ultrathin AuAg UNRs with diameters of less than
2 nm.[20]

It is worth to highlight the importance of the OA in this syn-
thetic approach because it not only acts as a capping ligand for
the final nanostructures, but also as a growth-directing agent at
the molecular level that will determine the shape and aspect ratio
of the new wNRs. Indeed, we can obtain an excellent control of
the AuAg wNRs aspect ratio by varying the OA:metal precursor
ratio. The results of this control can be observed in Figure 4,
where TEM images of AuAg wNRs obtained through the decom-
position of bimetallic Au(I)–Ag(I) complex are shown. In these
experiments, a fixed concentration of the organometallic precur-
sor was used, in the presence of different ratios of OA: 32
(Figure 4A, AuAg wNRs (4)), 96 (Figure 4B, AuAg wNRs (5)),
128 (Figure 4C, AuAg wNRs (6)), and 256 (Figure 4D, AuAg
wNRs (7)). The analysis of these images indicates that the nano-
structures display a similar width between 3 and 5 nm, while the
lengths increase with the amount of OA, with an average of
23� 9 nm (4), 24� 9 nm (1), 26� 8 nm (5), 29� 11 nm (6),
and 31� 10 nm (7) (see Figure S2, Supporting Information).
The increased aspect ratio allows a good tuning of the l-SPR plas-
monic absorption in the NIR II region, as observed in Figure 4E,
leading to a redshift of this l-SPR mode. When the OA:AuAg
molar ratio is represented versus the NIR II absorption maxi-
mum, a linear correlation is obtained (Figure 4F). Addition of
very large excess of OA leads to the formation of spherical
OA-AuAg nanoparticles (8). A similar redshift of the l-SPR
absorption has been previously reported for alloyed AuAg NRs
of larger length and diameter,[13] displaying comparable l-SPR
absorptions between �1125 and 1740 nm for aspect ratios
between 5 and 9 and for NRs width of �40 nm. In our case,
the mini AuAg wNRs display l-SPR absorptions between 1350
and 1720 nm for aspect ratios between 4.8 and 9 and for

wNRs width between �3 and 5 nm. Although there is not a com-
plete match between the absorption maxima for nanostructures
of similar aspect ratio, there is a similar range of l-SPR absorp-
tions, specially taking into account their broadness. On the other
hand, a comparison can be also established with other types of
mini (diameter less than 10 nm) gold-based anisotropic nano-
structures displaying l-SPR absorptions beyond 1000 nm as,
for instance, mini Au NRs[23] and ultrathin Au[19] or AuAg[20]

NRs (UNRs). In the case of mini Au NRs, the l-SPR absorptions
appear between 793 and more than 1300 nm for aspect ratios
between 3.8 and 10.8 and for NRs width between 5.5 and
8.7 nm. In the case of oleylamine capped Au UNRs, the l-SPR
absorptions appear between 1320 and more than 2300 nm for
aspect ratios between 2.6 and 15 and for UNRs width between
1.6 and 2 nm. Finally, in the case of OA capped AuAg UNRs,
the l-SPR absorptions appear between 1705 and 2205 nm for
aspect ratios between 12.5 and 19.7 and for UNRs width between
1.9 and 2.1 nm. Taking into account these observations, there is,
in all cases, a clear relationship between the increasing aspect
ratio and the l-SPR wavelength redshift. Indeed, if one observes
the width of each type of nanostructure, a more pronounced red-
shift can be observed in the case of ultrathin Au and AuAg UNRs,
with diameters below 2 nm, that is also concomitant with the
suppression of the t-SPR band. Then, an intermediate redshift
for the AuAg wNRs reported in the present study is registered,
with diameters between 3 and 5 nm and, finally, a less pro-
nounced redshift for mini Au NRs with diameters between
5.5 and 8.7 nm is obtained. This tendency would be in agreement
with previous studies by Yu et al.[28] in which larger negative val-
ues of the resonant permittivity (εj) were calculated with increas-
ing aspect ratios. In the limit of the ultrathin plasmonic
nanostructures, very pronounced redshifts of the l-SPR to the
mid-IR region have also been observed. This was reported by
some of us for AuAg UNWs, which display very broad l-SPR with
a maximum at 6500 nm for aspect ratios between 18 and 47, with
UNWs lengths between 35 and 90 nm and 1.9 nm width.[20]

Therefore, the ultrathin nature in the latter case would have
an important influence in the larger negative values of the reso-
nant permittivity (εj), as previously reported for Au UNRs and
UNWs.[19] It is important to note that in the case of the AuAg
wNRs reported here, the influence of the alloyed nature of the

Figure 3. UV–vis spectra and DMSO solutions of AuAg wNRs (1-3).
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nanostructures, the wavy shape, and the wNRs widening in the
tips or along the structure (vide infra) in the l-SPR wavelength
absorption could not be excluded.

It is worth mentioning that in the images reported in
Figure 1, 2, and 4 the AuAg wNRs usually display widening
on the tips and/or within the wNRs structure. This could be
attributed to the formation of spherical AuAg NPs acting as seeds
from which the AuAg wNRs start to growth, although the case of
AgAg spherical NPs welding cannot be ruled out because the
widening of the wNRs is also observed within the nanostructure
and not only on the tips. This mechanism is also supported by
the fact that the diameter of the initially formed spherical AuAg
NPs is slightly larger than the AuAg wNRs width. Indeed,
Figure S3, Supporting Information, depicts HRTEM images dis-
playing different stages of possible oleic acid-assisted attachment
or cold welding processes between AuAg spherical NPs, leading
to different degrees of surface diffusion of Au and Ag atoms even
at room temperature. This observation is similar to the one pro-
posed by Xia and co-workers for wavy Au NWs.[29] Alternatively,
the OA-directed deposition of Au and Ag atoms arising from the

reduction of remaining organometallic precursor leading to the
anisotropic growth cannot be discarded.

In order to support this observation, we carried out a time-
monitored UV–vis–NIR absorption study, i.e., acquiring several
corresponding spectra during the formation of OA-AuAg wNRs
(1) after 60, 120, 240, and 360min (see Figure S4, Supporting
Information). After 60min of reaction, the only LSPR absorption
observed at �500 nm points to the presence of only small sized
AuAg spherical NPs because the absence of l-SPR absorptions in
the NIR region allows, ruling out the formation of wNRs from
the beginning of the reaction. After 120min, the LSPR absorp-
tion appears slightly redshifted to 505 nm and more intense,
together with an incipient broad absorption between 800 and
1400 nm, corresponding to the l-SPR mode related to the forma-
tion of some amount of anisotropic AgAg wNRs. After 240 and
360min of reaction, both SPR absorptions becomemore evident,
indicating the formation of a large amount of AuAg wNRs. The
fact that the high energy absorption at 512 nm is very intense
indicates the presence of both spherical NPs and wavy NRs,
being the former separated in the experimental workup.

Figure 4. A–D) TEM images of OA-AuAg wNRs (4-7); E) normalized UV/vis/NIR spectra of AuAg NRs (1, 4-7) (THF); F) absorption maximum versus
length of AuAg NRs.
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In addition, the broadness of the l-SPR absorption does not per-
mit to propose whether the aspect ratio of the wNRs increased
after each measurement. Overall, the time-monitored measure-
ments and the electron microscopy observations would support
the waviness of the AuAg anisotropic nanostructures. The attach-
ment or the welding of AuAg spherical NPs with different ori-
entations would be responsible of such uncommon wavy shape.

X-ray photoelectron spectroscopy (XPS) analyses were per-
formed to gain insight into the surface elemental composition
and the elemental chemical states of the atoms forming the solid
samples of GSH-AuAg wNRs (2) and PEG-SH-AuAg wNRs (3)
(see Figure 5 and S5, Supporting Information, for XPS spectra
for wNRs 2 and 3). The description of the wide spectra for 2 and 3
and the detailed analysis of the high-resolution spectra obtained for
GSH-AuAg wNRs (2) are described in Supporting Information.

The experimental signals of the high-resolution XPS spectrum
for the Au 4f region of PEG-SH-AuAg wNRs (3) are fitted to two
spin–orbit doublets of different intensity and equally separated in
energy (�3.7 eV). The lower energy intense doublet at 83.9 and
87.6 eV can be assigned to Au0; meanwhile, the less intense
doublet at 84.4 and 88.1 eV is related to the presence of gold
atoms inþ1 oxidation state. The presence of Auþ could be attrib-
uted to low coordination number atoms at the surface of the
small size (sub-10 nm diameter) wNRs.[30,31]

In the case of the high-resolution XPS spectrum for the Ag 3d
region of 3, again two experimental signals fitted to two spin–
orbit doublets (energy separation of �6.0 eV) are obtained.

Metallic silver (Ag0) can be assigned to the peaks at 367.6 and
373.6 eV. The peaks at 368.2 and 374.1 eV can be ascribed to the
presence of Ag(I) for a similar reason to that described for Au.[32]

The high-resolution XPS spectrum for the C 1s region for 3 is
fitted into one intense peak and three weak ones. The intense
peak at 286.3 eV can be assigned to the C─O bonds present
in the polyethylene glycol polymer. The low energy deconvoluted
peak at 284.8 eV is related to C─C bonds; meanwhile, the less
intense peaks at 287.1 and 288.2 eV could be associated to
�C¼O and �COOH groups of a small amount of remaining OA
at the surface of the wNRs.[33] In addition, the high-resolution
spectrum of the S 2p region provides a very weak peak that
can be fitted into two signals at 163.9 and 165.8 eV corresponding
to C─S and S─H bonds, respectively.[34]

2.2. NIR-Induced Photothermal Heating

The generation of thermal energy through the plasmonic absorp-
tion of NIR irradiation, i.e., photothermal effect, is one of the
most interesting properties of plasmonic gold-based anisotropic
nanostructures. In this sense, the broad and intense longitudinal
plasmonic absorptions displayed by the AuAg wNRs reported in
this work within the 750–1700 nm range make them excellent
candidates for their use in photothermal applications. To test
their possible uses, we studied first the photothermal tempera-
ture increase produced when AuAg wNRs were irradiated using
two different low-power light-emitting diode (LED) sources of

Figure 5. High-resolution XPS spectra for Au 4f, Ag 3d, C 1s, and S 2p for PEG-SH AuAg wNRs (3).
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850 and 940 nm (3.2W cm�2), using a thermographic camera for
the detection of the temperature increase.

Figure 6A depicts the photothermal heating of a sample of
PEG-SH-AuAg wNRs (3) in water solution (3.3mgmL�1 of
wNRs). The results show an increase of the temperature up to
43 °C when a 850 nm NIR LED was used (25 °C for water blank)
or up to 62 °C when a 940 nm NIR LED was used (32 °C for water
blank). The photothermal heating–cooling cycles for PEG-SH-
AuAg wNRs (3) in water are shown in Figure 6B. Figure 6C
shows the photothermal heating of a poly(methylmethacrylate)
(PMMA) film charged with OA-AuAg wNRs (1). For this, a
solution of similar concentration to the previous one in dichloro-
methane as solvent and in the presence of 25mg of PMMA was
prepared. The solution was deposited on a quartz substrate,
leading to a homogeneous film after solvent evaporation. The
irradiation of these films, where a high surface concentration
of AuAg wNRs is achieved, led to a fast and significant photo-
thermal temperature increase up to 76 °C when the 850 nm
LED was used and up to 130 °C when the 940 nm LED was
employed. For both solution and PMMA films, the irradiation
with the lower energy 940 nm NIR LED gives rise to higher tem-
peratures due to the much more intense l-SPR absorption found
for these nanostructures at this wavelength. We have checked
that the OA-AuAg wNRs (1) shape is not kept when they are irra-
diated with NIR LED light for some minutes. Instead, an entan-
glement of wNRs is observed, leading to an even broadened l-
SPR absorption. However, the shape and plasmonic properties
of the PEG-SH-AuAg wNRs (3) are almost kept after irradiation,
whereas PMMA films of OA-AuAg wNRs (1) confer a very good
protection toward NIR LED light irradiation because the shape
and plasmonic properties of Aug wNRs are fully kept after
NIR irradiation (see Figure S6–S9, Supporting Information).

Interestingly, PEG-SH-AuAg wNRs (3) can be employed as a
very efficient nanoheater in the purification of water via steam
generation, by using 940 nm NIR LED irradiation: for this, we
measured the weight loss of water from a 3.3 mgml�1 solution
of 3 in a quartz cuvette and we compared the result with the
irradiation of water (see Figure S10, Supporting Information).
The irradiated solution of 3 lost �300mg of steam water in
60min at a 5.3 mg cm�2 min�1 rate (linear fit) and reaching a
temperature of 62 °C, whereas the pure water sample lost
�60mg of steam water in 60min, at a 1.0 mg cm�2 min�1 rate
(linear fit) and reaching 32 °C. This promising result is

comparable to that reported for plasmonic gold colloidosomes
that produced a loss of �425mg of steam water in 30min
(�14.2mg cm�2 min�1 rate), but using a broad-range irradiation
between 400 and 1000 nm, representing the solar spectrum,
instead of the monochromated low-power NIR LED light of
940 nm.[35] At this regard, there is an increasing interest in
the immobilization of plasmonic nanostructures on 2D surfaces
for the design of improved heterostructurated materials with
application in water steam generation. For example, Au NRs have
been assembled in cellulose biofoams leading to a highly effi-
cient steam generation system producing 19.2mg cm�2 min�1

of water steam when the material was irradiated with a
808 nm laser source of 1.3W cm�2, and reaching a macroscopic
photothermal heating of 48 °C.[36] In another report by Wu et al.,
a novel photothermal material based on Au nanocages (NCs)
incorporated into poly(vinylidene fluoride) (PVDF) electrospun
nanofibers was described.[37] This material efficiently harvests
NIR light (808 nm laser, 0.4W cm�2) leading to an increase in
temperature up to 96 °C and a water steam generation rate of
6.1mg cm�2 min�1. Also, in a recent report, a new heterostruc-
ture composed by Au NRs and 2D graphene oxide (GOx) nano-
sheets was used for photohermal steam generation by irradiation
with a NIR laser (808 nm, 0.1W cm�2). This material leads to a
steam generation rate of 2.23mg cm�2 min�1 at a maximum
temperature of 52 °C.[38] Therefore, the use of plasmonic nano-
structures in the design of hybrid nanomaterials for water steam
generation is a promising field of research.

2.3. Catalytic Reduction of 4-Nitrophenol

To confirm the catalytic ability of the AuAg wNRs, we studied the
water-soluble PEG-SH-AuAg wNRs (3) in the reduction of
4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence
of an excess of NaBH4. The catalyzed conversion of 4-NP into
4-AP is important for practical applications. One of them is
focused to the environmental remediation of nitroaromatic
compounds,[39] which are known pollutants. Another application
is that the obtained reaction 4-AP product is a starting material
involved in the synthesis of valuable pharmaceuticals such as, for
example, paracetamol.[40]

The catalytic activity was monitored through the UV–vis spec-
tral changes between a decreasing 4-NP and increasing 4-AP
absorption bands over time.

Figure 6. A) Temperature increase of aqueous solution of PEG-SH-AuAg wNRs (3) (3.3mgmL�1) using 850 nm (red) or 940 nm (blue) NIR LEDs and
temperature increase of free solvent with 850 nm (black) and 940 nm (green) LEDs. B) Photothermal heating and cooling cycles for PEG-SH-AuAg wNRs
(3) using 940 nm NIR LEDs. C) Temperature increase of a PMMA film of OA-AuAg NRs (1) with 850 nm (green) and 940 nm (blue).
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As shown in Figure 7, the degradation of 4-NP was very fast
(2.5min) and without an induction period, demonstrating the
excellent interaction between 4-NP and NaBH4 reactants with
the wNRs surface, despite the presence of a stabilizing PEG-
SH polymeric shell. The representation of ln(At/A0) versus
time (s) plot for 3 displays a one-step reduction mechanism pre-
senting a pseudo-first-order kinetics with kinetic constant
kapp¼ 3.0� 10�2 s�1 giving a quantitative 4-NP conversion.
This catalytic conversion rate is faster than the one recently
reported by some of us for core@satellites Prussian Blue
Analogue@Au–Ag nanoparticles (9.3� 10�3 s�1), where both
the bimetallic plasmonic nanoparticles and the Prussian Blue
Analogue display catalytic activity toward the plasmonic-assisted
reduction of 4-NP.[41]

In addition, the activation energy (Ea) of the reduction of 4-NP
to 4-AP catalyzed by water-soluble PEG-SH-AuAg wNRs (3) was
calculated. For this, an estimation of the kinetic constant kapp at
different temperatures in the 25–40 °C range and the use of the
Arrhenius equation (see Supporting Information) provides a Ea
value of 59.0 kJ mol�1. This value is similar to previously
reported ones for bimetallic AuAg NPs stabilized with
Pluronic F127 between 51-70 kJ mol�1,[42] and also comparable
to the ones obtained for chitosan-stabilized bimetallic AuAg
NPs of different metallic compositions with values between
27 and 58 kJmol�1.[43]

2.4. Plasmon-Induced Catalytic Reduction of 4-Nitrostyrene

In view of the excellent optical and catalytic properties of AuAg
wNRs, we wondered about taking advantage of the intense l-SPR

absorptions displayed by these singular nanostructures to
improve the efficiency of industrially demanding processes in
plasmonic-assisted catalytic transformations. In this context,
we have studied the selective reduction of nitroaromatics to func-
tional amines in the presence of C¼C groups that leads to inter-
esting intermediates as, for instance, in pharmaceuticals or
chemical product synthesis. The selectivity in the catalytic trans-
formations is usually concomitant with the loss of activity.[44]

Therefore, the design of efficient and selective catalysts is a
challenging issue.

The reduction of 4-nitrostyrene was carried out using
NH3·BH3 as reducing agent in methanol as solvent (Figure 8).
Table in Figure 8 displays the results of this catalytic reaction
in the dark during 1 h, showing a quite low conversion of
35% with a high selectivity toward the reduction of the nitro
to amino group, keeping the double bond group almost
unaltered. Very interestingly, the photocatalytic reduction of
4-nitrostyrene using LED NIR (940 nm) irradiation during 1 h
in the presence of 3 led to a complete conversion, keeping a very
high selectivity toward the formation of 4-aminostyrene.

It is worthmentioning that the NIR irradiation does not lead to
a measurable temperature increase because the amount of
PEG-SH-AuAg wNRS (3) used in the process was very small, dis-
carding a macroscopic photothermal heating as responsible for
this transformation. This result is similar to that previously
reported for Au-based NP multishell structures, which showed
a similar behavior in this catalytic transformation but using visi-
ble light. In our case, the NIR plasmonic-assisted reduction of
4-nitrostyrene would arise from the surface plasmon decay gen-
eration of hot electrons on the AuAg wNRs surface, although

Figure 7. A) Time-dependent UV–vis absorption spectra of 4-NP (400 nm) and 4-AP (295 nm) during the catalyzed reduction by 3. B) Plot of absorbance
of 4-NP as a function of time and C) plot of ln (A/A0) as a function of time.
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photothermal contributions via localized wNRs surface temper-
ature increase cannot be ruled out.[45,46] At this point, it is impor-
tant to highlight that bare gold NR-enabled photocatalysis is a
relatively rare phenomena,[1,47] being gold-NR/semiconductor
systems much more common. Indeed, the AuAg wNRs system
is competitive in the selective reduction of 4-aminostyrene to
aminostyrene with more complex heterostructurated systems
such as 1) Cu NPs deposited on carbon quantum dots (CDs) that
act as photocatalyst in this reaction under visible light;[48]

2) Cu3P-CDs-Cu multicomponent photocatalytic system, which
achieves a high selectivity in the reduction of 4-nitrostyrene to
4-aminostyrene in short times;[49] or 3) platinum clusters
deposited on Bi2MoO6 nanosheet surfaces that produce a
100% selectivity for this reduction and a complete conversion
in the presence of visible light.[50]

2.5. Plasmonic and Photothermally Induced Catalytic Ammonia
Borane Dehydrogenation

Considering the very good performance of AuAg wNRs as plas-
monic photocatalysts and photothermal heating nanostructures,
we also studied the ammonia borane dehydrogenation process.
The compound NH3·BH3 is an excellent, safe, and cheap H2 stor-
age material (up to 19.6 wt%), what makes it ideal for its use in
hydrogen energy applications. In addition, a controlled and
efficient production of H2 through the hydrolysis of NH3·BH3

is an important prerequisite for the design of potential
applications.[51,52] Few previous works have dealt with the
plasmonic-induced photocatalytic ammonia borane dehydroge-
nation. Among them, Au NPs dumbbell-like nanostructures
show an efficient H2 production from ammonia borane under
visible light irradiation.[53] More complex silver-based plasmonic
heterostructures have also performed efficiently in this dehydro-
genation reaction. For instance, Ag NPs displaying different
aspect ratios were synthesized within mesoporous SBA-15,[54]

or within titanium-containing mesoporous SBA-15,[55] leading

to enhanced plasmonic photocatalytic dehydrogenation perfor-
mance under visible light (λ> 420 nm) or UV–vis light, respec-
tively. More recently, plasmonic Ag@Pd nanocubes have been
used for this transformation taking advantage of the light
harvesting properties of the plasmonic silver component and
the catalytic activity of the palladium shell.[52]

At this point, plasmonic photocatalysis using NIR-active nano-
structures constitutes a smart approach for the improvement of
the efficiency of this hydrolytic process. Indeed, both the surface
plasmon-induced generation of hot electrons and the photother-
mal heating achieved upon NIR LED light irradiation of the
PEG-SH-AuAg wNRs (3) contribute to the H2 release improve-
ment in the hydrolysis of NH3·BH3. To show this dual mecha-
nism, we have carried out a series of experiments. We have used
a two-neck flask with a septum cap and a connection to a pressure
sensor and a data transmitter (see Supporting Information for
details).

With this device, we can detect the pressure increase during
the NH3·BH3 hydrolytic dehydrogenation. The H2 (or water
steam) evolution rate can also be determined (bar min�1) by
the linear fitting of the H2 (or water steam) evolution curve in
the first minutes, where a linear pressure increase is observed.
In order to take into account the pressure increase arising from
water steam formation when the temperature raises, we carried
out the irradiation of a 5mL water solution including 8mg of
PEG-SH-AuAg wNRs (3) (pink line in Figure 9). The plasmonic
photothermal heating increased the temperature of the solution
up to 50 °C and also increased the pressure in the device up to
0.085 bar (water steam evolution rate of 0.0049 bar min�1). In
another experiment, we tested the degradation of NH3·BH3 in
5mL water solution thermally heated at 50 °C and in the absence
of AuAg wNRs. In this experiment, the pressure increases up to
0.13 bar (H2 and water steam of 0.0064 barmin�1), indicating an
approximate H2 release of 0.05 bar, in addition to the water steam
produced at 50 °C heating (blue line in Figure 9). In a next exper-
iment, we observed the catalytic dehydrogenation of NH3·BH3 in

Figure 8. Selective hydrogenation of 4-nitrostyrene using PEG-SH-AuAg wNRs (3) as catalyst in the dark and under NIR LED light (940 nm) irradiation.
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the presence of PEG-SH-AuAg wNRs (3) at 50 °C in the absence
of NIR light irradiation. In this case, the pressure increases up to
0.21 bar (H2 and water steam evolution rate of 0.0091 barmin�1),
in agreement with a metal catalysed dehydrogenation, producing
�0.12 bar of H2 by subtracting the water steam pressure (red line
in Figure 9). Finally, in an additional experiment we measured a
pressure increase up to 0.28 bar (H2 and water steam evolution
rate of 0.0153 barmin�1) when the NH3·BH3 dehydrogenation
was performed in the presence of AuAg wNRs (3) and under
NIR LED light irradiation of 940 nm (black line in Figure 9).
The additional 0.15 bar increase of released H2 with respect to
the experiment performed in the dark at 50 °C and in the absence
of AuAg wNRs arises from both plasmonically induced genera-
tion of hot electrons and photothermal heating because this last
experiment reaches 50 °C due to the plasmonic NIR absorption.
The column bar graphic depicted in Figure 9 summarizes the
results organized in thermal (exp. 1 and 2) and photothermal
dehydrogenation results (exp. 3 and 4). Experiments 1 and 2, per-
formed under thermal conditions, show a H2 pressure increase
of 0.08 bar arising from the catalytic activity of the PEG-SH-AuAg
wNRs (3) (experiment 2). However, when NIR LED light is
employed (experiments 3 and 4) it is clearly observed that the
plasmonically induced generation of hot electrons and photother-
mal heating produces an important increase of H2 pressure of
almost 0.2 bar (experiment 4). Therefore, these results show
the very good performance of these AuAg wNRs for H2 release
in the photocatalytic/photothermal dehydrogenation of ammonia
borane. Overall, the use of plasmonic photocatalyst such as NIR-
active AuAg wNRs could be important for the design of practical
applications by the use of renewable source of energy, i.e., NIR
part of solar light, for the generation of sustainable hydrogen
energy stocked in easy-to-use solid storage systems.

3. Conclusion

In conclusion, we have described a one-step method for the syn-
thesis of wavy AuAg NRs of small size and controlled aspect

ratios, by the mild decomposition of an organometallic
Au(I)–Ag(I) complex in THF solution and in the presence of
OA as growth-directing agent and stabilizing ligand. These
AuAg wNRs display tuneable length-dependent plasmonic prop-
erties in the NIR II region arising from the longitudinal mode of
the LSPR (l-LSPR) absorption. The OA exchange by L-glutathione
(GSH) or poly(ethylene glycol) methyl ether thiol (PEG-SH)
leads to the formation of hydrophilic nanostructures that can
be easily handled both in solid state and in water solution.
The AuAg wNRs display NIR LED light-induced photothermal
heating and interesting catalytic properties in the reduction of
4-nitrophenol to 4-aminophenol. The intense plasmonic absorp-
tion of these wNRs in the NIR range has also allowed their use in
the selective photocatalytic reduction of 4-nitrostyrene, being a
rare example of photocatalytic plasmonic NRs. In addition, the
water-soluble PEG-SH-AuAg wNRs (3) have been used as plas-
monic photocatalyst in the dehydrogenation of NH3·BH3 for H2

release.
We envision that these plasmonic AuAg wNRs nanostructures

constitute an interesting material for improved photothermal
and photocatalytic applications.

4. Experimental Section

General: The complex [Au2Ag2(C6F5)4(Et2O)2]n was synthetized accord-
ing to published procedure.[56] OA was obtained from Sigma-Aldrich, with
90% of purity, and used as received. Reactions were carried out under
argon atmosphere, and AuAg wNRs were isolated by centrifugation, wash-
ing first with 1:1 toluene:ethanol mixture and then twice with 2:1 toluene:
ethanol mixture. All experiments were repeated at least twice to check the
reproducibility of the synthetic route.

Instrumentation: UV/vis/NIR spectra were recorded with a Shimadzu
UV-3600 UV–vis–NIR spectrophotometer and UV–vis spectra were
recorded with a Hewlett Packard 8453 Diode Array UV–vis spectrophotom-
eter. Samples for TEM were directly drop-casted from THF or water dis-
persions (2–3 drops) over carbon-coated Cu grids. TEM images were
obtained with a JEOL JEM 2100 or a Tecnai T20 microscope. For crystal
structure determination and atomic resolution imaging of AuAg wNRs,
selected samples were analyzed by HRTEM using a JEOL JEM 2100-F

Figure 9. A) Thermographic images showing the increase of the temperature in the flask upon irradiation with a NIR LED of 940 nmwavelength; B) plot of
evolved H2 with time for the NH3·BH3 dehydrogenation under thermal conditions without catalyst (blue); under thermal conditions in the presence of
AuAg wNRs 3 catalyst (red) and under NIR (940 nm) irradiation in the presence of AuAg wNRs 3 catalyst (black). The pink line represents the water steam
evolution arising from the photothermal heating of the AuAg wNRs; C) graphical bar representation of each experiment showing the different contri-
butions to the pressure increase. Experiments 1 and 2 show thermal conditions results and experiments 2 and 3 show photothermal conditions results,
respectively.
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microscope, equipped with a Schottky field emission electron source, and
operating at 200 kV. The same microscope was used in STEM mode and
bright field geometry, providing an electron probe of 1 nm, to perform EDS
spectra. The latter were collected by using a Bruker X-Flash Silicon Drift
detector, with active area of 30 mm2. For the EDS spectrum analysis, the
Cliff–Lorimer quantification method was used, linearly modeling the small
background contribution to subtract, and using a Gaussian function to
model both Ag-Lα and Au-Lα. The LED system used for photothermal
heating experiments and for plasmonic-assisted synthesis consisted of
one, 3.75W NIR LedEngin LZ4-00R608 of 850 nm wavelength or a
3.75W NIR LedEngin LZ4-00R708 of 940 nm wavelength attached to a
homemade air-cooled aluminum heat sink device. The photothermal tem-
perature increase in the different experiments was measured with a FLIR
E6-XT IR thermographic camera. XPS experiments were performed in a
Kratos AXIS Supra spectrometer, using a monochromatized Al Kα source
(1486.6 eV) operating at 12 kV and 10mA. Wide scans were acquired at
analyzer pass energy of 160 eV, whereas high-resolution narrow scans
were performed at constant pass energy of 20 eV and steps of 0.1 eV.
The photoelectrons were detected at a take-off angle of F¼ 0° with respect
to the surface normal. Basal pressure in the analysis chamber was less
than 5� 10�9 Torr. The spectra were obtained at room temperature.
The binding energy (BE) scale was internally referenced to the C 1s peak
(BE for C─C¼ 284.9 eV). GC/MS measurements were carried out using
an Agilent Technologies Gas Chromatograph model 7890 with mass
detector model 5977B MSD. H2 release experiments were performed
using a ManontheMoonTech Series X103 device, which consist of a 2-neck
flask with a septum cap and the other output connected to a pressure
sensor and a data transmitter.

Synthesis of OA-AuAg wNRs (1): [Au2Ag2(C6F5)4(Et2O)2]n (20mg,
0.014mmol) was dissolved in anhydrous THF (30mL) under argon atmo-
sphere and 64 equivalents of OA (283mg, 0.9mmol) were added. The
mixture was light-protected and stirred under reflux conditions (66 °C)
for 6 h, leading to a dark red solution. The solvent was removed under
vacuum and the dark solid obtained was washed by centrifugation, once
with 1:1 toluene:ethanol mixture (20mL), and then, twice with 2:1 toluene:
ethanol mixture (15mL). Finally, the solid was dissolved in THF, forming a
brown solution, for UV/vis/NIR spectrum and TEM sampling.

Synthesis of GSH-AuAg wNRs (2): OA-AuAg wNRs (1) was dissolved in
THF (5mL) and a water solution of reduced L-glutathione (25mg in 5mL)
was added. The mixture was stirred for 30min at room temperature. Then,
THF was removed under vacuum and the resulting brown water solution
was lyophilized during 2 days, resulting a dark brown solid. This solid
was dissolved in water for TEM sampling or in DMSO for UV/vis/NIR
analysis.

Synthesis of PEG-SH-AuAg wNRs (3): OA-AuAg wNRs (1) was dissolved
in THF (5mL) and a water solution of poly(ethylene glycol) methyl ether
thiol (25 mg in 5mL) was added. The resulting mixture was stirred for
30min at room temperature and then THF was removed under vacuum.
The resulting water solution was lyophilized during 2 days, resulting a dark
brown solid. This solid was dissolved in water for TEM sampling or in
DMSO for UV/vis/NIR spectrum.

Synthesis of OA-AuAg wNRs (4-8): [Au2Ag2(C6F5)4(Et2O)2]n (20mg,
0.014mmol) was dissolved in anhydrous THF (30mL) under argon atmo-
sphere and different amounts of OA were added for each nanostructure
(see Table S1, Supporting Information). For each reaction, the mixture was
light-protected and stirred under reflux conditions (66 °C) for 6 h, leading
to a dark red solution. The solvent was removed under vacuum and the
dark solid obtained was washed by centrifugation, once with 1:1 toluene:
ethanol mixture (20mL), and then twice with 2:1 toluene:ethanol mixture
(15mL). Finally, the solid was dissolved in THF, forming a brown solution,
for UV/vis/NIR spectrum and TEM sampling.

Catalysis: 4-Nitrophenol to 4-Aminophenol: In a standard quartz cuvette
with 2.5mL of distilled water and 125 μL of a 4-nitrophenol solution
(2.5� 10�3

M), 150 μL of a NaBH4 (1 M) was added forming the corre-
sponding 4-nitrophenolate bright yellow solution. Then, 100 μL of a
PEG-SH-AuAg wNRs (3) solution (5mg in 0.5 mL of water) was added
and the UV absorption band with a maximum around 400 nm correspond-
ing to 4-nitrophenolate was monitored each 15 s.

Photocatalytic Reduction of 4-Nitrostyrene to 4-Aminostyrene:
4-Nitrostyrene (30mg, 0.2mmol) was dissolved in 2mL of methanol with
PEG-SH-AuAg wNRs (3) (5 mg). This solution was transferred into a
Schlenk tube and then 0.6mL of a methanol solution of NH3·BH3

(15mg, 0.5 mmol) was added. The mixture was stirred during 1 h under
dark conditions or under 940 nm LED NIR light irradiation at room tem-
perature. The resulting solution was filtered with a 0.22 μm nylon filter and
extracted with a mixture solution of CHCl3 and water (5:1), discarding the
water phase. Finally, the organic phase was analyzed through GC–MS.

Plasmonic and Photothermally Induced Catalytic NH3·BH3

Dehydrogenation: In each experiment, NH3·BH3 5mL water solutions
(or water) were kept under vacuum during 30min and then PEG-SH-
AuAg wNRs (3) 0.5 mL water solutions were injected. Then, 940 nm
NIR LED or temperature control (oil bath) was connected and the pressure
was monitored until stabilization. The temperature of the oil bath was set
to 50 °C because the solution with nanoparticles under 940 nm LED light
irradiation reaches this same temperature.
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the author.
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