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Green silver nanorods (Ag NRs) of low aspect ratio (2.8) have been
produced in high yields via an optimized, simple, and robust one-
pot polyol method in the presence of tannic acid, which favors the
nucleation of decahedral seeds needed for the production of
monodisperse Ag NRs. These Ag NRs were further used as
sacrificial templates to produce Au hollow nanostructures via
galvanic replacement reaction with HAuCl, at room temperature.

Ag nanorods (NRs) are emerging interesting materials with
increasing importance from the perspectives of both,
fundamental science, and potential plasmonic and electronic
applications.1 Their unique size and shape-dependent physical
and chemical properties make them attractive for many
technologies including, among other, optical and flexible
electronic devices, catalysis, surface enhanced Raman
scattering (SERS)-active platforms and biosensing.l'2

The reproducible fabrication of highly monodisperse Ag
NRs with controlled sizes is a challenging task. First studies,
pioneered by Murphy and co—workers,3 reported the
production of cylindrical Ag NRs in water by the use of
cetyltrimetylammonium bromide (CTAB) as shape-directing
agent and citrate-stabilized Ag seeds, which opened the
possibility of solution phase methods for the growth of
anisotropic metal nanostructures. However, the limited
control of the exposed Ag crystal facets and the abundant
presence of self-nucleating spherical and anisotropic (platelets
and prisms) by-products hamper its reproducible synthesis.
These restrictions arise from the difficulty in controlling the
anisotropic growth of the Ag crystals after the nucleation of
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the Ag seeds, typically attributed to the lack of control of their
crystal structure (a mixture of single crystal and penta-twinned
phases).4 In this regard, the controlled production of Ag seeds
with a decahedral structure has been reported as a necessary
requirement to break the fcc symmetry and grow Ag
anisotropic structures.” However this synthetic
crystallographic control of the Ag seeds is still difficult to
achieve and only few strategies have reported the controlled
production of decahedral Ag seeds via complex time-
consuming photochemical irradiation methods.” © leading to
the production of Ag NRs with an improved control of their
aspect ratios thanks to the effects of irradiation in the crystal
structure of the Ag seeds. Alternatively, Ag NRs with a
pentagonal cross section have been produced via seeded-
growth strategies using well-faceted decahedral seeds of
another metal, mainly Au or pd.”*?

The problem of seed crystalline dispersity has been
partially overcome when producing long Ag nanowires (Ag
NWs) by the solution-phase seeded-growth polyol approach,B'
” pioneered by Xia and co-workers. Although the extensive
research performed in this system,”’ 16,20 this route is limited
to the production of high aspect ratio Ag NWs with relatively
large dimeters (> 40 nm) and, more importantly, highly
polydisperse lengths up to 50 um. In this regard, especially
interesting is the work of El-Sayed and co-workers® who
reported the possibility to obtain short Ag NRs of ~20 nm in
diameter (and different lengths) by the temporal quenching of
the Ag NWs growth process. However this resulted in very low
silver conversion rates and reaction yields.

In this context, the relatively large and polydisperse size of
standard Ag seeds, the lack of synthetic control of their
crystallinity (often a mixture between single crystal and
dodecahedral), and the tendency to form abundant by-
products in their production, limit the control of the final Ag
NR morphology.S‘ Additionally, in most preparation
procedures there are multiple synthetic steps involved, which
entail tedious post-processing protocols, limit the accurate,
reproducible and robust production of Ag NR structures. As a
result, it remains difficult to synthesize Ag NRs with controlled

J. Name., 2013, 00, 1-3 | 1



sizes and low aspect ratios in high yields and with fairly
monodisperse distributions.

Herein, we take advantage of well-stablished polyol
synthesis of Ag nanostructures to report a simple and robust
kinetically controlled one-pot method for the synthesis of
short Ag NRs in high yields. These short Ag NRs have an
exceptional colloidal stability and a high absorbance in the
visible range. The controlled formation and growth of Ag NRs
with an average length of 55 nm and diameter of 19 nm is
achieved by the use of tannic acid (TA) at substoichiometric
concentrations as co-reducing agentzz' 2 in the ethylene glycol
(EG) reduction of CF3COOAg in the presence of high molecular
weight PVP (MW 1,300,000). As previously reported,za'25 the
use of a co-reducer favors the massive nucleation of
monodisperse seeds, which further grow by the incorporation
of the remaining precursor in solution, leading to the high
yield production of highly monodisperse low aspect ratio (2.8)
Ag NRs. These Ag NRs can be further grown or used as
sacrificial templates to produce Au hollow nanostructures via
galvanic replacement reaction (GRR) with HAuCl, which reveals
their homogeneous crystal structure.

In a typical synthesis of Ag NRs, an EG solution which acts
as solvent and reducing agent, containing a specific amount of
CF3COOAg, high molecular weight PVP (MW 1,300,000), and
TA is heated to 170°C in a silicon oil bath under magnetic
stirring for 20 min (see the ESIT for synthesis details). The
solution turns from yellow to orange, red and finally intense
green 15 min later (Fig. S1), and then it is cooled down and
prepared for analysis. High angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images of
the obtained product, shown in Fig. 1A and C, together with
transmission electron microscopy (TEM) images, shown in Fig.
1B, demonstrate that the as-obtained product consist on
uniform Ag NRs with an average length of 55.6 + 9.3 nm and
diameter of 19.3 £ 3.0 nm. The average aspect ratio of these
NRs is 2.8. The image contrast variations within the same Ag
NRs observed in Fig. 1D suggest the presence of a multi-
twinned structure. This is confirmed in Fig. 1E showing a HR-
TEM image of a single Ag NR, in which the presence of twin
boundaries is clearly visible. From one of the facets on the
edge, it is possible to identify the face centered cubic (f.c.c.) Ag
phase. Detail of the red squared region and its corresponding
fast Fourier transformation patterns are shown on Fig. 1F and
1G respectively (see also ESIT Fig. S2), indicating that the NR is
composed of face centered cubic (f.c.c.) Ag phase with lattice
parameter of a = 0.408 nm, and this particular face is
visualized along its [011] zone axis.

The UV-Vis spectrum of the Ag NRs is shown in Fig. 1H.
Interestingly, this Ag NRs exhibit two strong absorption peaks,
located at 410 and 627 nm, which can be assigned to the
transverse and longitudinal surface plasmon resonances (SPRs)
respectively. The as-prepared colloidal sample appears intense
green, as displayed in the Fig. 1I, which is definitely diverse
from the color of spherical Ag NPs and Ag NWs.™ 2 Fig. 1)
shows the measured X-ray diffraction (XRD) patterns. Four
diffraction peaks were observed, indexed to (111), (200), (220)
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Fig. 1. A. Low magnification high-angle annular dark-field scanning TEM (HAADF-STEM)
image B. Low magnification TEM image C. HAADF-STEM image D. and E. TEM images of
Ag NRs. F. HRTEM image of the red squared area in E. G. Power spectrum of F. H. UV—
Vis spectrum of the as synthesized Ag NRs I. Photograph of aqueous dispersion of Ag
NRs. J. X-ray diffraction (XRD) patterns of Ag NRs, in red bulk positions and relative
intensities of the different diffraction peaks.

and (311) planes, which can be attributed to the fcc structure
of Ag (JCPDS file No. 04-0783). The alterations in the XRD peak
intensity profile with respect to the standards (the 111 peak is
enhanced), and the differences in the peak width measured at
medium height (the 111 peak is narrower), accounts for the
growth of the rods in the (111) crystal direction.

The key factors for the formation of Ag NRs in high yields
are i) the use of TA as a co-reducing agent, ii) the presence of
high molecular weight PVP (MW 1,300,000), iii) relatively high
temperatures, and iv) the use of CF3COOAg as source of Ag’
ions. In detail, TA at low concentration plays the role to
produce the initial rapid reduction of a fraction of the Ag
precursor,22 leading to the production of decahedral seeds
(Fig. S3). Once the TA has been exhausted, EG slowly reduces
the remaining Ag precursor promoting the uniform growth of
the formed seeds, avoiding conditions for new nucleation of
NCs and the consequently formation of by—products.zz' % n
control experiments, the yield of Ag NRs dramatically
decreased (down to 10%) by performing the reaction in the
absence of TA, leading to the production of a large number of
by-products of random shapes (spherical, cubes) and only a
small fraction of Ag NRs, which are heterogeneous in length
and diameter (Fig. 2A, left). As expected, the effect of TA on
the final yield and morphology of Ag NRs is concentration
dependent. Thus, when the final concentration of TA was
increased from 0.0025mM to 0.025mM (Fig. 2A, centre and
right) the amount of by-products decreases, obtaining a
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Fig. 2. TEM image of samples obtained upon variation of: A. Concentration of TA. B.
PVP chain length. D. Ag precursor. E. Reaction temperature. C. TEM image of samples

obtained after optimization of reaction parameters. The scale bar is 500 nm for all

images.

sample of Ag NRs with high morphological yield, when the
concentration was fixed at 0.25 mM. As previously discussed,
the formation of decahedral seeds is necessary for the
assisted by the presence of
high molecular weight PVP. It is well known that high
molecular weight PVP binds preferentially on the side of {100}
facets of the multiple twined Ag crystals‘ 2831 leading to the
deposition of Ag atoms onto the {111} facets. Besides,
variations on the molecular weight of PVP also allow
controlling the morphology and vyield of the final products.
Thus, while the use of PVP with a high molecular weight (MW
1,300,000) favours the formation of uniform Ag NRs,
experiments performed using a PVP with a lower molecular
weight (MW 360,000) lead to the formation of Ag NRs with a
very low aspect ratio, together with a large amount of
spherical by-products (Fig. 2B).

Another parameter of control is the reactivity of the Ag
precursor. The formation of Ag NRs of low aspect ratio was
successfully achieved when using CF;COOAg as a precursor
while the choice of AgNO;, widely used in the standard polyol
synthesis, consistently lead to the formation of heterogeneous
Ag NWs together with different by-products (Fig. 2D). The
argument here accepted is the higher stability of the
trifluoroacetate group,SZ’ 3 since the nitrate group may
decompose at elevated temperatures generating ionic and/or

anisotropic growth of Ag NRs?’

This journal is © The Royal Society of Chemistry 20xx

gaseous species which can interfere with the NRs formation
process.>

The morphology of Ag NRs also strongly depends on the
reduction rate of Ag’ ions, which is ultimately determined by
the reaction temperature. Thus, running the reaction at 120°C
the reducing strength of EG is not enough to drive the growth
of Ag NRs, resulting in a final spherical product (Fig. 2E, left),
whereas the increase in the temperature to 170°C increases
the abundance of Ag NRs (Fig. 2E, center). When the reaction
is carried at reflux (197°C), the number of byproducts
increases dramatically (Fig. 2E, right). Taken together, we
found that the best results were obtained at 170°C, with PVP
of high molecular weight (1,300,000), using CF;COOAg as silver
precursor, in the presence of TA at 0.25 mM (Fig. 2C).

The produced Ag NRs can be transformed at room
temperature into noble-metal AgAu hollow NRs, via GRR.>* **°
These reactions, sensitive to the chemical (oxidation state) and
the physical (accessibility) nature of the surface and core Ag
atoms, have been reported as standard techniques to produce
exotic noble metal structures with hollow interiors, exhibiting
unique physico-chemical properties.®*>” Fig. 3A shows TEM
and HRTEM images of the Au-based hollow nanostructures
obtained by adding a specific amount of HAuCl, to an aqueous
suspension of the Ag NRs in the presence of CTAB (see the ESIt
for synthesis details). The use of CTAB as complexing agent
assists the formation of Au complexes,38 which controls the
reactivity of the Au salt,® solubilizing at the same time the Ag
insoluble species (AgCl) that are formed during the reaction.*
As a result, highly crystalline AgAu hollow alloy nanostructures
are obtained. Details of the indicated regions in Fig. 3A (FFT
shown in inset and ESIT Fig S4) reveals the crystallinity of the
obtained alloy structures, composed by a fcc AgAu phase.35
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Fig. 3. A. TEM and HR-TEM images of AgAu hollow alloy NRs. Inset power
spectra. B. HAADF STEM images of AgAu hollow alloy NRs. C. HAADF STEM
images of a single AgAu hollow alloy NR and EDS line scan results through the
blue (left) and yellow (right) arrow, where red line is Ag and green line is Au. D.
UV-Vis absorption spectra of Ag NRs (grey-dotted line) and AgAu hollow alloy
NRs (black line).
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Fig. 3B shows HAADF-STEM images of the final hollow
nanostructures where it can be clearly seen how they are
faceted and retained the 5-twinned rod-like morphology of the
original Ag NRs. Interestingly, despite the high uniformity,
some of the obtained hollow structures present some
inhomogeneities in terms of degree of voiding. This is
associated to the limited range in GRR for mass transfer. Fig.
3C shows the STEM-EDS line scans obtained over the
longitudinal (blue) and transverse (yellow) section of the
hollow NRs. Elemental mapping profiles of Ag (red line) and Au
(green line) indicate that end tips of the NR are mostly rich in
Ag and covered by an outer thin (< 1nm) Au layer. Fig. 3D
shows the UV-vis absorption spectra of a colloidal solution of
as-synthesized NRs before (Ag NRs, dotted line), and after (Au
hollow NRs, solid line), the addition of A precursor solution.
Interestingly, the characteristic Ag absorption band at ~ 410
nm progressively vanishes while a new band at ~700 nm,
corresponding to the SPR peak of the AgAu hollow NRs,
gradually arises. Such hollow nanostructures strongly absorb in
the water window (near Infrared) which opens their
applicability in biomedical scenarios such as photo-thermally
triggered drug release, optical imaging, and cancer
phototherapy.*

In summary, we demonstrated a facile, robust and versatile
approach to produce low aspect ratio Ag NRs in high yields.
The method is based on the ethylene glycol reduction of
CF3COOAg in the presence of high molecular weight PVP, and
tannic acid as co-reducing agent at sub-stoichiometric
concentrations. In addition, we further demonstrated that the
Ag NRs could be transformed into Au-based hollow
nanostructures via the galvanic replacement reaction with
HAuCl, at room temperature.
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