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ABSTRACT: Although high-quality gold nanorods can be routinely synthesized, within a wide range of sizes and aspect ratios, a
similar level of control has not been reached for silver nanorods. Whereas seeded-growth processes have been developed, the reported
methods have not met sufficient interest, mainly due to limited quality, in particular when small size (short diameter) and small aspect
ratios are targeted. In the surfactant-driven seeded growth of gold nanorods, the success of the synthesis largely depends on the quality
and stability of the seeds, and thus related methods have been reported for the seeded growth of Ag nanorods, using penta-twinned
Au nanorods and bipyramids as seeds. However, Ag nanorods with diameters above 30 nm are consistently obtained, restricting their
potential applications. We report the preparation of high quality silver nanorods, using either small bipyramids or small decahedra as
seeds, with special attention to the location of the seeds, either at the center (bipyramids) or at one end (decahedra) of the resulting

nanorods.

In spite of many efforts to discover less costly and more avail-
able materials, gold and silver are still the most commonly used
plasmonic metals.! The main reasons behind the choice of such
precious metals are their high charge carrier density and the rel-
ative simplicity of their chemistry, which allowed the develop-
ment of a large amount of fabrication methods, yielding nano-
particles with tunable morphology and within a wide range of
dimensions. Au is typically preferred because of its more noble
character, i.e. higher chemical stability, which leads not only to
more stable nanoparticles but also to more controlled crystal
growth processes. A paradigmatic example is provided by na-
norods. Since the pioneering work by Murphy and El-Sayed,”
the surfactant-assisted seeded growth method has been im-
proved essentially to perfection, for the particular case of gold.?
For Ag however, most reported methods are either based on the
use of organic solvents or result in poor quality and/or limited
size tunability.

Ag nanorods and nanowires have been prepared by different
methods,* including the thermal reshaping of Ag decahedra,’
the polyol method,*® light-assisted synthesis,!*!! and seeded
growth in water.'>!6 Some of these methods require the use of
nanoparticle seeds made from different metals, like Au”!%!15
or Pd,® which display high chemical stability and well-defined
crystallographic facets. A general feature of such templated na-
norods and nanowires is a penta-twinned crystallographic struc-
ture, comprising five {100} lateral facets and ten {111} facets
at the tips.’ It has been reported that {100} facets are favored
for Ag, in the presence of chloride ions.!? Therefore, both Au
and Pd seeds with pentagonal symmetry have been preferred,

including Pd decahedra,® Au nanorods'>!> and nanobipyra-

mids.'>!*16 Although high monodispersity has been reported for
the above referred methods, as well as a wide tunability of the
aspect ratio, obtaining nanorods with diameters below 30 nm or
with a small aspect ratio remains challenging.!”!8 Such small
nanorods would be particularly preferred for applications where
absorption should dominate over scattering, e.g. to exploit pho-
tothermal effects'® or in optoacoustic imaging.?

The use of bipyramids as seeds for Ag nanorod growth is
highly efficient, as reported by Zhuo et al.'* This method re-
quires the preparation of monodisperse bipyramids in high
yields, which usually require extensive multistep processes in-
cluding purification steps. Recent reports proposed the use of
mild thermal ripening to largely increase the content of penta-
twinned seeds, which in turn resulted in a major improvement
in the yield and tunability of Au bipyramids.?!*> We report
herein the synthesis of Ag nanorods with narrow size distribu-
tions and wide tunability in aspect ratio (2.5 to 11), while keep-
ing diameters below 30 nm. Although pentatwinned seeds from
thermal ripening could not be directly used for Ag nanorod
growth (see Figure S1), both small bipyramids and decahedra
derived therefrom, served as templates to prepare high quality
Ag nanorods, with similar dimensions but with an intriguing
difference in the location of the seeds within the obtained nano-
rods.

Au bipyramids were prepared as recently reported? (see de-
tails in the Supporting Information, SI). The experimental con-
ditions were selected to either grow small bipyramids (length:
35.7 £ 1.9 nm; width at center: 14.2 + 0.5 nm; aspect ratio: 2.5
+ 0.1; see Figure S2) or decahedra with three different sizes



(11.7 £ 0.5, 152 £ 0.5, and 18.5 + 0.5 nm; see Figure S3). Ag
nanorods were then grown on Au bipyramids, in the presence
of CTAC, by addition of AgNO; and ascorbic acid, at 60 °C. Ag
nanorods of different dimensions were prepared by simply in-
creasing the AgNO; concentration in the growth solution (see
Table S1), while keeping a constant [AA] : [Ag*] molar ratio
of 4. UV-Vis-NIR spectra for Ag nanorod dispersions obtained
using different ratios between Ag* and Au bipyramid seeds, are
displayed in Figure 1, clearly showing a gradual red-shift of the
dipolar longitudinal localized surface plasmon resonance
(LSPR), as the aspect ratio was increased. The narrow and sym-
metric LSPR bands, as well as the presence of higher order mul-
tipole bands for higher aspect ratios reflect a high monodisper-
sity, as previously reported.'>!> The high uniformity of the ob-
tained nanorods is also clearly observed in the representative
transmission electron microscopy images in Figure 2.
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Figure 1. UV-Vis-NIR spectra of Ag nanorod dispersions grown
from small Au bipyramids. The corresponding aspect ratios are 2.7
(a), 3.4 (b), 3.8 (c), 4.3 (d), 6.2 (e), 7.5 (f), 8.8 (g), 10.0 (h), and
10.9 (i), corresponding to maximum LSPR wavelengths between
700 and 1640 nm. The width was almost constant (17-20 nm),
while the length was varied between 54 and 218 nm, through the
growth conditions. Further details are provided in Table S1.

It should be noted that, whereas the length of the obtained
nanorods increases linearly with the amount of added AgNOs,
the width remains constant (Figure S4a). As a consequence of
the associated linear increase in aspect ratio, the LSPR position
is linearly related to added Ag concentration, indicating the
quantitative reduction of all added Ag* onto the existing bipyr-
amid seeds (Figure S4b). Importantly, the diameters remain be-
low 20 nm in all cases, well below previously reported Ag na-
norods, usually above 30 nm in diameter.

A similar seeded growth process was used to synthesize Ag
nanorods from decahedral Au seeds. In this case, as the seed
diameter can be readily tuned by the mild growth conditions,
we aimed at diameters between 10 and 20 nm. Three samples
were prepared of decahedra with diameters of 12, 15 and 18 nm,
and subsequently grown (keeping constant the concentration of
Au®) under identical experimental conditions. The results,
which are summarized in Table S2 and Figure S5, confirm that
the seed size determines the diameter of the resulting nanorods,
whereas the length is determined by the amount of Ag reduced
on each seed. Indeed, for a constant molar amount of Au, the
amount of seed nanoparticles is larger for a smaller particle size,

resulting in smaller grown Ag nanorods. For the selected con-
ditions, nanorods with increasing aspect ratio result from
growth on larger seeds (Table S2), with a corresponding red-
shifted LSPR (Figure S5a).
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Figure 2. Representative TEM images of Ag nanorods with the op-
tical spectra presented in Figure 1.

The TEM images in Figures 2 and S5 show a seemingly
identical appearance for Ag nanorods grown from bipyramids
and from decahedra, in both cases maintaining a thickness dic-
tated by the equatorial axis of the seeds and with a morpholog-
ical yield close to unity. However, upon closer inspection of the
images, we found an interesting difference in the location of the
seeds. Whereas bipyramid seeds show a general tendency to be
located at the center of the nanorod (Figure 2), in the case of
decahedra (Figure S5), we observe that the seeds are mostly
placed near / at one of the tips (see a higher magnification image
in Figure S5e). Although it is far from straightforward to pro-
pose a general mechanism that would account for such striking
differences, further discussion should involve relevant differ-
ences between bipyramids and decahedra, in connection with
further Ag growth. We do note a major difference in the syn-
thesis of Au seeds, related to the addition of AgNOs. Whereas
Ag* ions are required for the growth of high quality bipyramids,
the formation of decahedral seeds is Ag-free. Related effects
can also be found in the literature, where the use of (Ag-con-
taining) Au nanorods'® or larger bipyramids'>!* typically leads
to Ag nanorods/nanowires with the seed located at the center,
but nanorods with the seed located at one tip were grown from
(Ag-free) Pd decahedral seeds.® A word of caution should how-
ever be given here, as the latter work involved the use of high
temperature (200 °C) and different solvent (ethylene glycol) and
stabilizer (poly(diallyldimethylammonium)chloride), meaning
that the mechanism is likely dictated by different parameters
and therefore a direct comparison might be easily flawed.
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Figure 3. HAADF-STEM images of Ag@ Au NRs grown from bi-
pyramids (a), etched bipyramids (b, ¢) and decahedra (d). (¢) EDX
spectra of the corresponding seeds in the energy region of the Ag
Lo and L1 peaks.

We tested this argument through additional experiments, in
which Au bipyramids were gradually etched by Au(Ill) in the
presence of cetyl-trimethylammonium bromide (CTAB)* (see
Figures S6-S8 and Table S3). As a result, the anisotropy of Ag-
containing seeds was gradually reduced, so that they would be
morphologically more similar to decahedra. A summary of the
results obtained for the growth of Ag nanorods from three etch-
ing steps and Au decahedra is provided by high angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) images (Figure 3). Energy dispersed X-ray
(EDX) elemental analysis of the so-prepared seeds confirmed
the presence of Ag (preferentially near the surface) on the initial
and etched bipyramids, but no Ag in the decahedral seeds (Fig-
ures 3e and S9). Since the contrast depends on the atomic num-
ber Z, the Au seeds can be readily identified within Ag nano-
rods. From these images (additional TEM and UV-Vis spectros-
copy data are shown in Figures S6-S8) it is clear that the seeds
are preferentially located at the center when they contain Ag

(bipyramids and etched bipyramids, Figure 3a-c) but they re-
main at one tip when grown from (Ag-free) decahedra (Figure

3d).
u

Figure 4. Electron tomography analysis of Ag nanorods grown
from: as prepared Au bipyramid seeds (a,b), mildly etched bipyra-
mids (c,d), strongly etched bipyramids (e,f), and decahedral Au

seeds (g, h). Au cores are readily distinguished because of its higher
electron density.

We additionally carried out a more detailed 3-dimensional
study of the morphology of the resulting nanoparticles, combin-
ing HAADF-STEM and tomography. The difference in electron
density between Au and Ag allowed us not only to obtain a de-
tailed description of the overall morphology but also to identify
the location and relative orientation between Au cores and Ag
shells. Representative examples of Ag rods grown from Au bi-
pyramids, etched bipyramids and decahedra, are shown in Fig-
ure 4. These images clearly show that Au bipyramid etching
gradually reduced the anisotropy, into less perfect morpholo-
gies than the initial bipyramids. However, in all cases bipyra-
mid-derived seeds are located at the longitudinal center of the
nanorods, whereas decahedral seeds are well-oriented at the
very tip. Interestingly, all obtained Ag nanorods retained a pen-
tagonal cross-section, as clearly confirmed by the correspond-
ing animated reconstructions (Movies S1-S4). Detailed cross-
sectional views (Figure S10) further confirm that Ag nanorods
retain the pentagonal cross section from the inner seeds. The



presence of twins and the expected epitaxial growth of Ag on
Au seeds was additionally confirmed by high resolution STEM
(Figure S11), where it can also be observed that only a few
atomic layers of Ag have grown on the tip side of the decahedral
seed and on the equatorial plane of the bipyramid seed. Epitax-
ial growth, as shown in Figure S11, is not surprising, consider-
ing that the lattice constants of Au (4.079 A) and Ag (4.085 A)
are very similar. It has been reported that, for systems with a
larger mismatch in lattice parameter, such as Au and Pd, the
seed position might be affected.?* Although it is not straightfor-
ward to obtain a 3D visualization of the twinning configuration
for the NRs in this study, Figures S10 and S11 are in good
agreement with the presumed pentatwinned structure. Previous
3D characterization of similar structures indicated that the pres-
ence of twins in the seeds extends over the entire overgrown
structure.? This is also confirmed by the atomic resolution con-
trast in Figure S11.

Further evidence supporting the proposed mechanism is pro-
vided by an additional control experiment. The same Au deca-
hedral seeds used for the sample shown in Figure 3d were incu-
bated overnight at 30 °C with silver ions, and subsequently a
reduction step was performed under similar conditions as de-
scribed in the Experimental section (SI). TEM analysis evi-
denced that the decahedral seeds were located at the end of rods.
However, if a thin Ag layer is first deposited on the same gold
decahedra (EDX analysis reveals that Ag content is ca. 9 at%,
see Figure S12) and then silver growth is carried out under the
same conditions, the resulting nanorods were found to contain
both seeds at the center and close to one tip (Figure S13).

In addition, we performed a kinetic analysis of Ag reduction
on etched bipyramids and decahedra with similar dimensions.
The results (Figure 5) clearly indicate that Ag deposition rate
on Au decahedra is slower than that on etched bipyramids. We
conclude that the presence of Ag in the seeds may have a cata-
Iytic effect, whereas Ag-free Au decahedra need an induction
time (see Figure 5c) for initial Ag deposition. This kinetic bar-
rier may be responsible for the asymmetric growth of Ag nano-
rods on decahedral seeds. It should also be noted that bipyra-
mids exhibit high-index facets (higher surface energy) while
decahedra are bound by low-index facets (111) (lower surface
energy). Faster Ag growth can be expected on high surface en-
ergy facets (bipyramids), equally from both sides, resulting in
nanorods with seeds located at the center. On the other hand,
slower Ag reduction kinetics on the lower surface energy deca-
hedra may influence the preferential growth from one side upon

Ag deposition.
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Figure 5. a,b) UV-Vis-NIR spectral evolution during the formation
of Ag nanorods, after addition of silver precursor and ascorbic acid
at 60 °C, from etched bipyramids (a) and gold decahedra (b). c)
Time trace of the longitudinal LSPR band during Ag reduction.

In summary, we implemented a seeded-growth method to
grow small Ag nanorods with diameters below 20 nm, featuring
high monodispersity, wide tunability in aspect ratio and LSPR

wavelength tunability, from the visible well into the NIR. Alt-
hough the use of both Au bipyramids and Au decahedra lead to
Ag nanorods with similar quality, a remarkable difference was
observed in the growth mechanism, resulting in the original
seeds being located either in the center or at one of the tips. Such
a difference in growth mechanism appears to correlate with the
presence of Ag in the seed composition.
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