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Oxidative etching was used to produce gold seeds of different sizes
and crystal habits. Following detailed characterization, the seeds
were grown under different conditions. Our results bring new
insights toward understanding the effect of size and crystallinity
on the growth of anisotropic particles, whilst identifying guidelines
for the optimisation of new synthetic protocols of predesigned seeds.

Seed-mediated growth of metal nanoparticles was introduced
by the turn of the century, along with the first colloidal
synthesis of gold nanorods." Almost two decades later, we are
now able to prepare a wide library of nanoparticles using this
versatile method, ranging from isotropic platonic solids
through anisotropic wires or star-like particles.>* While growth
conditions have been meticulously optimised for maximum
shape-yield and size monodispersity, seed preparation remains
pretty much identical to the original recipe. It is however well-
known that a close relationship exists between the shape, size
and crystallinity of the seeds and those of the resulting product,
rendering this consideration even more significant."® In
particular, it was proposed that the crystallinity of the seeds
(i.e. the presence of twin defects) is maintained during growth,
and seed size was thought to radically influence the reaction
kinetics and thermodynamics, as well as the final morphology
of the product.” However, the shortage of currently available
instruments and methodologies to adequately characterise
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such small structures, hinders further detailed investigation.
We recently reported the synthesis of gold nanotriangles, in
which the amount of twin defects present in the seeds was
identified as the key parameter affecting the resulting shape-
yield.® In this context, aging of the seed solution appears to be
crucial toward a successful synthesis (ESI,T Fig. S1). In a more
recent report, we demonstrated that a mild thermal treatment
of the seeds resulted in a gradual increase of shape-yield for
penta-twinned particles (rods, bipyramids, decahedra), from
roughly 30% to over 90%.° This and other recent experimental
evidences confirm that a better understanding of seed transfor-
mation and more reliable methods to control their fabrication
will represent a significant step forward in the synthesis of gold
nanoparticles.'®®> We present here a new methodology that
allows us to carefully analyse the role of twin defects in the
seeds, on the growth of gold nanoparticles. In particular, we
examined the evolution of single-crystal and mono-twinned
seeds when grown under conditions typically used for nano-
octahedra and nanotriangles, i.e. single-crystal and mono-twinned
products. We aim at understanding whether the presence of
structural defects can hinder the formation of certain shapes, at
which stage of the growth process defects can be introduced, and
the role of seed size in the outcome of the synthesis.

The main idea behind this work is that a better control over
the crystallographic structure of the starting seeds can be obtained
by means of a top-down oxidative etching approach (Fig. 1A). We
thus started from the synthesis of high-quality gold (single-crystal)
nanorods and (mono-twinned) nanotriangles, following optimised
literature protocols.>'*'* The particles were etched using Au™
as oxidant, in a mixture of cetyltrimethylammonium chloride
(CTAC) and sodium bromide, so that particles were gradually
reduced to the desired size.">"® The choice of nanorods (length:
59 &+ 5 nm, diameter: 25 + 2 nm, yield: 95%) and nanotriangles
(edge length: 59 + 3 nm, yield: 93%) as starting materials was
motivated from the need to prepare single-crystal and mono-
twinned seeds, respectively. To address the effect of size we
prepared 20 nm and 12 nm seeds, both from nanorods (20NR
and 12NR) and from nanotriangles (20NT and 12NT). The four
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Fig. 1 (A) Schematic representation of the experimental procedure (see
text). (B—G) TEM images of the starting nanotriangles (B) and nanorods (E),
and the seeds prepared by sequential oxidation: 20NT (C), 12NT (D), 20NR
(F) and 12NR (G). Scale bars: B and E: 200 nm; C, D, F and G: 50 nm.

resulting seed samples were characterised by transmission
electron microscopy (TEM), as summarised in Table 1.
Representative TEM images of the starting nanotriangles
and nanorods are shown in Fig. 1B and E, demonstrating a low
dispersion in both size and shape, in agreement with the
narrow plasmon bands registered in the corresponding UV-vis
spectra (ESLt Fig. S2). It should be noted that standard
characterisation tools do not allow us to fully address the
crystal habit of the different seeds (Fig. 1C, D, F and G). Instead,
we used annular dark-field scanning transmission electron
microscopy (ADF-STEM) at relatively low magnification. By
inspection of the residual diffraction contrast in hundreds of
different NPs, we were able to quantify the amount of twinned
particles in each sample (details of the procedure can be found
in the ESI,i Fig. S3).° Interestingly, extensive analysis of the
degree of twinning in the seeds resulting from nanotriangles
oxidation indicated that the percentage of mono-twinned particles
was reduced by half when the average size was decreased from
20 nm to 12 nm, from 51% to 29% (see Table 1). This suggests that
the oxidative process may be used to remove twin-defects from

Table 1 Crystal structure characterisation of the four seeds, comparing
results obtained for the seeds before (ADF-STEM) and after (TEM) silver
coating. For each sample, at least 300 nanoparticles were measured

Size Single-crystal : mono- Single-crystal : mono-
(nm) twinned (ADF-STEM), %  twinned (Ag coating), %
12NT 12+2 71:29 71:29
12NR 12 +1 99:1 99:1
20NT 20+1 49:51 48:52
20NR  19+1 99:1 99:1
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preformed seeds. In order to confirm this hypothesis, we carried
out a simple control experiment by epitaxially growing silver shells
on both 12NT and 20NT seed solutions (Fig. 2), so that the
crystallinity of the seeds is maintained, and the morphology of
the resulting core-shell nanoparticles would be an indication
of the original seed crystal habit.'® UV-vis spectral analysis (Fig. 2C)
of the obtained colloids shows two main plasmon bands, one centred
at 450 nm and the second one around 515 nm (higher energy
modes correspond to multipoles and are not discussed further).
Whereas the low energy band dominates in the sample grown
from 20NT, the band at 450 nm is more intense for the particles
grown from 12NT. In accordance with previous reports, as well as
with the corresponding TEM analysis (Fig. 2D-E), the 515 nm band
can be assigned to nanobipyramids with triangular base, whereas
the band at 450 nm corresponds to nanocubes."” By using electron
tomography in high angle annular dark field STEM (HAADF-
STEM) mode, we were able to determine the three-dimensional
shape of the particles (ESL Fig. S4) and confirm the presence of a
single twin plane in the bipyramids (Fig. 2F). A similar control
experiment was performed for 20NR and 12NR seeds (results
shown in ESL,t Fig. S5); as expected, the resulting Au@Ag core-
shell particles were nanocubes in both cases, with almost
identical UV-vis spectra. The percentages of single-crystal and
mono-twinned particles estimated from both methods (ADF-
STEM and silver coating) are in excellent agreement (Table 1).
These data confirm that silver coating represents a simple indirect
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Fig. 2 (A and B) High-resolution TEM images of single-crystal (A, 12NR)
and mono-twinned (B, 12NT) seeds. (C) UV-vis spectra of 20NT (red line)
and 12NT (black line) seeds coated with silver. (D and E) Representative
TEM images of 20NT (D) and 12NT (E) seeds after silver growth. (F) HAADF-
STEM image of an Au seed coated with Ag, forming a triangular-base
nanobipyramid. The white arrows in (B) and (F) point to the corresponding
twin planes. Scale bars: (A and B) 5 nm; (D and E) 100 nm; (F) 10 nm.
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method that can be safely used to estimate the crystal habit of
seed solutions when more advanced and costly approaches are
not available.

Upon preparation and characterisation of the four seed
samples, we investigated seeded growth with Au, under different
experimental conditions, which we selected taking the following
into account: (i) synthetic protocols for differently shaped
products, with different crystal habits easy to identify by standard
TEM analysis and; (ii) the protocols should share most of the
chemical compounds in the growth solution (ie., the same
surfactant, reducing agent and temperature); (iii) the final
particles should be all thermodynamic (as opposed to kinetic)
products;'® (iv) Au should be the only metal involved (no Ag"
addition). Following these criteria, we carried out seeded growth
on the four different seed samples, using CTAC as surfactant,
ascorbic acid as reducing agent and iodide as shape-inducing
agent (ESLT Experimental section). The reaction conditions
were optimised in such a way that a small change in iodide
concentration would induce the growth of nanooctahedra
("] ~ 50 uM) or nanotriangles ([I"| &~ 75 uM): in fact, depending
on the concentration, iodide has been demonstrated to either be a
shape directing agent and/or induce the formation of twin defects
during particle growth.®'>*° Growth of the seeds in the absence of
iodide was found to result in undefined shapes, which would
complicate the interpretation of the data (ESI,T Fig. S6). We show
in Fig. 3 the results from seeded growth on both 20 nm seed
samples. We find that growth on 20NT leads to formation of
nanotriangles, even at low iodide content (Fig. 3C), while a higher
concentration does not significantly influence the final product
morphology (Fig. 3E and G). Moreover, we did not observe the
formation of penta-twinned by-products, unless the concentration
of iodide was increased up to 500 uM (ESL Fig. S7). In the case of
20NR, nanooctahedra were obtained as 99% of the final product
using 50 pM of iodide, as expected for the growth on single-crystal
seeds (Fig. 3D). However, the content in nanotriangles remained
below 45%, even when adding 100 pM iodide to the growth
solution (Fig. 3H), and a transition of the majority of the product
into mono-twinned particles required a higher iodide concen-
tration (500 uM, see ESL,} Fig. S7). To further support our analysis,
we estimated the percentage of single-crystal, mono-twinned
and penta-twinned particles in each product, by identifying the
number of nanotriangles, nanooctahedra and nanodecahedra in
TEM images (ESLi Fig. S8). The results reported in Table 2
indicate that the amount of single-crystal particles resulting from
the growth of 20NR and 20NT is reduced as iodide concentration
increases (Table 1 and Fig. 2). Overall, these data suggest that
20 nm seeds tend to retain their crystallographic structure during
growth, unless a strong driving force towards defect formation
(e.g high iodide concentration) is applied. A parallel study was
carried out on 12 nm seeds (ESL Fig. S9-S11). Interestingly, even
though 12NT contains 73% single-crystal seeds, only 13% nano-
octahedra were grown at low iodide concentration (¢f. Tables 1
and 2). This suggests that defects can be readily created,
even at low iodide concentration. Similarly, nanotriangles were
obtained as a majority population upon seeded growth on
12NR seeds using only 50 uM iodide (Fig. S9F, ESIt). Another
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Fig. 3 (A and B) UV-vis spectra of 20NT (A) and 20NR (B), grown in the
presence of different concentrations of iodide: 50 uM (black), 75 uM (red)
and 100 puM (blue). (C—H) TEM analysis of 20NT (left) and 20NR (right)
grown with different iodide concentrations: 50 uM (C and D), 75 uM (E and F),
100 uM (G and H). Scale bars: 100 nm. (Images at different magnifications are
shown in the ESI, Fig. S12 and S13).

Table 2 Crystal habit of seeded-grown particles. For each sample, we
counted at least 250 nanoparticles. The total differs from 100% because
the shape could not be identified for a small fraction of particles

Nanooctahedra : nanotriangles : nanodecahedra

[17]=50uM [[]=75uM [17]=100 uM
12NT 13:66: 10 7:63:15 4:54:29
12NR 27:41:0 3:59:5 3:49:9
20NT 26:64:5 20:64:9 11:70:5
20NR 99:1:0 59:30:0 42:44:0
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important observation concerns the formation of penta-twinned
particles for both 12NR and 12NT seeds, at relatively low iodide
concentrations as compared to the corresponding 20 nm seeds
(Table 2 and Fig. S9, ESIT). Overall, we find that the crystal habit of
smaller seeds can evolve during the growth process, resulting in
the introduction of both mono-twinned and penta-twinned
structures.

The use of a simple chemical etching method on well-
defined single-crystal and mono-twinned nanoparticles allowed
us to obtain seeds with selected size and crystallinity, which were
quantitatively characterised using both direct electron micro-
scopy (ADF-STEM) analysis and indirectly by silver coating into
distinct morphologies. Seeded growth under specific conditions was
then used to separately investigate the effect of size and twinning on
the shape evolution of gold nanoparticles: we clearly found that twin
defects can be introduced (but not removed) during seeded growth,
and that it is significantly easier to introduce defects in 12 nm seeds
than in larger 20 nm seeds. Overall, the presented data suggest that
optimization of protocols for better defined seeds toward formation
of gold nanotriangles or nanooctahedra, should focus on nano-
particles with larger diameter, so as to achieve a better control
over crystallographic structure and its evolution during growth.

As a first example of how the development of better seeds
will lead toward the optimisation of more reliable and reproducible
synthetic protocols, we re-optimised the synthesis of gold nano-
triangles by using 20 nm seeds prepared with a bottom-up approach
(see ESL1 Experimental section).”** The hypothesis is that using
bigger seeds we would be able to achieve a better control over the
formation of defects during growth, thereby maximizing the popu-
lation of mono-twinned particles, while avoiding multi-twinned
structures. Indeed, we obtained gold nanotriangles with a shape
yield of 70% (ESL,t Fig. S16), a significant increase compared to the
percentage usually achieved with the standard protocol (50-55%).®
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