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Abstract

Rational nanoparticle design is one of the main goals of materials science, but it can only be
achieved via a thorough understanding of the growth process and of the respective roles of the
molecular species involved. We demonstrate that a combination of complementary techniques
can yield novel information with respect to their individual contributions. We monitored the
growth of long aspect ratio silver rods from gold pentatwinned seeds by three in situ techniques
(small-angle x-ray scattering, optical extinction spectroscopy and liquid-cell transmission
electron microscopy). Exploiting the difference in reaction speed between the bulk synthesis
and the nanoparticle formation in the TEM cell, we show that the anisotropic growth is
thermodynamically controlled (rather than kinetically) and that ascorbic acid, widely used for
its mild reductive properties plays a shape-directing role, by stabilizing the {100} facets of the
silver cubic lattice, in synergy with the halide ions. This approach can easily be applied to a

wide variety of synthesis strategies.
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Silver and gold nanostructures are technologically relevant because of their exceptional light-
matter interactions that originates from localized surface plasmon resonances (LSPR).
Core@shell Au@Ag nanoparticles (NPs) have recently emerged as a convenient synthetic
pathway to obtain anisotropic NPs with well-defined shape and optical properties.’® Depending
on the gold seed crystallinity, the silver shell will grow at different locations, changing the
overall morphology of the particle* which results from a competition between the rate of atom
deposition and NP faceting driven by possible preferential adsorption sites and surface

diffusion, in other words kinetics versus thermodynamics.>®

Experimentally, different NP morphologies can be obtained by varying the deposition rate onto
the seeds via reaction parameters such as the pH, the temperature as well as the nature and
concentration of reductant and surfactant species.”*° The description of the synthetic pathways
of anisotropic Au@Ag NPs has mostly relied on spectroscopy measurements and ex situ TEM.
11 Although this approach has greatly expanded the available library of particle shapes and
compositions, time-resolved information on the growth mechanisms and reaction intermediates

remains limited.



Diffraction and spectroscopy techniques can be used to follow NP formation in the growth
medium, with high temporal resolution.*?*® However, given their limited spatial resolution and
the necessity to develop models to retrieve the NP morphology, these in situ approaches provide
an indirect and incomplete overview of the nucleation and growth processes implied in wet-
chemical synthesis. Over the last few years, Liquid-Cell Transmission Electron Microscopy
(LCTEM) has become a leading method for directly visualizing the dynamics of single
nanostructures in their formation medium.t"'8 An important feature of this technique is that the
electron dose rate can be used to control reaction kinetics because NP formation is generally
driven by radiolysis processes.!®?° This opportunity to control the growth rate and chemical
environment of nanostructures has been exploited to reveal the growth mechanisms of various
metallic and bimetallic NPs,??* including core-shell nanostructures.?>° However, exploiting
this in situ information in high-yield synthesis remains difficult because radiochemical effects
are not involved in conventional protocols. Therefore, an important challenge is to reduce the
gap between nanoscale in situ observations and bench-scale synthesis, by correlating LCTEM
results with in situ techniques based on light-matter interactions, which probe large NP

ensembles without radiolysis effects.

Here, we study the anisotropic growth of silver shells on preformed gold bipyramidal seeds
(Figure S1). The seeds are injected in an aqueous growth solution containing silver salt
(AgNOg3), a mild reducing agent (ascorbic acid, AA) and the ionic surfactant
cetyltrimethylammonium chloride (CTAC).: 3 The formation of these bimetallic
nanostructures was monitored in real time by using multimodal and multiscale in situ

measurements (Figure 1).
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Figure 1: Schematic representation of the methodology for the real time investigation of
Au@Ag rod growth. A combination of bulk experiment techniques and numerical modelling
in conjunction with direct LCTEM imaging is used to follow the reaction.

LCTEM was exploited to follow the formation of single NPs and confirm the growth pathway
inferred from using a combination of in situ Small Angle X-Ray Scattering (SAXS) and UV-
Vis spectroscopy techniques on bulk solutions. In the different experiments, the growth rate
differs by more than one order of magnitude, yet yields similar anisotropic nanoproducts,
suggesting that the reaction is under thermodynamic control. Furthermore, we show that
ascorbic acid is essential to obtain anisotropic bimetallic NPs not only as a source of electron

but also as a shape-directing agent.



Au@Ag rods were synthesized with a high shape yield by controlling silver overgrowth along
the fivefold axis of bipyramidal seeds (Figure S2, Figure 2). The final length can be adjusted
by varying the silver nitrate precursor (AgNO3) amount in the synthesis (see the Supplementary
information). In the following, we fixed the chemical composition (i.e. Au seeds, CTAC, AA
and AgNOs) and the reaction temperature to 60°C. Ex situ HRTEM analysis of these NPs
revealed that the twin planes of the seeds are conserved all along the rods. The silver shells are
formed by epitaxial growth on the bipyramidal seeds leading to multi-twinned nanorods with a
5-fold symmetry and a <110> anisotropy axis (Figure S2). The nanorod tips are pentagonal
pyramids with a small {110} facet at the top and five {111} facets (Figure S3). Using the same
experimental protocol, we followed the growth of bimetallic NPs in real time by UV-Vis
spectroscopy and SAXS. Gold bipyramids seeds exhibit a longitudinal LSPR centered at 752
nm. Upon silver overgrowth, the UV-Vis extinction spectra show a blue shift of this peak by
102 nm after 9 minutes and a red shift by 512 nm after 48 minutes, time at which the system

stops evolving (Figure 2a and Figure S4).
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Figure 2: Presentation of the system and ensemble time resolved measurement of Au@Ag
rods. a, (top) Scheme depicting the synthesis of Au@Ag rods and the shape transition from a
bipyramid to a rod. (bottom) Time-resolved UV-Vis measurement of Au@Ag rods synthesis;
for clarity, we show only three spectra, representing three important stages of the reaction: gold
bipyramid seeds (black), seeds completely covered in Ag, yielding a short rod (red) and long
rod obtained as final result (blue). The dashed lines correspond to BEM models. b, Time-
resolved SAXS curves (black) with fits (red) of diluted suspension of Au@Ag rods during their
synthesis. Curves are shifted vertically for clarity. ¢, TEM image of Au@Ag rods obtained in
ex situ synthesis. Scale bar is 100 nm. d, Determination of the length of Au@Ag rods as a
function of time (black dots) by the combined UV-Vis, SAXS and BEM modelling approach
and corresponding fit with the Avrami equation (1) (red line).



The blue and red shifts correspond to a decrease and increase in aspect ratio, respectively,
consistent with the growth of the initial bipyramid into a short rod which then increases in
length (see the sketch in Figure 2a). Corresponding SAXS measurements (Figure 2b) describe
the evolution of the form factor with oscillations of increasing definition, indicating the
formation of particles with a more homogeneous thickness, consistent with a shape
transformation from a bipyramid to a rod, with an effective width W = 24.0 nm (Figure S5).
After about 38 minutes, the features no longer changed in the large q range (q > 0.025 A%)
while still evolving in the lower g range (q < 0.025 A™), indicating that the objects have a fixed
width but an increasing length. The rod length can also be extracted directly from the SAXS
curves,® but this method is unreliable for particles longer than the reciprocal of the minimum
scattering vector. We use a more precise strategy, obtaining the aspect ratio L/W of the particles
from boundary element method (BEM) simulations of the experimental UV-Vis spectrum
(Figure 2a and Figure S6). With W obtained from SAXS, L can be better estimated. A rigorous
determination of L(t) is essential for understanding the growth Kkinetics, especially in the case
of very anisotropic particles. We model this parameter using a version of the Avrami equation,
with the distinction that, in our case, saturation occurs due to precursor exhaustion, not to the

lack of free space:

L() = Lo + (Lfinat — Lo){1 — exp(—[B(t — t,)]¥)} (1)

Fitting the experimental data with this model (Figure 2d) yields a time constant f = 5.7 10 s!
and an exponent k = 2, consistent with linear growth onto seeds that gradually become active

during the reaction (see the Supplementary information for details).
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Figure 3: Time-resolved growth of Au@Ag rods by LCTEM. a, Time-lapse STEM images
showing the anisotropic deposition of silver on a gold bipyramid as well as homonucleation.
Scale bar is 50 nm on all images. The associated movie (accelerated 16 times) is available as
Video_1. b, Contour plots of the Au@Ag rods extracted every second from image analysis. c,
Corresponding fit with a superellipsoid model. d, Time dependence of length, width and
bluntness of the same Au@Ag rod as determined from the superellipsoid model. The color code
of these parameters corresponds to that of the outlines in b and the fits in c.



We conducted LCTEM experiments in STEM-HAADF mode to distinguish gold and silver
nanocrystals by their difference in Z-contrast (see Supplementary information). An identical
reaction mixture to that studied above was confined in the liquid cell and investigated in
ambient conditions. Although the reaction rate in bulk synthesis is rather slow at room
temperature, bimetallic NPs were obtained within minutes in the irradiated area, confirming
that silver reduction is speeded up by radiolysis. The image sequence in Figure 3 shows clearly
the anisotropic deposition of silver on the bipyramidal template alongside with the formation
of faceted silver NPs that nucleate on the SiN membrane. As many silver-based crystal phases
could form under the electron beam,?® we exploited the STEM nanodiffraction technique ** to
confirm that the shells around the gold seeds and the facetted NPs are all made of metallic
silver, with a face-centered cubic structure and a lattice parameter of 0.41 nm (Figure S7).
Extracting contour plots of the Au@Ag nanostructure from the entire image series revealed the
spatiotemporal evolution of the overgrowth reaction (Figure 3b). These contour plot were fitted
with a superellipsoid model: (r/a)" + (z/b)" = 1, where r?> = x? + y? is the radial distance, z is
parallel to the long axis of the NP, and parameters a = W/2 and b = L/2 are the half-width and
half-length, respectively (Figure 3c). It is well established in the literature that the rods have a
pentagonal cross-section in the (x,y) plane, perpendicular to their long axis z. For simplicity, we
assume this cross-section to be circular; growth in the direction normal to the image is taken as
identical to that along the small axis of the object. The parameter n describes the “bluntness”
of the particles: n = 1 describes a diamond, n = 2 an ellipse and then, as n increases, a less and
less rounded rectangle. During the first forty seconds, the sizes a and b remain constant and
only the bluntness varies, as the initial bipyramid “fills up” to yield a short rod. As illustrated
by Figure 3a (and by the associated video, see the Supplementary materials), this shape
transformation goes through the deposition of Ag from the common base of the gold bipyramid

toward its two tips. This growth process explains the conservation of the five-fold symmetry of



the nanostructure, as the <001> edges forming the pentagonal base of the bipyramid generate
the five {100} side facets of the nanorods. Once the nanostructure reaches a rodlike shape it
starts elongating, whereas the increase in width does not exceed 1 nm. It should be noted that
systematic discrepancies persist between the experimental particle shapes and the
superellipsoid model, which fails to capture the high curvature at the tip of the particles (this
morphological detail is quite important, as discussed below). Long-term observation leads to
the formation of NRs up to 300 nm long (Figure S8). Unlike other studies,® % in our
experiments, the growth is mainly governed by monomer attachment. Coalescence events were
very seldom observed, generally at the end of the growth process, when the nanorods and the

surrounding Ag NPs finally get in contact (Figure S9).

To provide a deeper understanding of this anisotropic growth mode, it is crucial to evaluate
kinetic and thermodynamic effects on the shape of NPs. Interestingly, the growth rate of the
Au@Ag NPs was very different in our nanoscale and bulk-scale in situ investigations. Indeed,
the longitudinal growth rate deduced from UV-Vis spectroscopy and BEM simulations was
0.046 nm/s (Figure 2d). We further show that the growth rate of the Au@Ag rods can be varied
between 0.0045 and 0.13 nm/s by performing the overgrowth reaction at other reaction
temperatures and precursor concentrations (Figure S10). In the LCTEM experiments the
longitudinal growth rate of the NPs varies from 0.54 to 1.25 nm/s (Figure S11a). The radiolysis
of water generates several radicular and molecular species including aqueous electrons and
hydrogen radicals that are two strong reducing agents. As demonstrated by many groups both
experimentally and theoretically,!2% 224 these radiolytic products can reduce metal precursors
and activate the nucleation and growth of metallic nanoparticles within the liquid cell.
Therefore, the much higher longitudinal growth rate observed in the liquid cell is very likely
due to radiolysis that boosts the silver atom supply. Surprisingly, the growth rate did not scale

with the electron dose rate but seems rather dependent on the local availability of silver
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precursor feedstock. The latter is therefore diffusion-limited and most likely affected by
screening due to the neighboring silver particles that can occasionally lead to discontinuity of

the growth rate over time (Figure S11b).

We emphasize that the identity in mechanism between the bulk synthesis and the LCTEM
situation is crucial for our argument. To support this argument we rely on the remarkable
similarity in shape evolution between the two environments, cf. Figure 2a and Figure 3 (or the
associated Supplementary Movie, Video_1.) In the beginning, the bipyramid “fills up” to yield
an ellipse. Remarkably, the lateral expansion of the NPs (along their short axis), both in the
bulk synthesis and in LCTEM, is limited to a few atomic layers. In a second step, the particles
elongate at constant cross-section. We illustrate the correspondence between the environments

in Figure S17, which displays a comparison between the TEM images of particles synthesized

at varying Ag/Au ratio and images extracted from an LCTEM synthesis.

This absence of kinetic effects on the shape of the NPs indicates that the anisotropic growth
along the <110> direction is governed by thermodynamic effects, most likely due to the

passivation of the lateral {100} facets by capping ligands.

In LCTEM, metallic precursor reduction can be driven by radiolysis alone. We took advantage
of this feature to conduct an overgrowth reaction without AA in the reaction medium and reveal

the role of this chemical in the anisotropic growth process.

11
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Figure 4: Time-resolved growth of Au@Ag rods by LCTEM, without ascorbic acid. a,
Time-lapse STEM images showing the isotropic deposition of silver on a gold bipyramid as
well as homonucleation. Scale bar is 50 nm on all images. The associated movie (accelerated
16 times) is available as Video_2. b, Contour plots of the Au@Ag rods extracted every second
from image analysis. The contour plots were first extracted by image analysis and then fitted
by a superellipsoid model. ¢, Graphs show the time dependence of length, width and bluntness
of the same Au@Ag rod as a function of time as determined from the superellipsoid model.
The color code of these parameters corresponds to that of the outlines in b.

Figure 4 shows that isotropic silver shells were obtained without AA, suggesting a dramatic
modification of the growth pathway. The transformation of bipyramids into nanorods in the
first stage of shell formation is similar with and without AA. However, the subsequent growth
proceeds at similar speed in the longitudinal and lateral directions (0.66 and 0.23 nm/s,
respectively), suggesting an isotropic radial growth in three dimensions (Figure 3c). Other
nanorods with almost perfect isotropic growth can be seen in Figure S12. The dose rate range
used in the experiments performed with and without ascorbic acid are the same (between 340
and 880 electrons.s*.nm, depending on magnification). These in situ observations indicates
that AA drives the anisotropic growth of silver on gold, but a direct correlation with batch
synthesis was needed to support LCTEM results, in particular to ensure that radiolysis effects,

such as the possible transformation of AA, do not impact these directional growth processes. In
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order to confirm the role of AA in bulk experiments, halides had to be removed from the
reaction medium due to their known role in stabilizing the {100} facets of silver.3! 3° This was
challenging because the positively charged headgroups of the surfactant (i.e. CTA") are
balanced with halides counterions (i.e. CI"). Fortunately, we successfully stabilized the gold
bipyramids with sodium polystyrene sulfonate (NaPSS)® and conducted the silver overgrowth

reaction in aqueous solution (Figure 5).
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Figure 5: Bulk synthesis of Au@Ag Rods using NaPSS as stabilizer and various reaction
conditions. a-b) UV-Vis measurements of the Au@Ag Rods obtained by using AA or
hydroquinone (HQ) as reducing agent respectively. Experiments are systematically conducted
with (blue solid lines) and without (red solid lines) chlorine ions. References spectra of the gold
bipyramids (black solid line) and Au@Rods obtained in CTAC and AA (black dashed line) are
displayed for comparison. c-f) Corresponding TEM images.

AA was substituted by hydroquinone (HQ), which was used previously as weak reducing agent
in the synthesis of gold nanorods®’ and we studied the influence of halides by mean of

supplementing the reaction medium with KCI aliquots. First, the reaction was conducted with
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0.003 M of AA and varying the concentration of chlorine ions (i.e. trace amounts or 0.01 M).
Remarkably, Au@Ag rods were obtained in the presence of chlorine ions and ascorbic acid,
using NaPSS as stabilizer (Figure 5). Although silver deposition was observed without chlorine
ions, the growth was not anisotropic in this case. Second, the synthesis was performed in the
same way by replacing AA with HQ but we did not observe the formation of Au@Ag rods,
even by adding 0.4 M of HQ in the reaction medium (Figure 5). Halide ions are known to play
multiple roles in the synthesis of Au@Ag rods, such as: modifying the Ag redox potential,
forming complexes with silver, capping the {100} facets and influencing the shape of the
surfactant micelles.®® Although our results tend to demonstrate that the nature of the surfactant
is not relevant in directing the anisotropic growth of silver onto gold bipyramids, we cannot
neglect the other possible functions of chlorine ions in the synthesis. Overall, this set of
experiments confirms that LCTEM results did not originate in radiolysis effects and confirm
the key role of AA, in synergy with chlorine ions, as shape-directing agent in the synthesis of

Au@Ag rods.

In this respect, we noticed that AA also has an important impact on the shape of the nanorods’
ends during the growth. In the absence of AA the ends are very flat, suggesting the presence of
large {110} facets that do not favor longitudinal growth. Ultimately, this faceting favors the
lateral expansion of the apexes giving a dogbone aspect to the final nanostructures (Figure S13).
On the contrary, in the presence of AA, the tips are sharp, forming an angle ranging from 108°
to 125° (Figure S14) which is consistent with the 2D projections of penta-twinned nanorods
with tips terminated by five {111} facets, if we consider that their anisotropic axis can slightly
deviate from the plane orthogonal to the electron beam. Interestingly, this peculiar tip shape is
also observed on NRs obtained in batch synthesis (Figure S3). One can then emphasize that AA
also allows maintaining the five-fold symmetry of the NR’s tips during the growth. As in

decahedral nanoparticles, the farther from the central axis of the multi-twinned nanostructures,
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the greater the strain in the lattice. As suggested by Lofton et al.,*® this strain distribution could
stop the growth along the highly strained (100) facets and favor the elongation of the rods in a
direction that does not increase the strain. Such defect-driven growth mechanisms, that result
from the symmetry of the bipyramidal seeds, likely contribute to the formation nanorods, but
the stabilization of the large (100) facets by chemisorption is also essential to maintain the shape

of the nanostructure over time.%°

In conclusion, our LCTEM investigations confirm the key role of AA in guiding silver-on-gold
growth processes. Tan et al.?® have recently shown that AA ensures the formation of
homogeneous and conformal silver shells on gold nanocubes. By working with anisotropic
multi-twinned gold NPs, we confirm that the role of AA in seed mediated synthesis should be
reconsidered, as it is clearly an essential parameter to conserve and exploit the symmetry of
nanoseeds with complex structure. Commonly described as a mild-reducing agent, we
demonstrate here that AA, combined with halides ions, is also a shape-directing agent that
favors the formation of nanorods by stopping crystal growth along the <001> directions. This
is an important result for future optimization and all applications already using those particles
such as sensing*® and biomedical technologies.*! More generally, the present work shows that
such multimodal in situ studies provide a clearer image of the growth mechanisms of
nanomaterials. First of all, corroborating large-scale and nanoscale investigations allows us to
sidestep the inherent limitations and artifacts associated with each technique. Second, this
approach allows determining whether crystal growth is under kinetic or thermodynamic control
and finally it provides a way of identifying the individual role of chemicals in the growth

mechanisms, helping our understanding of nanomaterial synthesis.

We should emphasize that our result differs from the work of Visaveliya and Kohler*?, which
describes the synthesis of Ag nanowire by a seedless approach, through the polyol process at

160°C, and it uses PVP as a stabilizer and shape-directing agent.
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These authors also conclude that AA is essential for the anisotropic growth of silver rods, but
only consider the reducing role of AA in their study and ascribe to it a kinetic effect (due to an
increase in reaction rate) on the formation of multi-twinned particles, which then act as seeds.
In our work, we use preformed seeds and demonstrate that AA has a thermodynamic effect (by

stabilizing the {100} facets).

Our method can readily be extended to other chemicals that are believed to have a double role
(e.g. both reducing and shape directing agent). For instance, citric acid is widely used as a
reducing agent, but it also appears to stabilize the {111} facets of Pd*® and Au.** Experiments®
and density functional simulations*® indicate that polyvinylpyrrolidone binds more strongly to
the {100} than to the {111} facets of Ag crystals. Our strategy would allow decoupling the two
roles of these compounds and hence a thorough analysis of the growth process, as shown above

for AA.
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