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ABSTRACT: A growing demand for control over the interparticle spacing
and the orientation of anisotropic metallic particles into self-assembled
structures is fuelled by their use in potential applications such as in
plasmonics, catalysis, sensing, and optoelectronics. Here, we present an
improved high yield synthesis method to fabricate micron- and submicron-
sized gold nanoplatelets with a thickness less than 20 nm using silver
nanoplatelets as seeds. By tuning the depth of the secondary minimum in
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the DLVO interaction potential between these particles, we are able to
assemble the platelets into dynamic and flexible stacks containing thousands
of platelets arranged face-to-face with well-defined spacing. Moreover, we demonstrate that the length of the stacks, and the
interplate distance can be controlled between tens and hundreds of nm with the ionic strength. We use a high frequency external
electric field to control the orientation of the stacks and direct the stacks into highly organized 2D and 3D assemblies that

strongly polarize light.
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O ver the last few decades, a wide variety of nanoparticle
systems with well-defined shapes have become avail-
able.'™ The quest to control the self-assembly of such
nanoparticles into ordered superlattices, especially if one of
the components is a metallic nanoparticle,"® is fuelled by a
demand for new types of materials, where new collective
properties such as a negative refractive index”™"" can emerge
from the individual building blocks as well as from the coupling
between the building blocks. Several methods have been
reported to fabricate nanocrystal superstructures, 1nc1ud1ng
evaporation of solvent at an air—liquid interface,'"* phase
separatlon induced by attractions through a depletlon
interaction,"”'> by the addition of an antisolvent,'®"” and
more specific interactions which can be induced by DNA
molecules'®"** and external fields.”>*~>°

Surface plasmons of metallic nanoparticles are collective
surface modes of the conduction electrons that can be excited
by electromagnetic radiation, which can lead to very large
locally enhanced electric fields. Because of these locally
enhanced electric fields, surface plasmons are useful in many
applications such as metamaterials with a negative refractive
index,” "' surface enhanced Raman scattering, >’ ~>* photo-
voltaics, ™ catalysis,”* ™ and (opto)electronics.”" If the metallic
nanoparticles are arranged in one, two, or three-dimensional
(1D—3D) assemblies with distances between the particles that
are small enough, the plasmonic modes can couple and
additional degrees of freedom to tune their properties become
available."" Additionally, for anisotropic particles, the symmetry
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asmonics

as compared to spherical particles is reduced and results in
plasmonic modes reflecting the different symmetries and aspect
ratio(s).””®

In this paper we focus on micron-sized plate-like gold (Au)
nanoparticles where the shape anisotropy, characterized by the
ratio (a/b) of the plate diameter a and plate thickness b, is as
large as S0. However, the number of studies on noble metal
particles with a plate-like morphology is significantly less than
other anisotropic shapes, probably because of the lack of
convenient synthetic procedures to produce such particles in
high yield.">***® As far as we know, even recently improved
methods still produce a significant percentage of differently
shaped Au particles, like rods and/or spheres, as well.””** With
these methods, a high purity of plates can only be achieved
through separation methods such as repeated centrifugation or
methods that involve inducing shape specific attractions using a
depletion agent'> or DNA supramolecular chemistry.”" Self-
assembled structures of plate-like noble metal particles, such as
1D stacks of platelets, are even rare, and we are aware of only a
few examples.'>***° Here we show how the yield of an existing
method developed by Hachisu et al. to synthesize gold
nanoplates®® can be significantly improved by using Ag
nanoplates as seeds. We self-assemble these gold plates into
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flexible 1D stacks that contain thousands of plates with well-
defined spacing between them without using surfactants that
act as depletion inducing agents'® or spacer molecules attached
to the metal surface.”® We further show an exquisite control
over the interplate spacing from tens to hundreds of nm simply
by changing the ionic strength of the solution. Moreover, we
use external electric fields to align and direct the self-assembly
(SA) of these stacks, providing control over the anisotropy of
the structures over millimeter-sized regions.

Synthesis and Characterization of Au Nanoplatelets.
It is possible to generate Au nanoplatelets by top-down
methods like lithography. However, we focus here on wet
chemical methods which allows for the production of sufficient
quantity of particles necessary for SA experiments. Several
methods to produce Au nanoplatelets are available that differ in
the stabilizer that is used to stabilize the resulting particles and/
or differ in the reducing agent of the gold cations. These
methods make use of the surfactant cetyltrimethylammonium
bromide (CTAB) as the stabilizer;"””” the polymer poly-
vinylpyrolidone (PVP) as the protecting agent, and ethylene
glycol (EG) as the reducing agent as in the “polyol”
process;>”** photochemically induced reduction processes; ">

biomolecules inspired reducing agents or stabilizers;**~*
salicylic acid as both the stabilizer and reducing agent;** and
oxidative etching.46 For a more complete list of methods, see
e.g, the review papers 2 and 8. We note that, while the
production yield of synthesis methods has improved, these
methods®”** still produce significant amounts of other particle
shapes as well.””*" To circumvent this, we chose to adapt the
method of Hachisu et al.*® as it combines the role of stabilizer
and reducing agent in one molecule, salicylic acid, and the
method is thus surfactant free. We found (for details see the
Materials and Methods section) that by using small sub 100 nm
sized silver nanoprisms*” (see Figure S1) as seeds the yield of
Au nanoplatelets could be increased significantly to about 75—
80% based on the number of platelets (with the remaining
percentage of particles composed of ~100 nm sized spherical
particles that are easily removed by a single centrifugation step).
Figure la shows the scanning electron microscopy (SEM)
image of Au nanoplatelets in a typical synthesis. Transmission
electron microscopy (TEM) image, and the corresponding
selected-area electron diffraction (SAED) patterns were used to
characterize the crystallinity (Figure 1c) of the particles. The
SAED pattern clearly reveals that the Au nanoplatelet is single
crystalline. We believe that the contrast within the triangle
particle is the result of the internal stress, which comes from the
bending of the thin sheet.””*"** The two-dimensional energy
dispersive X-ray spectroscopy (EDX) maps reveal that the Ag
seeds were not present anymore in the final product (see Figure
S2). We believe that the Ag seeds have dissolved and were
replaced with Au during the growth process as has been
reported for other particles systems.* It is important to
mention here that although the focus of the present paper was
on the use and self-assembly of micron-sized nanoplatelets
because of their easier visualization with light microscopy on
the single particle level, significantly smaller platelets that also
can form stacks are available through the same synthesis
protocol by adjusting the concentration of chloroauric acid
(results not shown). The gold nanoplates used in the present
experiments, consisted of triangular and hexagonal particles
(see Figure la). The average edge length of the obtained
triangular particles was 670 + 65 nm and hexagonal particles
were 525 + 45 nm. The thickness of both particles was about
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Figure 1. Scanning electron micrographs of thin gold platelets. (a)
Triangular (and cut-triangular) and hexagonal-shaped gold platelets.
(b) The total thickness of a stack of S platelets shows that the average
thickness of gold platelet is about 16 nm. (c) A high angle annular dark
field scanning transmission electron microscopy image of gold
nanoplatelet. The inset shows the selected-area electron diffraction
(SAED) pattern. Scale bars are 1.0 gum (a), 100 nm (b), 300 nm (c);

the inset scale bar is 100 nm™.

16 nm (see Figure 1b). It is interesting to mention that recently
a procedure has been developed in which the polygonal shapes
of gold nanoplatelets can be turned into a well-defined disk
shape by a preferential etching procedure.”” This procedure
could thus significantly increase the monodispersity in shape,*’
if necessary, but was not used in the present study. The surface
potential of the resulting Au plates was determined by
electrophoresis to be —35 mV in water and —40 mV in 30
wt % glycerol solution that was also used in some of the SA
experiments.

Self-Assembly of Au Nanoplatelets without Electric
Field. We first studied the phase behavior of the gold platelets
at various salt concentrations. In the absence of salt, the
particles remained stable and isotropically dispersed as shown
in Figure 2a. Due to the high density of gold (19.3 g/cm?) and
the volume of the Au platelets, the particles sedimented within
minutes to the bottom of the sample cell, increasing the local
volume fraction significantly. We did not observe any order
formation such as a liquid crystal phase. Apparently, the
effective aspect ratio of the particles was reduced enough at this
ionic strength, and/or the osmotic pressure exerted by gravity
was not sufficient, to induce a phase transition.

At low salt concentrations (<0.5 mM), the particles still
remained stable and well-dispersed. We did not see any order
formation over time. On the other hand, after 5 min, at 0.5 mM
particles started self-assembling into small flexible 1D stacks
(<S5 pm) in which the platelets arranged in face-to-face fashion,
in coexistence with individual particles. We did not observe any
further growth of columns with time, apparently the system had
reached a steady state. As the salt concentration was further
increased to 0.8 mM, we first observed stacks of about 5—15

DOI: 10.1021/acs.nanolett.5b02384
Nano Lett. 2015, 15, 5617-5623


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02384/suppl_file/nl5b02384_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02384/suppl_file/nl5b02384_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02384/suppl_file/nl5b02384_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b02384

Nano Letters

Figure 2. Optical micrographs showing the phase behavior of the gold
platelets for various salt concentrations. (a) The particles isotropically
dispersed in water at zero salt concentration, (b) after S min of waiting
time at 0.8 mM of KCl, (c) after 60—70 min of waiting time at 0.8 mM
of KCl, and (d) after 3 h of waiting time at 1.5 mM of KCL (e) At
higher salt concentrations >2.0 mM of KCI, particles aggregated
irregularly and irreversibly. The direction of gravity is perpendicular to
the plane in each image. Scale bars are 15 ym.

um in length (Figure 2b). After 60—70 min, these stacks had
grown further into longer columns (~150 pm), resulting in
stacks containing several thousands of plates (Figure 2c). When
we increased both the salt concentration (1.5 mM) and waiting
time (60—70 min), most of the particles assembled into very
long columns (>500 um). After 3 h, we observed a local
nematic order of these longer stacks (Figure 2d).

We note that the particles forming the columns were
individually in Brownian motion, and also the columns
themselves showed active Brownian motion (see Movie S1),
which became slower when the stack sizes increased. Moreover,
theses columns appeared to be dynamic in the sense that longer
columns were seen to split up or grow by joining of new single
particles or by merging with short columns, again, ultimately
forming a steady state. When the salt concentration was within
the range from 0.8 to 2.0 mM, both ends of the columns were
continuously seen to capture particles or short columns moving
around within close proximity, thus growing into longer
columns as shown in Figure 2c and d. At higher salt
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concentrations (>2.0 mM), the platelets immediately (<1
min) started aggregating irregularly (Figure 2e), and we did not
observe the Brownian motion of individual particles.

In order to understand the observed self-assembly behavior
(Figure 2), we calculated the interaction potential between two
gold platelets facing each other as a function of the interplatelet
distance for different salt concentrations as shown in Figure 3.
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Figure 3. DLVO potential between two gold platelets of size 0.17 um?,
surface potential —35 mV in water. Interaction potentials were
calculated as a function of the interplatelet distance d for different 1—1
salt concentrations. (a) DLVO potential. (b) The secondary minimum
of the DLVO potential.

Moreover, we included retardation effects in our DLVO
(Derjaguin, Landau, Vervey, and Overbeek) potential calcu-
lations (see Supporting Information for details). At salt
concentrations below 0.1 mM, the double layer repulsion
overwhelms the van der Waals attraction at all separations. As a
result, the particles remain stable and isotropically dispersed as
observed in Figure 2a. Our DLVO calculations clearly
demonstrate that the potential energy has a secondary
minimum of at least 1 kT at an interparticle distance between
50 to 300 nm, for salt concentrations above >0.2 mM. At low
salt concentrations (0.2—0.4 mM) the depth of the minimum is
small, and comparable to the thermal energy (see the inset in
Figure 3b). We believe that the strength of the attraction is not
strong enough to overcome thermal energy and to form stacks.
We note that our calculations are indeed consistent with our
experimental observations. On the other hand, the secondary
minimum attains a depth of ~ —4 kT at 0.5 mM salt
concentration when the first signs of stacking were observed. At
a higher salt concentration of 0.8 mM, the attractive potential
has further deepened to —7 kgT at an interparticle distance
around 90 nm, and one should expect the Au nanoplatelets to
start self-assembling into flexible 1D stacks in which the
platelets face each other at the distance of the secondary
minimum. This behavior was indeed exactly what was observed
as shown in Figure 2b, eventually resulting in stacks containing
several thousands of platelets (Figure 2c). We note that the
similar stack formation of gold plates was observed by Hachisu
et al.*® and attributed to the secondary minimum in the DLVO
interaction potential.
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Figure 4. (a) Cryo-scanning electron micrograph. A well-frozen sample was sectioned with a focused ion beam, and subsequently it was imaged with
a cryo-SEM. A cross-sectional view of a stack of gold plates shows that the interplatelet distance within a column is uniform and is about 64 nm in a
suspension containing 1 mM KCL. (b) The interplatelet spacing (d) for various KCI concentrations. The graph showing the measured (blue circles)
and calculated (red squares) distances between the plates for various salt concentrations. The scale bar is S00 nm.

Next, we discuss the effect of gravity on the observed phase
behavior. For the particles shown in Figure 2, it can be
calculated that the height over which such a nanoplatelet has to
be displaced in water to gain kT in gravitational energy is
about 1.72 um. This means that a platelet that stands
perpendicular to the bottom container wall has a gravitational
energy about 1/2 kg T higher than when it lies flat down onto it
(Figure S3). However, the potential difference between a
horizontally oriented, isolated particle and a particle trapped in
the secondary minimum with another particle is many times
higher. Therefore, a particle joining the column gains a
significantly larger amount of free energy than an isolated
particle on the bottom of the cell.

The interparticle spacing in stacks of gold platelets can play
an important role in applications where the collective properties
emerging from the individual particles as well as neighboring
particles are of importance.”'' We demonstrate that the
interparticle spacing can be varied by means of the salt
concentration. Although the diameter of the plates studied in
this paper was of micron length, it is still difficult to measure
the interplatelet distance in a column by presently available
optical microscopy techniques because of: (i) the small
separation of the particles (>60 nm), (i) active Brownian
motion of the columns, and (iii) strong absorption and
scattering of light by the individual platelets as well as the
stacks. To overcome these limitations, we used cryo-electron
microscopy. With this technique the solvent is vitrified fast
enough on the diffusion time scale of the particles that the
structures are essentially a snapshot in time. The vitrified
samples were gradually sectioned with a focused ion beam
(FIB) and subsequently imaged by scanning electron
microscopy (SEM), under cryo conditions (Figure 4a). To
prevent the crystallization of water, which for pure water can be
a limitation of this technique, we performed our FIB
measurements of nanoplateles SA in a mixture of 30 wt %
glycerol in water. In the solvent mixture, the surface potential
and SA behavior were similar as in water. (As can be seen in
Figure S4, also the interaction energies calculated for this
mixture and somewhat larger surface potential of —40 mV were
comparable to the curves calculated for the SA in pure water).
Figure 4a shows that the interplate distance (d) was about 64
nm in a 1.0 mM suspension. Using the same technique, we
measured the interparticle distance for 0.5 mM salt
concentration to be 95 nm. Moreover, our experimental
measurements are in good quantitative agreement with our
DLVO calculations for salt concentrations of 1 mM, whereas
the measured value deviated slightly from the DLVO
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calculations for the 0.5 mM solution (Figure 4b). This
discrepancy can be attributed to the fact that the secondary
minimum is only about —4kgT, which is not very strong with
respect to thermal energy. Young et al,'> who created small
stacks of Au nanoplates using depletion interactions induced by
the surfactant stabilizing their Au platelets, reported much
smaller interparticle distances as the surfactant used cetyl-
trimethylammonium bromide (CTAB) not only acted as
depletant, but also increased the ionic strength.

Self-Assembly in an Electric Field. External electric fields
have proven to be a robust tool to direct colloidal self-assembly
of strings (1D),*°7>° sheets (2D),”” and equilibrium 3D
crystallites.”*® Here, a high-frequency field was used to
prevent the polarization of the electric double layer around
the particle. For a thin gold platelet, the polarizability is
different between the major and the minor axis of the particle.
The energetically most favorable state is that the particles align
with their major axis along the applied field direction. At low
field strengths (E,,, = 0.025 V um™, f = 200 kHz, where E, is
the root-mean-square electric field strength, and f is the
frequency) and without added salt, the induced dipole moment
in each particle led the platelets to assemble into one particle
thick strings that were aligned with their major axis oriented in
the field direction as seen in Figure Sa. In the absence of salt,
the response of our thin gold platelets is thus similar to that of
rods.””** We note that the time scale for chain formation was
on the order of a few seconds. However, alignment induced by
the electric fields is reversible if the particles are not pushed
into distances where the primary van der Waals minimum takes
over, so that the stacks lost their orientational ordering
whenever the field was switched off.

Next, we investigated the response of gold platelets for two
different salt concentrations (0.8 mM and 1.5 mM) in external
electric fields. As mentioned, after a short waiting time (~$
min) particles arranged into short (~10—15 ym) flexible stacks
(Figure 2b) at a salt concentration of 0.8 mM. When such
dispersion was exposed to an external electric field (E,,, =
0.015 V um™', f = 200 kHz), the columns started to align
perpendicular to the applied field direction. However, the major
axis of the individual particles within a column was still oriented
in the field direction. Figure Sb shows large columns of particles
that formed within seconds after applying relatively small field
strengths (E,,, = 0.015 V um™, f = 200 kHz). These structures
were more dynamic in terms of growing in length than the
columns in the absence of the field. This is indicated by new
small columns continuously coming to join both ends, thereby
growing into longer columns. Moreover, induced dipolar
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Figure 5. Gold platelets in an external electric field (E,,, = 0.015 V
um™", f=200 kHz). (a) Optical micrograph of strings of gold platelets
in water. The particles became aligned with their longest axis along the
field direction. (b—c) Optical micrographs of the directed columnar
phase at different salt concentrations in an AC field. (b) A defect-rich
columnar phase was observed at 0.8 mM of KCL. (c) A defect-free 2D
columnar phase was observed at 1.5 mM of KCl. The lower inset
schematically illustrates the orientation of particles in the columns.
The directions of the applied electric field and gravity are indicated in
each image. Scale bars are 1.0 ym (a), and 5.0 ym (b—c).

attractions between columns forced them to arrange side-by-
side because the major axis of the individual particles in a
column was in the field direction. Unfortunately, we were not
able to see the alignment of particles between the columns on a
single particle level, and further theoretical and/or simulations
work has to resolve what the exact relationship between the
platelets in between columns was. At the salt concentration of
1.5 mM, most of the dispersion transformed into long columns
(~ mm) after waiting time of about 1—1.5 h time, (Figure 2c).
Even at low field strengths (E,,, = 0.01 V um™’, f = 200 kHz),
all of these columns became aligned perpendicular to the field
direction and then transformed into a defect-rich 2D columnar
phase. After a few minutes, all of the defects annealed out by
further merging of the columns. These columns then
transformed into a larger 2D columnar phase as shown in
Figure Sc. It can also be seen that some columns also started to
form on top of the 2D phase (darker patches). When the field
strength was further increased (E,,, = 0.04 V yum™', f = 200
kHz), the stacks that were initially aligned perpendicular to the
field direction started to rotate slowly, as a result, band
formation at nearly 45° relative to the applied field direction, as
shown in Figure S5 was observed. The speed and direction of
the rotation of platelets within each band depended on the
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relative position of the columns with respect to the external
electric field (see Supporting Information). We believe that
these patterns have an electro-hydrodynamic origin and have
been observed before for other particle shapes and
systems.”” "> When the field strength was further increased
to 0.07 V um™, all of the stacks were destroyed within a few
seconds due to much stronger electrohydrodynamic flows.
Many shorter columns and individual plates formed, which
resulted from breakage of longer ones due to a strong rotational
motion. When the field was turned off, the particles
instantaneously reformed stacks, and these stacks were directed
to ordered structures using low field strengths, E, , = 0.015 V
um™, f = 200 kHz (see Movie S2).

As a first indication of the intriguing optical properties of the
SA structures, we proceeded to measure the polarizing effects of
the stacks using polarization microscopy on the self-assembly in
an external electric field, as shown in Figures Sc and 6. We note

Figure 6. Polarization light micrographs of columns of 1.5 mM
dispersion in an electric field. The orientation of the polarizers and the
applied electric field are indicated by arrows in the lower-right corner
and upper-right corner, respectively. We note that we deliberately
rotated one of the polarizers a few degrees off from a perfect 90° in
order to distinguish the well-oriented columns of stacks from the
background. As a result, the background is not completely black. (a)
The orientation of the director parallel to one of the polarizers. (b)
The polarizers were orientated at about 45° to the applied field
direction. Scale bars are 15 um.

that when light passes through an ordered phase between
crossed polarizers, the orientation of the director is not parallel
to one of the polarizers. On the other hand, an ordered phase is
dark when the director is parallel to either of the polarizers.
Disordered (isotropic) phases are always dark irrespective of
the orientation of the polarizers because the scattering by these
phases does not change the polarization of the light. First, a
two-dimensional directed columnar phase of 1.5 mM dispersion
was observed with the polarized light microscopy. The dashed
arrows indicate the orientation of the polarizers (Figure 6a and
b). Figure 6a shows that the two-dimensional columnar phase
blocked allof the light when one of the polarizers was parallel to
the orientation of the columnar phase. We note that we
deliberately rotated one of the polarizers a few degrees off from
a perfect 90° in order to distinguish the well-oriented columns
of stacks from the background. As a result, the background is
not completely black. On the other hand, when both the
analyzer and polarizer were rotated into a 45° orientation, light
passed through the phase as seen in Figure 6b. We note that
individual platelets lying parallel to the plane appeared as dark
spots in Figure 6b.

In conclusion, we improved an existing synthesis method for
synthesizing single-crystalline Au nanoplatelets into a high yield
method with respect to platelets formed by using Ag
nanoprisms as seeds. We assembled the 2D nano sheets into
reversible flexible stacks by exploiting the secondary minimum
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in the interaction potential between two parallel plates at a
specific range (0.5—2.0 mM) of salt concentrations. Moreover,
we demonstrated that the interplatelet distance in a column as
well as the length of the columns can be controlled by varying
the salt concentration from tens to hundreds of nanometers.
With cryo-FIB-SEM, we were able to measure interplate
distances in a particle stack. These experimental values were in
a good agreement with our DLVO potential calculations. Next,
we investigated the electric field directed self-assembly of the
gold platelets in the absence and presence of salt. In absence of
salt or at low salt concentrations, particles did not form stacks;
they were aligned with their major axis in the field direction in a
head-to-toe like fashion. On the other hand, at salt
concentrations where the particles arranged into stacks, an
electric field was seen to align them in the same direction, thus
aligning the stacks perpendicularly to the external field.
Moreover, the stacks further assembled into a columnar
phase. As far as we know, such a control has not been
demonstrated previously. The 2D regular patterns were seen to
strongly polarize light, and further work is aimed at further
exploring the tenability and optical properties of these
intriguing self-assembled structures. Our system enables us to
vary the interplate distance within a column by tuning the salt
concentration such that a plasmon coupling can be realized.

B MATERIALS AND METHODS

Synthesis and Characterization. We synthesized gold
platelets by a modification of a procedure of Hachisu et al.’® An
important disadvantage of the original method of Hachisu et
al.’® was that the dispersions suffered from a low yield (less
than 10% of particles, by number, are platelets in a typical
synthesis), and a high degree of polydispersity both in size and
shape as shown in Figure S6. We used silver platelets (Figure
S1) as seeds to overcome this limitation. Ag nanoplatelets were
synthesized in two steps by a method of Liz-Marzan et al.*’ We
first synthesized small Ag nano particles as follows. In a closed
200 mL glass vial, 1 mL of 0.3 mM trisodium citrate (Sigma)
was added to 100 mL of 0.1 mM silver nitrate (99%, Aldrich)
solution. Next, 1 mL of 0.5 mM sodium borohydrate (Aldrich
Sigma) was added under gentle stirring, and immediately
followed by the addition 1 mL of a S wt % polyvinylpyrrolidone
(Fluka, 15K) solution. Stirring was stopped when the solution
turned to yellow. We used these Ag nano particles as seeds to
synthesize silver nano platelets in a photochromic growth step.
This step consisted of placing the suspension of silver seeds in
40 mL glass vials at a distance of about 3—4 cm from the light
source (Philips Master TL Mini Super 80 8W/840) in a
homemade photo reactor which consisted of 16 tube lights
arranged in a rectangular box. These lights had emission bands
at red (630 nm) and green (580 nm). The temperature inside
the reactor was maintained at 40 °C. After 24 h, silver plates
resulted as shown in Figure Sla. These particles were
subsequently used as seeds for the gold platelets synthesis.
Platelets with a width of submicron and a thickness of 16 nm
were prepared as follows. In a dark room, 500 uL of Ag
nanoplatelets solution was added to 25 mL of deionized water
(182 MQ cm, Millipore). Next, the suspension was mixed by
shaking the vial for about 3—4 s followed by the addition of §
mL of 10 mM aqueous chloroauric acid and 1.5 mL of filtered
saturated salicylic acid solution. The solution was maintained in
a thermostat water bath at 60 °C for 18 h. After the synthesis,
the particle suspension was washed a couple of times with
deionized water to remove smaller particles, and also unreacted
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species. In a typical synthesis 65% of hexagonal (and cut
triangular), and 35% of triangular shaped particles were
produced. Hexagonal and triangular shaped particles thus
synthesized are shown in Figure la. The average edge length of
the obtained triangular particles was 670 + 65 nm, and
hexagonal particles was 525 + 45 nm. The thickness of the both
particles was about 16 nm. We measured the surface potential
of particles in water, and in a 30 wt % glycerol solution using a
Malvern Zetasizer Nano. The surface potential of the particles
was —35 mV in water and —40 mV in 30 wt % glycerol
solution. Samples of gold particles of 1% by volume dispersed
in deionized water were confined to glass capillaries with inner
dimensions (cross section) of 0.1 mm X 1.0 mm or 0.1 mm X
2.0 mm (Vitrocom). The capillaries were cut to the desired
length for each experiment. After filling the cell with the
colloidal suspension, we sealed it with UV-curing optical
adhesive (Norland no.68), and we studied particle dynamics by
means of optical microscopy.

Electric-Field Setup. The electric cell consisted of a 0.1
mm X 1.0 mm or 0.1 mm X 2.0 mm cross section capillary with
two 50 um thickness nickel-alloy wires (Goodfellow) threaded
along the side walls. We used a function generator (Agilent,
model 3312 OA) and a wide band voltage amplifier (Krohn-
Hite, model 7602M) to generate the electric fields. The field
strength and the frequency were measured with an oscilloscope
(Tektronix, model TDS3052).

(Cryo-) Focused lon Beam-Scanning Electron Micros-
copy. Prior to the measurement, we mixed the gold suspension
with 30 wt % of glycerol. Glycerol was used to prevent
crystallization of water affecting colloidal structures. A droplet
of the suspension was placed on a copper grid (typically used
for transmission electron microscopy) and plunge-frozen in
liquid nitrogen. Subsequently, the frozen samples were
transferred under vacuum conditions to the FIB-SEM chamber,
which was maintained at cryo-temperatures. The FIB-SEM
(Nova Nanolab 600, FEI) was equipped with a cryo stage
(PP2000, Quorum Technologies, Laughton). FIB milling
conditions were 30 kV and 0.3 nA.

We used a scanning transmission electron microscopy
(STEM), a FEI Tecnai 20F with a field emission gun (FEG),
operating at 200 kV in high-angle annular dark-field mode
(HAADF-STEM).
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