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We report two different fromation mechanisms of triangular Au
nanoplate through transformation of truncated octahedron and
the direct formation of triangular seed using liquid-cell TEM. This
work stresses the great significances of thermodynamics and
kinetics in the formation and later shape transformation of
triangular nanoplate.

The synthesis of nanoplates has been studied intensively due to
their remarkable applications in catalysis,® sensing? and
biomedicine.® Particularly, triangular nanoplates attracted
great attention for their shape- and dimension-dependent
surface enhanced properties and unique optical properties.*3
The synthesis of uniform triangular nanoplate in high yield
remains a challenge due to the lack of understanding of their
formation mechanism. It is suggested that stacking faults of the
{111}-layers or twin planes in the crystal seeds drive the
production of nanoplates.> 10 As described in the silver halide
growth model, the concave side-faces in hexagonal seed grow
faster than convex side-faces, leading to the formation of
triangular nanoplate.’® 1 Another possibility is a slow
deposition of newly produced atoms to the seeds during the
early stage of the growth, and the growth rate in the [111]
direction is greater than that in the [100] direction.'? Besides,
spherical particle attachment can also drive the formation of
triangular nanoplate.'®> * Moreover, the shape evolution of
nanoplate also support the appearance of triangular plate
structures through the energetically more favourable growth of
{100} planes.’> So far, available experimental data are
insufficient to delineate between these possible mechanisms of
triangular nanoplate formation and growth.
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Recent liquid-cell transmission electron microscopy (LC-
TEM) investigations revealed that the formation and growth of
gold (Au) nanoplate in auric salt solution can be affected by
kinetics and thermodynamics.’> 16  Still it
experimentally unresolved whether the twin planes form via
the transformation of truncated octahedron or through the
direct nucleation of a twinned seed. In addition, the mechanism
of shape transformation of triangular nanoplates remains

remains

elusive. Therefore, an in-depth mechanistic understanding of
anisotropic nanoplate formation and growth is required. Herein
we used LC-TEM technique to directly probe the formation
process and growth dynamics of Au nanoplates in aqueous
solution, providing new insights into possible structures of
initial seeds, intermediates and their evolution into the final
products of the nanoplates.

First, two different formation processes of triangular
nanoplate were revealed (Movie S1 and S2, Figure 1). Figure 1a
displays the formation process of triangular Au nanoplate via
truncated octahedron seed. Initially, a nanoparticle appeared at
9.2 s. Fast Fourier Transform (FFT) image suggests that it is a
single crystal with a shape of truncated octahedron, as
evidenced by the angular relation between {111} and {100}
facets (Figure 1a). Subsequently, the truncated octahedron
transformed into hexagonal seed at 19.0 s. After that, the
hexagonal seed quickly grew into a nanoplate at 34.8 s (Figure
S1). Rotation of the nanocrystal at 42.0 s in solution
demonstrates its plate-like structure. And then three side faces
of nanoplate gradually grow out of existence, and ultimately the
hexagonal nanoplate evolved into a triangular nanoplate with
sharp corners (at 61.2 s in Figure 1a).

In addition, initial twinned seed with triangular shape is also
responsible for the formation of triangular nanoplate under the
lower electron dose rate (Figure 1b). Firstly, a triangular seed
first formed, as reported in previous work.” The electron beam
induced deposition of Au atoms from solution to the
nanocrystal side faces causes it to grow isomorphically (at 68.6
s). During subsequent growth stages, slight truncated triangular
nanoplate also appeared at 123.2 s, transforming into a
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Figure 1. Formation processes of triangular Au nanoplate. (a) Time-lapse sequence of in situ TEM images show the formation of an Au triangular nanoplate
through the transformation from cuboctahedron to hexagonal seed intermediates. The inset at 9.2 s represents a corresponding FFT image. (b) The direct

nucleation and growth of triangular nanoplate.

triangular plate at 389.2 s presumably by surface atoms
diffusion. More importantly, the contrast of TEM images
suggests that the edges of the nanoplate are thinner than its
internal parts. Moreover, initial triangular seed possesses the
threefold symmetry and therefore can contain three active sites
for growth to maintain the overall three-fold symmetry in the
developed triangular nanoplate. These observations show that
the atoms deposition on side faces drives the isomorphic
growth of triangular nanoplate.

These results show that both the transformation of
truncated seed-to-triangular
nanoplate and the directed growth of twinned triangular seed

octahedron-to-hexagonal

contribute to the formation of triangular plate structure. On
one hand, initial seeds tend to minimize surface free energy to
form truncated octahedron with {111} and {100} facets, as
demonstrated in Figure 2a.'! On the other hand, the low
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Figure 2. The analysis of triangular Au nanoplate formation process via truncated
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octahedron. (a) The ex situ HRTEM image shows a truncated octahedron with
large {111} and small {200} facets observed near triangular nanoplate along the
[110] direction (see model in the bottom right insert). (b) The HRTEM image of
the Au nanocrystal, wherein the {111} facets were identified. The {111} twin
plane is indicated by yellow arrow. (c) The schematics shows the formation of Au
triangle nanoplate through the transformation of truncated octahedron to
hexagonal seed to final triangle. (d) Energetics of adatom deposition onto
concave and convex edges of gold nanoplate. The numbers reflect energy gain (
|AE|) due to adatom deposition at the corresponding site. (e) Particle shape
modelled using thermodynamic and kinetic modified Wulff model.

reduction rate leads to the appearance of triangular seeds with
stacking fault under the lower electron dose rate!® where the
slower growth rate is found from the size change (Figure 1b).
But from our ex situ characterizations, triangular seed is rare in
the early stage, and thus, the truncated octahedron mediated
triangular nanoplate formation is dominant in our experiments,
which supports the report before.!! In addition, Au nanocrystal
have low stacking fault energy,’® and the energy barriers of
structural transformation for metal nanoclusters are
comparable to thermal energy (~ kT).2° These points imply that
the formation of lamella twining plane is easy within the
truncated octahedron during the transformation at constant
particle size (Figure S1).2! A typical nanoparticle with {111} twin
plane is observed (Figure 2b), which may represent the twin
structure of hexagonal seed. As soon as the twin plane forms, it
drives the lateral growth of hexagonal nanoseed, representing
the beginning of nanoplate growth. These analyses highlight the
importance of thermodynamic consideration, in which twin
plane plays a very important role in an energetically two-
dimensional growth. Interestingly, the appearance of twin
plane also accompanies with the formation of alternating
concave and convex edges (Figure 2b). Briefly, we propose that
the thermodynamic parameters, local nucleation kinetics or
reduction rate determine the initial seed structures, which
require more investigations in the future.

To understand how triangular nanoplate forms from
hexagonal seed, we employed the modified kinetic Wulff model
where alternating concave and convex edges were considered
(Figure 2b-e).22 The model can be defined as a superset of
shapes for each segment of
S ={2:% -1 < A(t)v(G) (1 + (1)) for all unit vectors 7}
(1)
where A(t) reflects the temporal change in volume, V(1) is the
growth velocity, and the enhancement factor is defined as:

©(1) = @re — entrant (1) + Prwin(1) + G aisciination (1) (2)
with the first term corresponding to the enhancement factor at
re-entrant surface, the second at the twin plane and the third
at disclinations (¢disclination(ﬁ) = 0 in this study).
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Density functional theory (DFT) simulations were performed to
quantify the velocity enhancement effect. They predict that
adatom deposition is an energetically favourable process, i.e.
the change in energy AE=E, 4a—Ep—Eqa<0, where
Ep+adar Epand Eqq are the energy of the gold particle with
adatom, the energies of the isolated particle and the adatom,
respectively. The energy gain, |AE|, depends on the local
adatom coordination with adatom deposition at the concave
twin plane being the most energetically favourable (Figure 2d).
Simulations predict the energy difference for adatom
deposition at the concave twin plane compared to that at the
convex edge to be equal to ~0.77 eV (Figure 2d). The
corresponding enhancement factor @ewin(1) is then equal to
2.16. The preferential depositions of atoms at the twin plane
will create additional sites with coordination similar to that at
the twin plane, thereby accelerating the growth not only along
the twin boundary, but also along the concave edges.
Therefore, @re — entrant(1) is slightly smaller than Pewin(), We
note that the observed plate-like structures cannot be obtained
using the thermodynamic Wulff construction.?? In contrast,
kinetic Wulff construction for single-twinned particles with
Pewin(1) = Qre — entrant(11) predicts triangular plates when the
enhancement in growth velocity is applied at the concave
surface, in agreement with DFT simulations predicting
energetically favourable adatom deposition along these sites
(Figure 2e). These data predict that the anisotropic growth of
triangular nanoplate is a predominantly kinetically driven
process.
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Figure 3. Shape transformation of Au nanoplate. (a) Time-lapse sequence of in
situ TEM images shows the transformation of triangular to hexagonal to final
reversed triangular nanoplate. The rounded corners were marked by white
arrows at 23.8 s. (b) The plot of logarithmic relationship exists between
equivalent particle radius, R, of average size nanoplate and time. (c) The growth
rates of nanoplate along three different directions.

In addition to the formation of triangle nanoplate, its later
growth process also keeps unclear. Previous works have
reported that shape transformation often occurs during
nanoplate growth.?3 Here, an interesting shape transformation
of nanoplate from triangle to hexagon to final reversed triangle
was observed at electron dose rate of 4.8 e/A2s (Figure 3a, see
Movie S3 for details, Figure S3). The nanoplate with slight
truncation grew along [422] directions (Figure S2).
Subsequently, the triangular nanoplate transformed into
hexagonal (between 1.4 s and 6.4 s) and then to truncated
triangular nanoplate as an intermediate (16.4 s), which
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indicates that the atoms prefer to attach onto the edges of the
nanoplate with little depositing at the corners. Thereafter, the
original edges get rounded corners (marked by arrow at 23.8 s).
Progressively, the shape of nanoplate grows back to a reversed
triangle relative to the original one at 44.0 s.

The growth dynamics of nanoplate is quantified to elucidate
the possible mechanistic pathway of shape transformation. The
power law fit shows that the equivalent radius (Req) grows as
t%20 (Figure 3b). Based on the Lifshitz-Slyozov and Wagner
theory, the observed time evolution of R4 suggests that the
shape transformation of nanoplate is a diffusion limited growth.
However, diffusion limited growth always results in the
formation of spherical or dendritic nanocrystals,?* which
obviously deviate from our observation. Such deviation imply
that diffusion limited growth is not enough to explain the shape
transformation mechanism. Notably, the growth rate of
approximately 1.7 nm/s in these directions remained almost
identical (Figure 3c), which roughly equals to seven atomic
layers because the crystal lattice distances between (111)
planes and (100) planes are 0.24 nm and 0.20 nm. And this
growth rate is higher than the previously reported value (three
layers per second).!! Therefore, we speculate that surface
reaction limited growth, which probably depends on the atomic
structures of the side faces, drives the shape transformation.

C
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Figure 4. The analysis of shape transformation. (a, b) SAED patterns of a

triangular Au nanoplate are viewed along the [111] and [011] zone axes,
respectively. The insets are corresponding TEM image of the Au nanoplate on
the SisN, membrane. (c) The schematic of triangular nanoplate. (d) Schematic
illustration of the shape transformation of Au triangular nanoplate. The
preferential Au atom deposition on the {100} dominated edges of the triangular
nanoplate leads to a truncated nanoplate intermediate with a mix of {100} and
{111} dominated edges. Further Au atom deposition produces a larger triangular
nanoplate with {111} dominated edges. The yellow arrows indicate the
preferential growth directions of nanoplate.

It is found that side faces consist of {111} and {100} plane
(Figure 4a-b and Figure S4), which is in line with previous reports
where a mixture of {111} and {100} facets is unravelled.> 2> We
hypothesize that the side facets of nanoplate are covered by
either {111} or {100} facets dominated edges (Figure 4c). Using
this hypothesis, the shape transformation mechanism can
readily be explained (Figure 4d). Due to more neighbouring
atoms of {100} than {111} facets, the edges with {100}
dominated facets have faster growth rate (left in Figure 4d). As
described by sub-step mechanism, the fast growing {100} faces
drive the preferential lateral growth, leading to the production
of sub-steps at the twin planes.?® 27 Subsequently, these sub-
steps produce new steps on the adjacent {111} faces and
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therefore increase the growth rate of the whole side faces,?’
driving the formation of a truncated or hexagonal intermediate
(middle in Figure 4d), after which further atom attachment or
surface atom diffusion produces a larger triangular nanoplate
with more stable {111} dominated edges (right in Figure 4d).
Once triangular nanoplate with {111} dominated edges forms,
it will continuously grow preserving its shape. Overall, the shape
transformation during growth is driven by thermodynamics
encompassing surface energy minimization of side faces. Such
result is consistent with the previous observation that the
growth is driven by thermodynamic.1?

In conclusion, we report the formation, lateral growth and
shape transformation of triangular Au nanoplate. Our in-situ LC-
TEM observations reveal two different formation pathways for
triangular Au nanoplates. One is that a thermodynamically
stable truncated octahedron seed forms, followed by formation
of a hexagonal seed with twin plane, finally transforming into a
triangular nanoplate through kinetic enhancement at concave
sites. Another is the direct nucleation and growth of twinned
seed. Remarkably, the observed shape transformation of
triangular to hexagonal to reversed triangular nanoplate can be
well explained by thermodynamic mechanism, implying the
importance of side face structure for the final shape of the
nanoplates. This report clarifies the microscopic formation
process of nanoplates and the origin of an observed reversible
shape change, which deepens our understanding of how
thermodynamics and growth kinetics affect nucleation and
growth of complex twinned structures.
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thermodynamics and kinetics during the formation and growth of Au
triangular nanoplate.
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