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ABSTRACT: Shape control is of key importance in utilizing
the structure−property relationship of nanocrystals. The high
surface-to-volume ratio of nanocrystals induces dynamic surface
reactions on exposed facets of nanocrystals, such as adsorption,
desorption, and diffusion of surface atoms, all of which are
important in overall shape transformation. However, it is
difficult to track shape transformation of nanocrystals and
understand the underlying mechanism at the level of
distinguishing events on individual facets. Herein, we inves-
tigate changes of individual surface-exposed facets during
diverse shape transformations of Au nanocrystals using liquid
phase TEM in various chemical potentials and kinetic Monte
Carlo simulations. The results reveal that the diffusion of surface atoms on nanocrystals is the governing factor in determining
the final structure in shape transformation, causing the fast transformation of unstable facets to truncated morphology with
minimized surface energy. The role of surface diffusion introduced here can be further applied to understanding the formation
mechanism of variously shaped nanocrystals.
KEYWORDS: liquid phase TEM, gold nanoplate, shape transformation, surface structure, surface diffusion

Shape control is primarily important in the synthesis of
nanocrystals since they have a strong structure−property
relationship.1−3 Nanocrystals have a high surface-to-

volume ratio, inherently making them prone to diverse
structure transformations.4,5 The structure transformation
dynamically occurs during the synthesis of nanocrystals for
the formation of the desired morphology.6−8 Synthesized
nanocrystals are not always static and undergo further
transitions with respect to morphology and composition.9−12

For nanocrystals of a few nanometers in size, the crystallo-
graphic facets of exposed surfaces are not easily identified.13 In
this case, chemical potential difference between surface-
exposed atoms and monomers in the solution, regulated by
the concentration of monomers and the type of ligands,
controls the rates of adsorption and desorption reactions
occurring on the nanocrystal surface.4,14 The ratio of
adsorption to desorption determines the direction of the
transformation, either toward the growth or etching of the
nanocrystals. As the nanocrystals grow, they develop distinctly
faceted morphology according to its own crystal structure.
Because each surface-exposed facet has different surface free
energy, the chemical potential of monomers in a solution
inconsistently competes with the one of surface atoms on
different facets.15 Consequently, monomers in the solution

prefer to attach to the relatively unstable facets, driving
directional growth toward the formation of anisotropic
nanocrystal structure.6 The synthesis of anisotropic or faceted
nanocrystals can be realized by changing the reaction
conditions during the colloidal synthesis of nanocryst-
als.11,12,16,17

Another important factor that contributes to the shape
transformation of nanocrystals is the diffusion of surface
atoms.9 Depending on the type of materials and surface
ligands, atoms on the nanocrystal surface may not stand still.
They can move on the surface by overcoming the potential
energy barrier of the diffusion, which is closely related to the
surface structure and geometry.18 In addition, in the nanoscale
regime, the surface-to-volume ratio dramatically increases, and
the surface structure of the nanocrystal itself becomes
complicated. The diffusion coefficient of surface metal atoms,
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which is in the range of 0.1−10 nm2/s at room temper-
ature,19−21 implies that the surface diffusion, if activated, can
significantly affect the overall shape transformations. The
surface diffusion is presumably regulated by the surfactant
incorporated in the colloidal nanocrystal syntheses.22 In certain
cases, surfactant molecules can selectively passivate specific
facets of the nanocrystal, consequently changing the dynamics
of the surface atom diffusion.23−25 Thus, shape transformation
of nanocrystals is to be interpreted as a consequence of the
complex balance between adsorption, desorption, and diffusion
of surface atoms, which varies on different surface-exposed
facets of the nanocrystals. However, understanding the
pathway and underlying mechanism of the shape trans-

formation of colloidal nanocrystals is a complex task due to
the difficulty in probing the changes occurring on individual
facets of the nanocrystals. Spectroscopic methods have been
used, but they were only possible to track the transformation of
nanocrystals that have a strict scaling relationship between
their morphology and optical response.26−28 In addition, they
only provide averaged information on many nanocrystals in a
solution and barely decipher important events occurring in the
individual trajectories of the nanocrystal transformation.
Recently, liquid phase transmission electron microscopy

(LPTEM) was developed and enabled real-time observation of
individual nanocrystals dispersed in solution.29−31 For
example, growth to various shapes of nanoparticles and

Figure 1. Overall experimental setup and diverse shape transformation of Au nanocrystal. (A) Schematic illustration of a LPTEM cell for
observing diverse shape transformations of Au nanocrystals. (B) SEM images of synthesized Au nanoprisms and circular nanoplates. (C)
TEM image of an Au nanoprism and the corresponding electron diffraction patterns. (D) Snapshots taken from LPTEM, KMC simulations,
and vial synthesis, presenting the etching of Au nanoprisms in the oxidant solution, and (E) reformation of the etched Au nanoprisms of
different initial configurations. KMC simulation snapshots are obtained at t/t0= 0, 200, and 400 time points. The chemical potentials are μ =
−2.00 eV and μ = −1.75 eV in (D) and (E), respectively. In KMC simulations, bond energy and the diffusion energy barrier are held
constant at ε = 0.33 eV and εdiff = 0.1 eV, respectively.
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dissolution of synthesized nanoparticles have been successfully
tracked in real time by LPTEM.32−37 These studies elucidated
that controlling chemical conditions in the nanoparticle
solution is important to control the shape of nanoparticles. It
was also reported that, in single-nanoparticle trajectories, there
are multiple different pathways involved for the formation of
homogeneous nanoparticles.38,39 Nonetheless, it has been
challenging to differentiate structure changes on individual
surface-exposed facets that occur as a result of the balance
between important surface processes, such as monomer
adsorption/desorption and surface diffusion, and how the
structure changes respond to the chemical condition in
solution while developing a specific morphology of nano-
particles.
Herein, we use LPTEM to directly observe transitions of

individual surface-exposed facets of Au nanocrystals during
their diverse shape transformations, including the oxidative
etching of Au nanoprisms and reformation of faceted structure
at different monomer concentrations. In situ analysis combined
with kinetic Monte Carlo (KMC) simulations elucidates that
diffusion of surface atoms determines the final structure in Au
nanocrystal transformation and is a key factor for the formation
of truncated morphology with minimized surface energy.

RESULTS AND DISCUSSION
Oxidative Etching of Au Nanoprisms. The overall

design of the LPTEM experiment to investigate various shape
transformations of Au nanoprism is introduced in Figure 1A.
Au nanoprisms are synthesized by following a three-step seed-
mediated method (Figure 1B).40 Synthesized Au nanoprisms
have homogeneous morphology with the basal plane
composed of a {111} facet of face-centered cubic (FCC)
crystal structure (Figure 1C and Figure S1). In the selected
area electron diffraction (SAED) and fast Fourier transform
(FFT) patterns, we find 1/3 {422} spots directing to the tip
site of the nanoprism, which is commonly observed in Au
nanoplates with stacking faults parallel to the basal {111}
plane.6,34,36,41−44 This stacking fault of the twin plane is known
to generate convex {111} on the surface-exposed side facets of
the Au nanoprism. To induce shape transformations of Au
nanoprisms, a mixture of H2O2, HCl, and cetyltrimethylam-
monium bromide (CTAB) is used as an etching solution.
H2O2 oxidizes the Au atoms on the nanoprism surface, and
HCl can facilitate the oxidative etching since the reduction
potential of AuCl4− (AuCl4− + 3e− → Au(s) + 4Cl−, E(V) =
1.00 V), generated in the presence of HCl, is lower than that of
Au3+ (Au3+ + 3e− → Au(s), E(V) = 1.52 V) or Au+ (Au+ + e−

→ Au(s), E(V) = 1.83 V).45,46 CTAB, which consists of CTA+

and Br−, generates cationic micelles around the Au nanocrystal
surface and acts as a surfactant along with a halide counterion
during the reaction (Figure S2).47,48 Br− in CTAB can also
facilitate the oxidative etching of Au nanoprisms by generating
AuBr4− with low reduction potential and Br3− oxidant in the
presence of H2O2.

46,47 For LPTEM observation of shape
transformations, a solution of Au nanoprisms is loaded in the
liquid cell and the etchant solution is subsequently injected
into the liquid cell through the syringe pump (Figure 1A). In
parallel, the same reaction is also conducted by loading the
H2O2, HCl, and CTAB into the vial of Au nanoprism solution.
With a sufficient oxidizing strength of the etching solution, Au
atoms on the surface of the Au nanoprism can be oxidized to
AuCl4−, dissolving out into the solution (Figure 1A,D, Figures
S3−S5, and Videos S1 and S2).49,50 While oxidative etching

occurs, the surfactant, CTAB, can passivate the flat surfaces of
Au nanoprism, facilitating the access of oxidants to curved
surfaces.48,51 During the etching, Br anions can adsorb on Au
surfaces, which induces partial charge transfer and decreases
activation entropy for surface diffusion process.52,53 As a result,
the surface diffusion of atomic Au is promoted and the regions
with high curvature is smoothened.53−56 Thus, Au atoms on
the tip sites of the Au nanoprism are etched out first,
generating a circular nanoplate, as indicated by the increase of
circularity during the dissolution (Figure 1D and Figure S5).
The shape transformation from Au nanoprism to circular
nanoplate is consistently observed in LPTEM and the vial
reaction (Figures S6 and S7).
To understand the mechanism of the nanocrystal shape

transformation in the presence of a surfactant, we perform a
series of computer simulations. For these simulations, we
utilize the lattice gas KMC method.57 We particularly focus on
the shape transformation process on an fcc lattice such as Au
nanocrystal growth studied in this work. Our model only
resolves the lattice sites that are occupied by Au atoms or
vacant. The reaction rates change on lattice sites as a result of
stochastic events, which include (1) adsorption onto a vacant
lattice site, (2) desorption from an occupied lattice site, and
(3) diffusion to one of the 12 near neighbors for an fcc lattice
site (see Supporting Information for more details). According
to the KMC model, when the ratio of the chemical potential to
the bond energy, μ/ε < −6, the shape transformation is
dominated by etching of the nanocrystal.32 As shown in Figure
1D, KMC simulation results exhibit a competition between
atom desorption and surface diffusion. Since the tip sites have
lower coordination number compared to the flat surfaces, Au
atoms on the tip sites tend to dissociate, which facilitates the
etching process and results in the decrease of the nanocrystal
size with rounding of the corners. It is noteworthy that the
nanocrystal configurations during etching obtained from the
KMC simulation results are in reasonable agreement with
those from the LPTEM, and vial reaction (Figure 1D and
Figure S6).
Reformation of a Faceted Structure. As the chemical

etching proceeds in the entire liquid cell, dissolved Au ions are
continuously accumulated in the solution. The accumulated
Au ions can facilitate adsorption of monomers back onto the
surface of the etched nanocrystal, while the irradiated electron
beam serves as a reductive environment.39,58 The monomer
concentration in the solution, which is directly correlated with
the chemical potential, increases during the etching process. As
a result, the etching gradually slows down and adsorption of
Au atoms onto the surface of the nanocrystal dominates the
overall reaction, eventually inducing reformation of Au circular
nanoplates (Figure 1A and Videos S3 and S4). Overall, starting
from a nanoprism, the nanocrystal shrinks to a circular
nanoplate and then regrows to have a hexagonal plate
morphology (Figure 1E). Interestingly, although the shapes
of the etched nanoprisms are not homogeneous at the start of
growth, possibly due to the heterogeneous local environment
in the LPTEM, they all evolve into the uniform hexagonal
nanoplates after the reformation. These results indicate that
there is another important factor, besides the initial shape and
local environment in the solution, that actually drives the
nanocrystal shape transformation and dominates in determin-
ing the final structure of the growth product, which will be
discussed below.
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Before the sequential reformation starts to occur, the Au
nanoprism is observed to be etched out into a rounded shape
(Figure S8). We note that the surfactants also passivate the flat
surfaces of the Au nanoprism, and atoms on the tip sites
dissolve into the solution, resulting in the etching preferentially
from the tip site.48,51 After the reformation caused by the
increased chemical potential, contrast intensity of the
hexagonal plates almost stays the same compared to the initial
Au nanoprisms (Figure S8). It indicates that the surfactants
continuously passivate the basal plane during the entire
reaction, inducing two-dimensional growth only on the side

directions (Figures S2 and S9).59 In addition, while sequential
reformation occurs after the nanoprism etching, we are able to
observe the development and disappearance of intermediate
facets, leading to the hexagonal plate morphology (Figure
2A,B). Also from the KMC simulation results, when the ratio
of the chemical potential to the bond energy, μ/ε ≥ −6, we
observe the same growth process starting from the polygonal
nanocrystal to a hexagonal configuration, along with the
disappearance of the intermediate facets (Figure 2C and Figure
S10). This growth aspect observed in both LPTEM and KMC

Figure 2. Reformation of faceted structure to the Au hexagonal nanoplate. (A,B) TEM snapshots (top) and magnified TEM images (bottom)
of Au nanocrystal etching, followed by reformation. The colored dashed lines in the bottom row presents the three distinct surface-exposed
side facets during the shape transformation, matching with those in (C,D). (C) Snapshots from KMC simulations at t/t0 = 0, 100, 200, 300,
and 400 time points, illustrating the progression of growth of a 9-membered ring polygonal nanocrystal to a hexagonal configuration. The
chemical potential, bond energy, and diffusion energy barrier are μ = −1.75 eV, ε = 0.33 eV, and εdiff = 0.1 eV, respectively. (D) Illustration
of side facet analysis. (E,F) Time-series analysis of angle between a pair of side facets shown in (A,B), averaged over the angles of the same
type in (D). (G) Time-series analysis of angles between a pair of side edges shown in (C), averaged over 5 simulations.
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Figure 3. Analysis of surface-exposed facet development from individual side facets. (A,B) Reformation trajectories of two etched Au
nanoprisms, (C,D) time-series analysis of the distance between the center of mass of the projected area onto {111} basal plane and each side
facet and (E,F) time-series analysis of length of side facets shown in Figure 2A,B. The shaded area in (C−F) indicates the initial period of
reformation where the intermediate {220} facets are rapidly transformed to {111} facets. (G) Reformation trajectories obtained from KMC
simulations, where 12- and 9-membered ring polygonal nanocrystals with different initial configuration grow into a hexagonal configuration,
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simulations at high chemical potential regime is reproduced in
vial synthesis as shown in Figure 1E and Figure S11.
Evolution of Individual Facets in the Formation of Au

Hexagonal Nanoplates. We split in situ TEM movies into
time-series snapshot images, binarize them to black and white
images, and extract morphological information such as length
and adjoining angle of surface-exposed side facets using a
homemade Matlab algorithm (Figure 2D). This technique
provides in situ information to investigate the detailed shape
transformation of Au nanocrystals at the individual facet level.
Using the known crystal structure of the initial Au nanoprism
and Miller indices of its surface-exposed facets, we can define
the Miller indices of facets evolving during the shape
transformations (Figure 2A,B) by measuring the internal
angle between the evolving facets and the initial side facet of
the nanoprism (marked with black L in Figure 2D). The angle
between initial side facets of the nanoprism (θ) is 60° (Figure
2E,F), and the direction to each projected edge from the
nanoprism center is ⟨422⟩, which can be derived from the
direction to the 1/3 {422} spots from the center of SAED and
FFT patterns (Figure 1C and Figure S1). In the reformation
after oxidative etching, new facets (marked with red L′ in
Figure 2D) appear and grow to form the hexagonal plate
morphology. The angle between L and L′(θ′) is maintained at
approximately 120° (Figure 2E,F), indicating that the direction
to L′ from the nanoplate center is also ⟨422⟩. It is well-known
that Au hexagonal nanoplates with ⟨422⟩ directions
perpendicular to the projected edges have convex or concave
{111} as surface-exposed facets on the side planes.6,34,36,41−44

The hexagonal nanoplates obtained from the reformation are
likely to follow the same crystal structure (Figure 2A,B). In
addition, there is another family of facets that evolves
temporarily and disappears (marked with blue L″ in Figure
2D) during the reformation. They turn out to have an internal
angle (θ″) of ∼150° with the projected edges of the initial
nanoprism (the angle between black and blue dotted lines in
Figure 2A,B), as shown in Figure 2E,F. The direction which
makes a 150° angle with ⟨422⟩ corresponds to ⟨220⟩,
indicating that the {220} facets are exposed as the intermediate
side facets during the reformation. Those three distinct angles,
θ, θ′, and θ″, are also analyzed in nanoparticle trajectories from
KMC simulations (Figure 2C and Figure S10). To ensure that
two stable angles, θ and θ′, are 60 and 120°, respectively, at the
long-time limit, we intentionally start the simulations with
initial configuration whose angles are lower than and different
from the stable angles (Figure 2G and Figure S10). If the
dynamics of reformation is properly captured in KMC
simulations, those angles should converge to the stable values
same as LPTEM results, which also indicate the specific feature
of these values. As shown in Figure 2G and Figure S10, KMC
simulation results indicate that the angles converge to 60 and
120°, respectively, after ∼200 time units and slightly fluctuate
around these angles as the reformation proceeds. Overall,

Figure 2G and Figure S10 suggest consistency with LPTEM
results. The black and red surface facets, corresponding to
{111} facets, eventually constitute the hexagonal nanoplate,
while {220} facets, indicated by the blue dotted lines, are
temporarily exposed during the growth process. Furthermore,
it is noteworthy that in all tracked surface-exposed side facets,
measured angles between the side facets are invariant during
the entire reaction, which indicates that the outward
propagation of the exposed facets is maintained in the same
direction with respect to the center of the nanoplate during the
reformation.
Growth Kinetics Observed at Individual Surface-

Exposed Facets. Shape transformation from the etched Au
nanoprism to the hexagonal nanoplate under high chemical
potential conditions can be deconvoluted into the growth rates
of individual side facets. We track the distance between each
projected edge and center of mass of the projected area using
the growth trajectory, as shown in Figure 3A,B. Interestingly,
during the initial period of reformation, the intermediate {220}
facets quickly advance and eventually disappear, while {111}
side facets stay stagnant, which induces the shape trans-
formation of a polygonal nanocrystal into a hexagonal plate.
This growth aspect is clearly evidenced by the morphology
changes (Figure 3A,B), and the time trajectory of distances
between the projected edges and the particle center of mass
(Figure 3C,D). While the distance of {220} side facet (L″)
from the center of mass of the projected area dominantly
increases (marked as D″ in Figure 3C,D), the distance of initial
{111} side facets L (marked as D) and side facets L′ (marked
as D′) from the center of mass of the projected area, remains
almost constant during the initial reformation. In addition, as
the {220} facet is rapidly transformed to {111} facet, the
length of L″ decreases while the length of L′ increases overall,
which is shown in Figure 3E,F (see also Figure S12). These
results imply that monomers in the solution are primarily
consumed to transform {220} into {111} facets during the
initial reformation. Consequently, the side facets L and L′ are
only extended but do not advance (Figure 3C−F).
The dominant development of the intermediate facets is also

prominent in the growth trajectories obtained from KMC
simulations. Figure 3G illustrates the simulated progression of
nanocrystal growth starting from different initial configurations
of 12- and 9-sided polygons in the left two and right panels,
respectively. Although the initial configurations are different,
they all converge into a hexagonal configuration. A closer look
at Figure 3G reveals that, during the growth process, the
projected edges stay parallel to the initial edges, regardless of
the initial edge angle. Figure 3G also indicates that the length
of intermediate facets decreases as they move perpendicularly
to the edge normal direction, whereas the length of stable
facets increases before the shapes converge to a hexagonal
configuration. The length of stable (red) and intermediate
(blue) facets projected onto {111} basal plane, normalized by

Figure 3. continued

from blue to red. (H) Time-series analysis of nondimensional length of side facets for the initial 9-membered ring polygonal nanocrystal
shown in (G) (right panel), averaged over 5 simulations. In these simulations, the chemical potential, bond energy, and diffusion energetic
barrier are μ = −1.75 eV, ε = 0.33 eV, and εdiff = 0.1 eV, respectively. (I) Snapshots from KMC simulations, obtained at t/t0 = 400 time point
for high chemical potential (left) and the chemical potential slightly above the etching regime (right), while ε = 0.33 eV, and εdiff = 0.1 eV are
held constant. (J) Time-series analysis of the projected area onto {111} basal plane of nanocrystals for high chemical potential (left) and the
chemical potential slightly above the etching regime (right). KMC simulations are represented by solid lines and LPTEM results are
represented by pink open circles.
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the initial length of the stable facet, is plotted against
nondimensionalized time (t/t0) in Figure 3H. In this trajectory,
t0 is the reciprocal of the event rate constant in KMC
simulations (see Supporting Information for more details).
The results in Figure 3H also confirm our finding that the
length of an intermediate side facet decreases and that of a
stable side facet increases with time as the growth process
continues until the intermediate side facet completely vanishes.
From the LPTEM experiments and KMC simulation results

in high chemical potential regime, we note that the initial

configurations of nanocrystals from the moment the
reformation starts are heterogeneous. Nonetheless, they all
converge to hexagonal nanoplates via the dominant develop-
ment and transformation of the surface-exposed {220} facets.
We also observe from Figure 3A that {111} facets start to
advance and grow after the intermediate {220} facets
completely vanish. Thus, the distances D and D′ start to
increase after the dominant development of {220}, while the
number of surface-exposed side facets decreases and the
projected area continuously increases (Figure 3C and Figure

Figure 4. Reformation mechanism of Au nanocrystals from KMC simulations. Atomic-scale 3D view of the progression (left to right, top to
bottom) of a Au nanocrystal growth from the (A) top view and (B) side view shown in Figure 2C. Edges of the stable facets are marked by
red lines, and disappearing edges of the unstable facets are marked by blue lines. Top rows are the magnified images of the bottom rows,
presenting the rough surface composed of kink and step sites on unstable facets, compared to the smooth stable facets. (C) Initial
configuration of 9-membered ring polygonal nanocrystal and (D) corresponding final configurations at t/t0 = 400 time point for different
diffusion barrier, obtained from KMC simulations, where chemical potential and bond energy, μ = −1.75 eV and ε = 0.33 eV, respectively,
are held constant.
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S12). However, in Figure 3B, additional growth of {111} side
facets does not occur, even after the {220} facets stop
advancing (Figure 3D and Figure S12). Additional growth of
{111} side facets after the hexagonal nanoplate reformation
can be deduced from the high concentration of Au monomers
in the liquid solution, which is confirmed by the KMC
simulations (Figure 3I and Figure S13). The increase of the Au
monomer concentration, thereby increasing the chemical
potential in the solution, can induce further growth of the
hexagonal nanoplate, as illustrated in Figure 3I and Figure S13.
After the intermediate facets disappear, layer-by-layer deposi-
tion can occur on surface-exposed {111} facets (Figure S14),
which is manifested by the increase of D and D′ in Figure 3C.
The trajectory of the projected area illustrates a continuous
increase, which indicates a continuous growth of nanocrystal,
shown in the left panel of Figure 3J and Figure S13. Figure 3J
also compares the trajectories of the normalized projected area

A A( / 1)0 at high chemical potential regime (left panel)
and the chemical potential slightly above the etching regime
(right panel), where A0 is the initial projected area. The KMC
simulation results in the left panel of Figure 3J suggest that the
normalized projected area grows linearly with time, ∼t (dashed
lines), at high chemical potential, which is in reasonable
agreement with the power law, ∼t1.2, of the LPTEM result
(pink open circles) taken from Figure 3A.35,60 However, if the
chemical potential is slightly above the etching regime (μ/ε ≥
−6 or μ ≥ −1.98 with ε = 0.33 eV), growth process is retarded,
and additional growth does not occur after the unstable
intermediate facets vanish. In this case, the normalized
projected area of nanocrystals initially increases but nearly
stops growing soon after, showing a sublinear growth overall
(right panel of Figure 3J and Figure S13).
Reformation Mechanism of Au Nanocrystal and the

Effect of Surface Diffusion. Although the Au monomers in
the liquid solution can be adsorbed to {220} as well as {111}
facets, only the surface-exposed {220} facets predominantly
develop until they totally disappear. This mechanism can be
deduced from the significant diffusion of Au atoms on the
nanocrystal surface. This surface diffusion is verified when we
look at the progression of nanocrystal reformation in high
chemical potential regime from KMC simulations in atomic
scale, as illustrated in Figure 4A,B. Since {220} facets are less
closely packed than {111} facets, and thus have higher surface
free energy in FCC crystal system,61,62 they contain more
dangling bonds, kinks, or step sites where the surface atoms
can easily diffuse and occupy (Figure S15).23 The surface
diffusion is driven by surface-energy reduction, and leads to the
reformation of nanocrystal surface.63 As a result, when the Au
monomers start to get adsorbed on the nanocrystal surface at
high chemical potential regime, they quickly diffuse to unstable
{220} facets, heavily contributing to layer-by-layer out-of-plane
growth of {220}. On the {111} facets, however, only in-plane
expansion is apparent until {220} fully develops and vanishes,
eventually generating a nanoplate with hexagonal structure.
To demonstrate the effect of surface diffusion on the growth

mechanism, we perform a series of KMC simulations with
different energy barriers to the surface diffusion. To better
understand the impact of surface diffusion on the final
configuration of nanocrystal in the growth process, we start
these simulations from the same initial configuration of the
nanocrystal. Figure 4C shows the top view projected into
{111} basal plane with 9-membered ring of the initial

configuration, and Figure 4D illustrates the snapshots of the
nanocrystal configuration at t/t0 = 400 time point for different
values of the surface diffusion energetic barriers (εdiff), taken
from KMC simulations. When diffusion barrier is high (εdiff =
0.8 eV, Figure 4D), surface atoms cannot readily diffuse to the
unstable facets. Hence, the final configuration becomes similar
to the initial configuration composed of unstable high-index
rough facets as surface-exposed side facets. As the energy
barrier decreases, diffusion to unstable facets is facilitated,
generating a nanoplate of hexagonal configuration with stable
{111} side facets (εdiff = 0.1 eV, Figure 4D).
The importance of surface diffusion in determining the final

nanocrystal structure is also confirmed by other LPTEM
experiments, KMC simulations, and vial synthesis. We
synthesize Au circular nanoplate as a starting material in
LPTEM experiment, and inject the same etchant solution into
the liquid cell, as illustrated in Figure 1B and Figure S16.
Consequently, the etching followed by sequential reformation
and growth is reproduced for Au circular nanoplate as well, and
the final product is also hexagonal plate truncated with stable
{111} facets (Figure S17 and Video S5). In KMC simulations,
we look at the progression of the growth starting from circular
nanoplate and prism nanocrystals, all of which conclusively
indicate that the final structure is a hexagonal plate (Figure
S18). It is noteworthy that the intermediate configurations
look different for different initial shapes, and are dependent on
the initial configurations. However, the long-time observations,
during which surface diffusion is actively affecting the growth
process, suggest an ultimate hexagonal plate and independence
of the initial configuration.
In a control experiment, we inject a mixture of H2O2, HCl,

and cetyltrimethylammonium chloride (CTAC) into the liquid
cell instead of CTAB. It is known that the affinity of Cl− with
Au metal surface is lower than that of Br−, so are the surface
density of Cl− and counterion CTA+ on Au nanocrystal
surfaces.25,59,64 It results in the reduction of surface passivation
and promotion of the adsorption/desorption of surface Au
atoms when CTAB is replaced by CTAC. It possibly weakens
the contribution of surface atom diffusion to the shape
transformation. The etching followed by sequential reforma-
tion and growth is reproduced in a control experiment with
CTAC, as shown in Figure S19 and Videos S6 and S7.
However, there are differences in the case of CTAC. The
etched nanoprisms do not always grow to hexagonal nanoplate.
Deposition of Au atoms on the basal plane for the formation of
3D morphology also frequently occurs (Figure S19). Reduced
surface passivation by CTAC makes etched nanoprism highly
affected by the local environment, inducing the heterogeneity
in the degree of etching and the pathway of the regrowth.
Consequently, it reveals that suppressing the surface diffusion
can disturb the homogeneous fine control of shape evolution,
implying that controlling the surface diffusion, with respect to
the degree of the surface reaction such as monomer adsorption
and desorption, can be an important direction to induce the
homogeneous shape of the nanocrystals truncated with stable
low-index facets.
In the vial synthesis, we use nanoprisms with sharp corners

and round corners as the starting materials for the growth
reaction, and all the final structures turn out to be hexagonal
nanoplates as shown in Figure S20. Plasmon peaks of starting
materials from the extinction spectra converge to the similar
spectrum and peak positions after the growth reaction, which
indicates the effect of surface diffusion on determining the
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formation of final structure. In addition, we quantitatively
analyze the dispersity of Au circular nanoplate growth reaction,
as shown in Figure S21. To some extent, there is a dispersity in
the plane area of the growth products, which suggest the
possibility of heterogeneity in controlled vial synthesis, similar
to the LPTEM results. Nevertheless, all of the final structures
turn out to be hexagonal nanoplates. We also use different sizes
of Au circular nanoplates as a starting material and change the
pH or concentration of surfactant during the reformation
reaction, all of which leads to hexagonal nanoplate
configuration (Figure S22). Overall, the results clearly
demonstrate that the surface diffusion of adatoms on the
nanocrystal surface plays a key role in determining the final
configuration, leading to a universal growth product truncated
with stable {111} facets.

CONCLUSIONS
In conclusion, we directly observe the diverse shape trans-
formations of Au nanocrystals using LPTEM and analyze the
transition of individual surface-exposed facets. Oxidative
etching of Au nanoprism and reformation of faceted structure
are induced by changing the chemical potential in the reaction
solution, and observed in LPTEM along with the vial synthesis.
Combined with KMC simulations, surface atoms on exposed
facets are found to diffuse to unstable {220} facets, resulting in
the dominant development of surface-exposed {220} facets
into stable {111} facets. The results show that diffusion of
surface atoms heavily contribute to the final structure in Au
nanocrystal transformation, generating truncated morphology
with minimized surface energy. Overall, the surface diffusion,
as highlighted in this work, is a critical factor in the shape-
controlled synthesis of colloidal nanocrystals.

METHODS
Synthesis of Au Nanoprisms. Triangular Au nanoprisms were

synthesized by a three-step seed-mediated method, as reported
previously.40 The first step is to prepare ∼5 nm spherical seeds. A
total of 20 mM aqueous HAuCl4·3H2O solution, 1 mL of a 10 mM
aqueous solution of sodium citrate, and 1 mL of 100 mM aqueous
NaBH4 (ice cold) solution at the last step were added to 36.5 mL of
deionized water with a magnetic stirring bar. A mixture of 108 mL of
0.05 M aqueous CTAB solution and 54 μL of 0.1 M aqueous NaI
solution was divided into three containers. Out of this mixture, a total
of 9 mL was added to each container labeled 1 and 2. The remaining
mixture (90 mL) was transferred to container 3. A mixture of 125 μL
of 20 mM aqueous HAuCl4·3H2O solution, 50 μL of 100 mM NaOH,
and 50 μL of 100 mM ascorbic acid (at the last step) was then added
to each container 1 and 2. A mixture of 1.25 mL of 20 mM HAuCl4·
3H2O, 0.5 mL of 100 mM NaOH, and 0.5 mL of 100 mM ascorbic
acid was added to container 3. A total of 1 mL of seed solution was
introduced to container 1 with mild shaking, followed by addition of 1
mL of container 1 solution into container 2. After gentle shaking, the
entire solution in container 2 was added to container 3.
Synthesis of Au Circular Nanoplates. Au circular nanoplates

were prepared by oxidative etching process. One mL of 0.1 M HCl
and 1 mL of 9% H2O2 were mixed with 10 mL of Au nanoprisms (OD
1.0 in 785 nm) at 50 °C for 1 h. After 1 h, the extinction band was
located to 800 nm. After the etching reaction, the samples were
washed twice by centrifugation at 8000 rpm for 20 min.
Synthesis of Au Hexagonal Nanoplates. Hexagonal nanoplates

were synthesized from Au reduction process. Au circular nanoplates
were diluted to 1.0 OD (in 800 nm). A total of 6 mL of circular
nanoplates, 1 mL of 0.1 M CTAB, 80 μL of 0.1 M ascorbic acid, and
20 mM HAuCl4 (at the last step) was added to the 20 mL vial. The
reaction was conducted under 30 °C for 6 h. After reaction, the
samples were washed twice by centrifugation at 6000 rpm for 20 min.

In Situ Liquid Phase TEM Investigation. The flow-type liquid
cell (Protochips, USA) consists of bottom chip (550 × 50 μm window
with 150 nm thick spacer) and top chip (550 × 50 μm window). The
thickness of the silicon nitride membrane is 50 nm. A small amount of
Au nanoprisms dispersed in deionized water (less than 0.2 μL) was
loaded onto the bottom chip, and the liquid cell was assembled inside
the Poseidon select holder (Protochips, USA). For the injection of the
etchant solution, mixture of 450 μL of 1% H2O2, 450 μL of 5 mM
HCl, and 100 μL of 1 mM CTAB aqueous solution was loaded into
the Hamilton gastight syringe, and injected into the liquid cell
through the syringe pump with the flow rate of 120 μL/h. While such
chemical conditions were maintained constantly, the switching from
etching to reformation occurred spontaneously as the oxidized Au
ions accumulated in the liquid cell. For high oxidizing power to
induce oxidative etching of nanoprism exclusively, mixture of 450 μL
of 3% H2O2, 450 μL of 10 mM HCl, and 100 μL of 1 mM CTAB
aqueous solution was injected. In a control experiment for studying
the effect of different surfactant system on the shape transformation,
CTAB was replaced with CTAC. A mixture of 450 μL of 1% H2O2,
450 μL of 5 mM HCl, and 100 μL of 1 mM CTAC aqueous solution
was injected. JEM-2100F TEM (JEOL) was operated for in situ TEM
imaging under the acceleration voltage of 200 kV, with an UltraScan
1000XP CCP detector (Gatan). Throughout the in situ imaging, the
electron dose rate was maintained to ∼ 90 e−/Å2s, and the movies
were recorded in 10 frames per second. It is noteworthy that we used
flow-type LPTEM whereby continuous circulation of the fresh
solution prohibits accumulation of radiolysis species that might be
generated by the e-beam.65−67 After acquiring in situ movies, we used
our homemade MATLAB code to split the movies into time-series
images and processed binarization of the TEM images into black and
white images for further quantitative analysis.
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