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ABSTRACT: We explore the origin of inequivalent etching on equivalent
crystal sites by developing a kinetic Monte Carlo model. This new model focuses
on the effects of both the diffusion of reactants and ligands, factors that are
ubiquitous in wet-chemistry experiments and yet often overlooked or
oversimplified in conventional simulations, where the defaults are rapid reactant Inequivalent Etching
redistribution and rapid equilibration of ligand adsorption/desorption. Our 4
results show the dramatic differences arising from non-equilibrium ligand
control, which cause selective etching at the corners, edges, or facets of Au

Diffusion

Kinetic Monte Carlo~ Ligand

Curvature

triangular nanoplates. Basically, the ligand effects provide a positive feedback 3

when etching targets the ligand-deficient sites, and the newly exposed atoms are

ligand-free. In contrast, slow reactant diffusion provides a negative feedback, as a reactive site cannot etch unrestrictedly due to the
lack of reactants. The dynamic competitions are clearly manifested in the focused etching mode when ligand effects coincide with
large diffusion rates. By appropriately setting these two crucial factors, we reproduce in silico a series of etching products that are fully
consistent with previous experimental results, along with the details in the shape of notches at the edges and holes on the plane. We
believe that our simulation model could be expanded to many other systems and provide detailed inner workings for the mechanisms

of abnormal crystal morphologies.

Synthetic development of nanocrystals is of fundamental
importance for the advance of nanotechnology as it
provides the initial innovation of materials for functional
exploration. Other than experimental studies of synthetic
methods, a vital alternative is computational simulation, which,
with the suitable parameters, could unveil the kinetic details of
various processes, such as morphological transformation and
ligand-specific facet control.'™

Previous simulations often downplay the role of ligands in
the morphological evolution of nanocrystals”®’ while assum-
ing that the diffusion rate of reactants is sufficiently fast to
reach near-equilibrium.z’ﬁ'_7 Thus, the reactants could be
described by constant chemical potentials. Under near-
equilibrium conditions, this approach has been rather effective
in predictin(g the most stable facets in a wide range of
materials’'" and even helical structures by introducing screw
dislocation.' "

However, abnormal growth modes beyond facet control
have been reported, for example, the dendritic growth of
snowflakes,">™"® the growth of a long “tail” from the initially
equivalent side facets of Ag nanoplates,'® or the formation of
raised ridges and deep valleys from initially flat Au nano-
plates.'” Notably, in these cases, the equivalent sites do not
grow equivalently, which cannot be explained within the
aforementioned framework. Thus, more factors should be
taken into consideration to fully account for the growth modes
in these systems,'® perhaps by invoking nonuniform reactant
distribution and/or ligand effects.
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Nonuniform diffusion has been studied in the dendritic
growth of snowflakes.'”™>' Evidently, this growth mode
deviates from traditional theories of crystal growth, where
branching is not favored. By incorporation of diftusion into a
Monte Carlo model, Gravner et al. successfully simulate the
formation of snowflakes with diverse morphologies.'”’
However, this approach has rarely been applied to crystal
growth in solution.

The conventional treatment of ligands involves calculating
their adsorption energies on different crystal facets, and the
facet having the largest adsorption energy is considered as the
dominant one in the ultimate morphology.”> We have
concerns over these simplified treatments, as the packing of
strong ligands takes time,”* and the resulting nonuniform
distribution would certainly affect material deposition. There-
fore, it is essential to incorporate dynamic ligand conditions
into simulation of wet-chemistry material synthesis, particularly
for strong ligands during rapid growth.

In our past study of active surface growth or etching, we
have come to know the enormous impact of ligand effects.”*>°
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Of close relevance to this work, by pre-coverage of strong
ligands and removal of the excess ones, we could focus etching
to occur at the supposed ligand-deficient side ed§es or the flat
region of Au nanoplates, giving serrated edges ' or holes,”
respectively. Such an inequivalent etching of initially equivalent
sites cannot be explained by conventional arguments.

Hence, we postulate that both ligand effects and diffusion
should be taken into consideration. To computationally model
such an active surface etching, here, we develop a new
algorithm framework based on kinetic Monte Carlo (KMC).
The effect of the adsorbed ligand is presented in numerical
form and correlated to the probability of the reaction occurring
at an individual lattice point. We endeavor to construct the
model with minimal key parameters, such as the reaction
activation barrier, amount of reactant, and diffusion, all of
which hold significant physical and chemical implications. This
dynamic simulation allows us to study crystal growth and
etching under ligand control and, thus, to track unconventional
morphological evolution, such as the site-selective etching at
the corners, edges, and top facets of triangular Au nanoplates.

In contrast to describing the solution phase by a chemical
potential, we utilize a discrete model, which is suitable to
reproduce the local differences of the reactant distribution. In
this model, each lattice point is set as either occupied with one
atom (marked by 1, the Au point) or unoccupied (marked by
0, the environment point). In addition, the diffusion of
reactants, including reactant precursor and etching agent, takes
place merely between the adjacent environment points as
opposed to real continuous media.

For reactions at each lattice point, two events (0 — 1 and 1
— 0) are considered, representing the process of growth or
etching. The occurrence of these events is evaluated using the
reaction rate 7 obtained through the Eyring equation®”*®

pe—AGH/kT (1)
where v is the frequency factor (approximated as a constant
under the same reaction conditions), k is the Boltzmann
constant, T is the reaction temperature, and AG* is the
activation energy of the reaction. Because obtaining high-
accuracy AG* is complicated and unnecessary for the issues of
our concern,” it is determined in a simple way. First, we
approximate the reaction energy AE by counting bonding
numbers and fitting precalculated empirical data (see the
Supporting Information for more details).”"™>* Subsequently,
AG"* is calculated based on the Bell-Evans—Polanyi (BEP)
relation,**™° which suggests that reactions of a similar nature
would follow the same linear relationship between AE and
AG*. Hence, AG* of event 1 — 0 is expressed as

T =

t_

AG" =f AE (2)
where f, is affected by the reaction condition, determining the
relative probability of events under different environments of
bonding.

AG* of growth event 0 — 1 mainly refers to the reduction of
the precursor and overcoming the constraints imposed by
ligands. We set a correlation between the bonding number and
AE for event 0 — 1 by mirroring the fitted values of event 1 —
0 (Figure S2). Similarly, its AG" is assumed to satisfy

P
AG" =f AE (3)
Apart from the factors that have been involved in eq 1, Sekerka
suggests that the corner sites of the crystal have a larger
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effective reactant concentration in comparison to the planar
sites,> for a higher chance of colliding with the reactant on a
spatial scale. This argument is commonly invoked to explain
the formation of concave structures from initially flat
planes.””*® Notably, the current discrete model is suitable to
describe the effect of different collision probability by summing
up all of the amount of reactant a; of each reaction site’s
adjacent environment point i as g, Then, the Eyring equation
is expressed as

_ —AG*/kT
T = a,ve

(4)

Specially, the detailed components of a,, for two events are
slightly different, eq 5 for event 0 — 1 and eq 6 for event 1 —
0, where a,.,. is the amount of reactant for the reaction site and
Nenv_adj corresponds to the set of environment points adjacent
to the reaction site.

Aot = Areac + Z 4
€N,y _adj (s)
Aot = Z a;
€N,y adj (6)

As the reactions consume the reactant, leading to uneven
distribution, it would be constantly replenished under the
driving force of a concentration gradient. To appropriately
describe these processes, we carried out the simulation with
the amount of reactant dynamically adjusted (the ARDA
condition).

At first, each environment point i would be allocated an
initial amount of reactant designated as a;,. As the simulation
proceeds from state s — 1 to s, the occurrence of the event
would consume the reactant of each adjacent environment
point i (a;,_;), and a redistributed amount of reactant afzd is
given by

red

as = (atot,s—l - 1)/nenv_adj,s

(7)

which would be assigned to the involved environment points.
Other points are dealt with by a{id = ;1. Ayops— for event 0 —
1 is expressed as eq 8, while event 1 — 0 is written as eq 9.
Among them, n is the number of adjacent environment

env_adj,s
points to the reaction site of state s.
atot,s—l = areac,s—l + Z ai,s—l
i€Neny_adjis—1 (8)
atot,s—l = Z ai,s—l
i€Neny_adjs—1 (9)

As such, the uneven distribution of reactants leads to the
diffusion between adjacent environment points. The amount of
the reactant after diffusion for each environment point i (a;,) is
calculated according to its amount of reactant aZid, and the
amount of reactant for lattice point j (ajﬁd) belongs to adjacent
lattice points (N,g;,) and factor D (ranging from 0 to 1 as a

g 20
measure of the diffusion rate),”” expressed as

+D ) a¥/12

JEN,g ¢

a, = (1~ D)a™

i,s (10)

when the adjacent lattice point j is the Au

a;ed — ared

Specially, a5 s
point.
The inherent complexity of ligands poses significant

challenges for existing simulation methods to fully account

https://doi.org/10.1021/acs.jpclett.5c01291
J. Phys. Chem. Lett. 2025, 16, 7069—7075


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01291/suppl_file/jz5c01291_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01291/suppl_file/jz5c01291_si_003.pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.5c01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

for their roles during crystal growth or etching. To address this,
it is necessary to introduce certain simplifications of ligand
behavior to make the simulations computationally feasible. We
believe that the strength of interaction between the ligand and
surface atom, ligand packing, or hydrogen-bonding interactions
between ligands, for the purpose of controlling growth and
etching, essentially reduces the reactivity of the corresponding
surface atoms. Describing the influence of ligands through their
impact on activation energy has also been employed in other
studies to elucidate the mechanisms underlying the selective
growth of crystals at corners, edges, and facets.>® Thus, we
assign a numerical value, denoted as [, to each surface Au point
i. The value of [; increases with the strength of the interaction
between the ligand and the surface atom. For cases where the
ligand can fully adsorb onto the crystal surface, a larger [; value
is assigned, indicating that the corresponding atom is
effectively protected by the ligand and is typically resistant to
etching. However, as neighboring atoms are progressively
etched away, the protective effect of the ligand gradually
weakens. Additionally, under the assumption that the fewer the
bonding number of an atom (n,,,4), the stronger ligand binds
to the atom, [; is set as 1.0 + 0.1 X (12 — n,,,4). To mimic the
passivating effects, the rate equation is written as

_ —AG(1+In 1) /kT
T = atotve

(11)

To prevent overlap during the etching process, where two
expanding etching sites could merge into a single larger site
(see the Supporting Information for more details), the
preferential etching sites generated by the uneven distribution
of ligands are selected manually, and each site involves several
adjacent surface Au points, which are assigned with small J; (J;
= 1.00 or 1.10), representing weak ligand passivation, due to
either ligand loss or a defect in the ligand layer. It is worth
mentioning that, in the experimental setup, the concentration
of residual ligand in the solution is very low, as the nanoplates
were repeatedly purified to remove the excess ligands.”**’
Therefore, there would be few ligands binding to the newly
exposed atoms during etching, and their ligand effects are
ignored in our simulation.

The overall procedure can be summarized as the following
steps (Scheme 1, and see the Supporting Information for more
details):

Step 1: Initializing the parameters of the Au and environ-
ment points.

Scheme 1. Overall Procedure of the Simulation
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Step 2: Calculating the reaction rate 7; for each site i within
the set of reaction sites (N,,) and obtaining the rate sum 7,

tot — Z T

T
iEN,

react

(12)

Step 3: Determining which event takes place with a random
number r (ranging from 0 to 7,,) and 7, according to the
Bortz—Kalos—Lebowitz algorithm.*”*'

Step 4: Proceeding with the event chosen leading to a new
configuration.

Step S: Updating the parameters of the new configuration.

Step 6: Repeating steps 2—S5.

In this study, we constructed a triangular Au nanoplate of fcc
lattice (Figure S1) with a “~ABC—ABC—A—CBA—CBA-"
stacking sequence,””~** bound by a twin plane in the middle
(Figure 1 and Figure $3).***> The surface atoms could be

y/
/
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y
/ \
// After etching /' After etching \
/ / (D=1.000) (D =0.001) \
// p 7 ‘\\ // 7 \
/ 3 6
llne NN = D)
A N, (/4 A\

Figure 1. Etching of a triangular Au nanoplate in the absence of
ligands under the ARDA condition, showing two cases with D = 1.000
(left panel) and 0.001 (right panel), respectively.

categorized as facet, edge, and corner sites according to their
spatial position. Without considering the ligand effects, the
stability of surface atoms decreases from facet to edge and then
corner sites, as well agreed upon in the community. Using the
triangular Au nanoplates, several distinct etching scenarios
observed experimentally are investigated to validate our model.

First, we studied the etching of a triangular nanoplate
excluding ligand effects (Figure 1). When the changing
morphology was tracked, etching first took place at the corner
sites and gradually extended to the edge sites. Thus, the
etching at the corner sites was clearly more extensive than that
at the edge sites, as shown by the gradually evolving boundary.
With this difference accumulated, the triangular nanoplate
gradually became rounder. As we reduced D (from 1.000 to
0.001), the product became less round, retaining a roughly
triangle morphology. With the diminished D, meaning that the
consumed reactants cannot be replenished in time, the process
gradually turned into a layer-by-layer etching mode.

These results are similar to the experimental etchin
products in the absence of strong —SH-based ligands.”*”
That is, the weak ligands and surfactants undergo rapid
adsorption/desorption dynamics, and thus, the etching would
preferentially target the high-curvature corners, leading to
corner-selective etching.

This system is far from equilibrium, and therefore, the
roundness of the product nanoplate does not arise from the
thermodynamic argument of globally minimal surface energy
but from the kinetic aspect of higher reactivity for the corner
sites.*® It is worth mentioning that the current etching is not
focused on a few active sites, as opposed to the following
examples.

https://doi.org/10.1021/acs.jpclett.5c01291
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As discussed above, our previous work on the new etching
modes depends critically on the initial coverage of strong
ligands.”* The triangular nanoplates are first incubated with 2-
naphthalenthiol, and the excess ligands are then removed. As
such, the high-curvature corners are better preserved by the
ligands due to less steric packing and higher affinity. The
relatively ligand-deficient sites, presumably due to site
selectivity and random ligand desorption, are preferentially
etched, giving serrated edges. The unusual etching mode is
strong proof for the dominant role of ligands, in order to
differentiate the active sites from the passivated ones. This
scenario is in clear contrast to the above case, where the
bonding number is the primary factor.

To generate a similar etching condition in silico, we assigned
I; to all surface Au points. In addition, we manually picked one
active site at each edge of the triangular nanoplate (panels a—c
of Figure 2) to represent the preferential etching sites. As

D decreases

=t

reactant increases

oQ

Figure 2. (a—c) Selective etching at the edge sites of a triangular Au
nanoplate under the ARDA condition, with D decreasing for the
representative three cases (D = 0.150, 0.060, and 0.030). Initially, all
surface atoms have ligands, and one site per each edge is assigned to
be preferentially etched. Some of them are etched significantly (blue
triangles), while others are barely etched (red triangles). (d—f)
Reactant distribution at the same plane of the twin plane. The amount
of reactant is shown by a gradient of colors ranging from cyan to
brown, with the cyan color being the initial setting of the reactant. (g
and h) Conditions are the same as panel c, except three or six sites per
edge are assigned as the preferential sites. A transmission electron
microscopy image is provided for comparison.

shown in panels a—c of Figure 2, the etching products were
drastically different from the above case without a ligand. With
D gradually decreased, an increasing number of notches were
generated in the resulting products. More specifically, with the
largest D among the three cases, only one site was etched,
whereas with the smallest D, all three sites were equally etched.
That is, with the same ligand effect and with etching starting
simultaneously, a large D could focus etching at the relatively
more active sites. Moreover, the notch in Figure 2a had facet-
like edges; the notches in Figure 2c were an arc-shaped smooth
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surface; and remarkably, the intermediate case in Figure 2b had
a notch shape between these two extremes.

These effects of D could be well-explained by the
redistribution of the reactant. For clarity, panels d—f of Figure
2 show the distribution of reactants only at the same plane as
the twin plane. A large D means that the reactant is quickly
replenished at the etched sites, so that the newly exposed
atoms would be more susceptible toward further etching,
leading to positive feedback. In this case, the relative stability of
the facets is the critical factor of the etching selectivity (Figure
2d). In contrast, with the smallest D, meaning that the reactant
could not be replenished fast enough, the distribution of the
reactant becomes the critical factor, as manifested by the arc-
shaped or near-radial distribution of reactants (Figure 2f),
eventually leading to the arc-shaped notches.

To further explore the competition among active sites, we
selected three sites at each edge to be the preferential etched
sites (Figure 2g and Figure S4). The overall trends were the
same, in terms of the evolution of the notch shapes and the
largest D-focused etching at a few sites (Figure S4a), whereas
the smallest D led to roughly equally etched notches (Figure
2g and Movies S1 and S2). With an increased number of active
sites, the competition among them became more evident and
so was the randomness among the etched and barely etched
sites and the varying degrees of etching. In short, the
competition among the active sites critically depends on the
diffusion of reactants, and a large D tends to focus the etching
at a few active sites. Notably, a serrated edge shape was formed
under conditions similar to Figure 2g, where six preferential
etching sites were present along each edge, closely aligning
with the experimental observation (Figure 2h).**

Recently, we also achieve facet-selective etching in triangular
Au nanoplates to make holes,” and the main difference from
the edge-selective etching is charge repulsion among the
ligand. The repulsion is expected to be the strongest at the
lowest curvature sites, and thus, the flat {111} facets would
have the lowest ligand density. This predisposes the flat regions
to preferential etching, particularly the few initial sites after
random ligand loss. In comparison, the ligands at the higher
curvature sites (edges and corners) are expected to be more
stable with less repulsion.

To simulate facet-selective etching, other than assigning
ligand effects to each surface atom according to the above-
mentioned rule, we selected three areas to be the preferential
etching sites, as shown in Figure 3a (pink triangles). With
suitable diffusion factor D set to avoid focused etching,
simultaneous etching was achieved at the three assigned areas
(panels b and c of Figure 3). When J; assigned to the atoms of
the {111} facet was 1.20, triangular pits with the same
direction of the triangular nanoplate (upright position)
appeared at the early stage of etching. With further etching,
their size increased and perforated the nanoplate, obtaining
holes in the upright position. Specially, with gradually
decreased [, holes with different shapes were obtained. When
I; = 1.10, pits/holes of the inverted triangle were obtained. For
the intermediate ligand strength (J; = 1.15), hexagonal holes
were obtained. The formation of these differently shaped holes
was consistent with previous experimental observations
(Figure 3c),”” and the current results provided useful clues
for the underlying mechanism.

After extensive studies (Figure SS; see the Supporting
Information for more details), we realized that the critical
point lies in the choice between etching the atoms with nine
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Figure 3. Selective etching at the facet sites of the triangular Au
nanoplate under the ARDA condition. In each case, a different ligand
effect [; is assigned to the atoms of the {111} facet. The diffusion
factor D is properly set as 0.150, so that all the preferential sites would
be uniformly etched. (a) Initial configuration of the triangular Au
nanoplate, where all surface sites have been assigned ligands and three
preferential etch sites are assigned to have weak ligands (six atoms in
the pink triangle). (b) Pits at the early stage of etching with [, = 1.20
and 1.10. (c) Holes have different shapes with different [, and
transmission electron microscopy images are provided for compar-
ison.

bonds without a ligand or the ligand-passivated atoms with six
bonds. When an upright triangular pit is initially generated,
selecting the former option preserves the pit’s shape, allowing
it to develop into a hole with upright triangles. In contrast, the
latter option causes the shape to first transform into inverted
triangles before becoming a hole. When the two types of atoms
have similar etching priorities, a hexagonal shape is obtained.
Figure 3 essentially demonstrates that, when all other factors
remain constant, variations in I, modulate the etching
sequence, giving holes of a different shape.

In addition to the ARDA condition, we also studied the
etching when all of the environmental points had the same and
constant amount of reactant (the SCAR condition). Basically,
it depicted a scenario with infinite diffusion rates, so that all
used reactants were instantaneously replenished. In fact, this
was the typical situation adopted in the previous literature. In
the absence of ligand under SCAR conditions, atoms with
fewer bonding numbers were more easily etched, and the
newly exposed atoms after etching always had a bonding
number greater than or equal to the etched ones. Hence, the
three corners of the Au nanoplate were etched simultaneously,
giving rounded structures (Figure S6a) similar to that in Figure
1. These results were consistent with experimental observa-
tions in the literature.

However, in the presence of ligands, the SCAR condition
would greatly intensify the competition among the active sites,
more so than the cases described above with large D (Figure
2). More specifically, the etching was mainly focused on one
site among the marked preferential ones, regardless if it was for
one site per each edge (Figure S6b), many sites per each edge
(Figure S6b), or many sites on the top facet (Figure S6c). For
these cases, as soon as the edge or facet site was etched, the

bonding numbers of nearby surface atoms decrease and the
newly exposed atoms were not protected by ligands. As a
result, the etched sites were more susceptible to further
etching, leading to a progressively increasing tendency that
focused the etching on one specific site. Obviously, this
condition is not conducive to the formation of notches at the
edges or holes on the faces. In other words, the SCAR
condition is incompatible with the ligand effects, and that is
why we use the ARDA condition for the above discussions.

In this work, we successfully simulate the inequivalent
etching of initially equivalent sites on triangular Au nanoplates,
and the product morphologies are well-aligned with the
experimental observations, even to the extent of the detailed
shapes of the notches and holes. Most importantly, our results
have shown that conventional simulation methods have missed
a great deal: The default conditions are valid only when ligands
quickly reach adsorption/desorption equilibrium, and reactant
diffusion is rapid. This is often not the case for strong ligands,
and it would not be right to oversimplify the ligand effects
then. Although the detailed effects of ligands are complex, our
simulations have shown that treating ligands numerically is an
effective approach, yielding results that are well-aligned with
experimental observations.

Looking forward, this approach could be easily adapted to
study inequivalent growth of crystals, explaining abnormal
nanostructures, chiral nanostructures, and even dendritic
growth in batteries.
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