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While it is well established that nanoparticle shape can depend on equilibrium thermodynamics or growth
kinetics, recent computational work has suggested the importance of thermal energy in controlling the
distribution of shapes in populations of nanoparticles. Here, we used transmission electron microscopy
to characterize the shapes of bare platinum nanoparticles and observed a strong dependence of shape
distribution on particle size. Specifically, the smallest nanoparticles (<2.5 nm) had a truncated octahedral
shape, bound by (111) and (100) facets, as predicted by lowest-energy thermodynamics. However, as
particle size increased, the higher-energy (110) facets became increasingly common, leading to a large
population of non-equilibrium truncated cuboctahedra. The observed trends were explained by

combining atomistic simulations (both molecular dynamics and an empirical square-root bond-cutting
Received 25rd May 2022 del) with Bolt tatistics. Overall this study d trat imentally how thermal
Accepted 18th August 2022 model) wi oltzmann statistics. Overall, this study demonstrates experimentally how thermal energy
leads to shape variation in populations of metal nanoparticles, and reveals the dependence of shape

DOI: 10.1039/d2n200326k distributions on particle size. The prevalence of non-equilibrium facets has implications for metal
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Introduction

Nanoparticle shape plays a critical role in determining the
physical properties of functional nanoparticles, including their
plasmonic resonance,' catalytic activity,” adhesion strength®
and interactions with biological systems.* A variety of different
shapes have been observed in metal nanoparticles as synthe-
sized using equilibrium or growth-controlled methods.>” In
many cases, the particle shape is governed by thermodynamics,
where the most stable (lowest-energy) shape can be determined
by the Wulff construction,® in which the distance of the facets to
the geometric center varies in proportion to the surface energy
of the facets. This approach applied to a face-centered-cubic
(FCC) crystal predicts a cuboctahedral or truncated octahedral
shape, bound by the two lowest-energy facets, (111) and (100),
whose energy ratio is about 0.866 according to the broken-bond
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nanoparticles applications from catalysis to solar energy.

rule.”™ These shapes are also commonly observed in experi-
ments on nanoparticles of various materials, including Au*® and
Pd.** Other polyhedral shapes, which are thermodynamically
less stable than the Wulff-predicted truncated octahedron, are
also commonly observed, including cubes, truncated cubes,
octahedra, truncated octahedra, tetrahedra, truncated tetra-
hedra, and even highly non-equilibrium shapes like nano-
rods.*'>'® These shapes can be obtained by manipulating
growth Kkinetics, especially in cases where the surface is
passivated or ligand-capped, such that the particle cannot
readily relax to its equilibrium shape.

Following the core idea of the Wulff construction, that
nanoparticles tend to form shapes that minimize the energy of
the system, simulation studies point out that the stability of
different shapes is also influenced by nanoparticle size."” In
these simulations, nanoparticles are typically modeled as
polyhedral atomic clusters. The total excess surface energy is
computed as the difference between the total potential energy of
the particle and the total potential energy of a bulk system
containing the same number of atoms. For example, molecular
dynamics simulations with two different semiempirical many-
body potentials were used to calculate excess energies of three
polyhedral shapes of Ag, Cu, Au, Pd, and Pt nanoparticles
containing up to 40 000 atoms and showed that different size
ranges had different stable shapes.'® For Au, Pd, and Pt, larger
particles had lowest-energy shapes of decahedra and truncated
octahedra while, for small particles, the lowest-energy
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equilibrium shapes were icosahedra. The transition typically
happened at 100-1000 atoms, corresponding to a size of 1-
3 nm. Icosahedra and decahedra can compete with conven-
tional stable Wulff polyhedra because their surface is enveloped
uniquely by low-energy (111) facets, though twin boundaries
contribute to the excess energy. Another simulation study
characterized the size-dependence of surface energy of gold
nanoparticles with different Wulff shapes, including cubes,
truncated cubes, octahedra, truncated octahedra, and cuboc-
tahedra, by examining the size-dependent surface-to-volume
ratio and surface-stress-induced volume dilation.** The results
showed that twinned structures (icosahedra and decahedra)
were favored below 3 nm, while truncated octahedra were
favored at larger sizes. A summary of previous simulations
reporting size-dependent nanoparticle shapes is given in the
ESI, Section S1.1

Recent investigations have suggested that, while lowest-
energy computational analyses are useful for understanding
the energetics, they provide an incomplete description of
nanoparticle shapes in practice. Indeed, while simulations
accurately predict the shape of the lowest-energy particle, they
do not explain the coexistence of a variety of shapes for similarly
sized particles observed experimentally.”®>" One potential
explanation for this variety of stable shapes is thermal energy
and Boltzmann statistics.”>?® At any temperature above abso-
lute zero, there will be a distribution of thermal energy, given by
the Boltzmann equation, leading to a distribution of shapes.
The fraction of each shape is determined by the energy differ-
ence between the possible shapes.

Due to the importance of controlling nanoparticle shape in
functional applications, many investigations have focused on
using stabilizers or surface capping agents to controllably
synthesize specific nanoparticle shapes. However, few investi-
gations have explored the shape distributions of nanoparticles
that arise without the use of such stabilizers. The purpose of
this study is to explore shape distributions of uncapped metal
nanoparticles with sizes less than 15 nm, a size range in which
Boltzmann statistics are predicted to play a significant role.>”
Platinum nanoparticles are used as a representative FCC
material, and synthesized using common wet impregnation
(WI) methods in which no surface capping agents or stabilizers
are added to control size and shape of nanoparticles. The
nanoparticle shapes are then characterized using transmission
electron microscopy (TEM). Since the influence of environ-
mental species is minimized, the effect of thermodynamics and
thermal energy can be explicitly assessed.

Materials & methods
Synthesis

We used WI methods to synthesize platinum nanoparticles,
similar to standard protocols in, for example, ref. 28. Four
different synthesis recipes were used (Table 1) to ensure that
trends in behavior were not dependent on the synthesis
approach. The general procedure is as follows. First, micro-
fabricated silicon TEM wedges (<200 nm-plateau silicon
wedges, Bruker, Billerica, MA) were plasma-cleaned and then
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annealed in air at 800 °C with a flow rate of 0.05 cm® min~" and
a heating rate of 10 °C min " for 30 min. As a result, the surface
was oxidized to form a silica layer. Second, 2.5 mg of ionic metal
precursors of tetraamineplatinum(u) hydroxide hydrate
Pt(NH;),(OH),-xH,O (Sigma-Aldrich, Burlington, MA) were
added to 10 mL of deionized water. Third, the silicon wedges
were impregnated with the solution for 4 h. For nanoparticles
synthesized by SEA recipes (rows 3 and 4 in Table 1), the solu-
tion's pH was adjusted to 12 by the addition of NaOH, and the
silicon wedges were impregnated with the solution for just 1 h.
Fourth, the impregnated silicon wedges were dried overnight
and then, for the high-temperature recipes (rows 2 and 4 in
Table 1), calcined in air at 675 °C with a flow rate of 0.05
em® min~" and heating rate of 10 °C min~" for 3 h in a tube
furnace (Lindberg/Blue M, Thermo Electron, Waltham, MA).
Calcination at high temperature disrupted the strong metal
complex-substrate interactions and led to larger nanoparticle
sizes.” Finally, the impregnated silicon wedges were hydroge-
nated in an atmosphere of 10% H,/Ar at 250 °C with a flow rate
of 0.50 cm® min~" and a heating rate of 5 °C min~" for 2 h. The
purpose of this hydrogenation step was to reduce the platinum
from the ionic metal precursors, this temperature was chosen
based on prior literature describing this synthesis approach,*®
and temperatures much higher than this were shown to cause
significant particle growth. Because no special surface capping
agent or stabilizer was added during synthesis, the synthesized
nanoparticles were regarded as bare and free of surface ligands
that would favor certain shapes.

Characterization

Nanoparticles were observed by TEM (2100F, JEOL, Tokyo,
Japan) as illustrated in Fig. 1a and b. A total of 224 nano-
particles were randomly selected, imaged, and analyzed (with
an example shown in Fig. 1c). Their outer contours were
manually traced using custom Matlab scripts (Fig. 1d), and their
crystallographic orientations were determined using Fast
Fourier Transforms (FFT) of the images (inset of Fig. 1c). While
scanning electron microscopy is more commonly used to assess
nanoparticle shape, its few-nm resolution could not accurately
discern the shape of particles below approximately 20 nm in
diameter. The small size of these applications-relevant nano-
particles (most of which had single-digit-nanometer diameters)
required the use of TEM. The overall approach of extracting
shape from TEM is well-established in prior literature.'***
Here, the three-dimensional nanoparticle shape was deter-
mined by fitting the outer contour to the orientation-matched
contour of a polyhedron bound by one of the three lowest-
energy facets, namely (111), (100) and (110). Nanoparticle size
was defined as the average diameter of the traced nanoparticle
shape (Fig. le). This process was repeated with the four
different synthesis recipes to verify the reproducibility of
results. The 224 nanoparticles characterized were randomly
selected from the four synthesis recipes for analysis: 35 from
low-temperature WI, 76 from high-temperature WI, 36 from
low-temperature SEA, and 77 from high-temperature SEA. The
difference in the number of particles from the different
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Table 1 Four different versions of the wet-impregnation synthesis recipe were used to ensure generalizability of results. The third and fourth
recipes are also called strong electrostatic adsorption (SEA) methods since the adjustment of pH influences the electrostatic interaction between
the substrate surface and the metal ions in solution.?® Another variable is calcination temperature. The "high-temperature” methods included

a calcination step; the "low-temperature” methods did not

Route Method Concentration pH Calcination Hydrogenation
1 Low temperature WI 2.5 mg/10 ml — — 250 °C
2 High temperature WI 2.5 mg/10 ml — 675 °C 250 °C
3 Low temperature SEA 2.5 mg/10 ml 12 — 250 °C
4 High temperature SEA 2.5 mg/10 ml 12 675 °C 250 °C

(a) (b)

Electron Beam
Direction

Fig. 1 Nanoparticle shape was characterized for particles ranging
from 1 to 15 nm using transmission electron microscopy. The nano-
particles were mounted on a microfabricated wedge-shaped TEM
substrate, shown schematically (a) and in a scanning electron micro-
scope image (b). The nanoparticles were imaged in high resolution (c),
using a Fourier-transform of the imaged particle ((c), top inset) to
determine the particle orientation. The outer contour of each particle
was traced (white line) and matched to a geometric model ((c), bottom
inset) to find the polyhedron and orientation corresponding to the
observed shape. In this case, a (110)-oriented profile of a truncated
octahedron accurately fit the observed shape (d). The particle size was
determined from the diameter of a circle fit to the outer contour (e).

techniques reflects the fact that larger size ranges were obtained
from the high-temperature synthesis methods. The full range of
nanoparticle sizes (1-15 nm) was divided into six subranges,
each spanning 2.5 nm, and it was ensured that at least 10
nanoparticles were sampled from each subrange.

The shape-matching procedure compared the two-
dimensional profile of the experimental particle against the
corresponding profile of different shapes when viewed along the
same crystallographic orientation. More specifically, a wide
variety of possible polyhedra were considered at various orien-
tations, as shown in Fig. S1 and Tables S2-S4 (ESI, Section S27).

3980 | Nanoscale Adv., 2022, 4, 3978-3986

Based on this analysis, it was determined that the (110) viewing
direction had the greatest variation in two-dimensional profile
between different shapes; and therefore provided the least
ambiguity about possible shapes (as explained in more detail in
ESI, Section 21). Therefore, only nanoparticles with their (110)
crystallographic direction oriented parallel to the electron beam
were selected for analysis in this investigation. Because the
substrate was amorphous oxide-coated silicon (with no preferred
crystallographic orientation), this selection criterion did not bias
the orientation of the particle relative to the substrate.

Simulation

Atomistic simulations were performed using the large-scale
atomic/molecular massively parallel simulator (LAMMPS).*
Six different sizes (2-12 nm) of truncated octahedron and
truncated cuboctahedron nanoparticles were created. The
degree of truncation of the model particles (before equilibra-
tion) was chosen to match, as closely as possible, the experi-
mentally observed averaged shapes. The area fractions of
observed particles on which these were modeled were 0.58 +
0.12 and 0.42 + 0.12 for the (111) and (100) facets, respectively,
for truncated octahedra. The truncated cuboctahedra had area
fractions of 0.30 + 0.07, 0.28 + 0.13, and 0.41 + 0.13, for the
(111), (100), and (110) facets, respectively. The size of the
model particles was defined analogously to the experimental
measurement as the equivalent diameter of the shape as
observed along the (110) viewing direction. The relationship
between size and number of atoms for these shapes is plotted in
Fig. S2a.t The relative surface-area fraction of these shapes is
plotted in Fig. S2b. The surface-area is defined as the number
of atoms belonging to a given facet times the area per atom of
that facet. The model nanoparticles were created by carving
planes from a platinum crystal oriented in (100) using LAMMPS
and the visualization software Ovito.** The energy of these
shapes was calculated using two distinct approaches, molecular
dynamics (MD) simulation and the square-root bond-cutting
(SRB) model, to confirm and co-validate the simulation results.

In MD simulation, shrink-wrapped boundary conditions
were imposed in all directions of the rectangular cuboid
simulation box. The atomic energy interactions were defined by
the embedded atom method (EAM),* where the energy is given
by:

E, = % Z‘Pij(rij) + ZFi(pi) pi = Zf](’y) (1)

1ji#j i JJ#i
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where @ is the pair energy between the ith atom and the jth
atom with a distance of r;, and F; is the energy related to
embedding an atom i into a local site which has an electron
density of p; that is calculated using fj(r;;), which is the electron
density at the site of the ith atom arising from the jth atom with
a distance of r;. The chosen EAM parameters were those devel-
oped by Zhou et al.,*® which have been widely used to simulate
bulk Pt and Pt nanoparticles, for example, in ref. 36-38. This
potential and parameter set were shown to be the most accurate
in terms of predicting bulk and surface properties as well as
nanoparticle stability in our previous study.*

The nanoparticles were geometrically optimized using the
conjugate gradient method until the energy difference between
successive iterations divided by the energy magnitude was less
than 1 x 10”7 eV/eV. Once the structures were geometrically
optimized, the temperature of the simulation was increased to
room temperature. The system was equilibrated for 300 ps
using a timestep of 1 fs, within a canonical ensemble with
a Langevin thermostat and a damping parameter of 0.1 ps. For
completeness, the MD simulations were also equilibrated at the
two other temperatures involved in synthesis, 250 °C and
675 °C, (as described in the ESI, Section 3, Fig. S31) to check for
structural changes. The energy per atom for each nanoparticle
size and shape was taken as the average over the last 30 ps of the
equilibration simulations. The standard deviation of the
calculated energies was less than 1 x 10™% eV per atom, con-
firming thermal equilibrium was reached within the simulation
time (Fig. S4t).

In addition to MD simulations, the energy of the nano-
particle shapes was also computed using the SRB model. In this
model, the average bond energy, i.e., cohesive energy (CE), of
the nanoparticles was estimated from the coordination number
(CN) of each atom:****

iCE n CEbulk X \/CN,‘
CE_ = — = | \/SNbulk @)

where n is the total number of atoms in the nanoparticle, i
represents a specific atom in the nanoparticle, CEpy is the bulk
cohesive energy (—5.84 eV per atom), and CNpy is the bulk
coordination number which is 12 for FCC metals.

Results & discussion

In the present investigation, four kinds of shapes were
observed (Fig. 2a), and two particle locations were considered:
some particles were located on the side surface of the wedge
(not the plateau) such that the substrate-contacting surface
was not visible in the image (Fig. 2b-d); other particles were
located on the apex of the wedge, such that the contact
between the particle and wedge was observed (Fig. 2e). For the
former location, the particle contour was matched as
observed; for the latter location, the boundary in contact with
the substrate (dashed line in Fig. 2e) was explicitly ignored
during the shape-matching process to identify the free-particle
shape, rather than the substrate-truncated particle shape.
Based on Wulff-Kaishew theory,*” the shape of a particle on

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

a substrate can be defined as a truncation of the free-particle
shape, with the degree of truncation serving as a measure-
ment of the adhesion energy. Because this investigation was
not focused on the adhesion energy of the particle to the
substrate, but rather on the free-particle shape, the effect of
the substrate was excluded.

Fig. 3a-d show the shape distribution analysis for the
observed nanoparticles. The most commonly observed shapes
were truncated octahedra and truncated cuboctahedra; other
shapes observed were over-truncated cuboctahedra, tetra-
hedra, and truncated tetrahedra. The low-temperature recipes
tended to yield smaller particles (Fig. 3a and c), while the high-
temperature recipes yielded a wider variety of particle sizes
(Fig. 3b and d). For all recipes, the overall trends in distribu-
tion of different shapes were similar. The data from all four
recipes is combined into a single plot to show the trends for
the entire population of nanoparticles (Fig. 3e). All recipes
demonstrated a mix of shapes, with truncated octahedra being
most common at small sizes, while the prevalence of non-
lowest-energy shapes increased with increasing size. In
particular, the frequency of truncated cuboctahedra, which
has (110) facets, increased with particle size. Many nano-
particles were grouped into the category “other,” which
included irregular shapes that could not be categorized as any
of the considered polyhedra (examples include spherical
particles or irregular polyhedra, like elongated rods). Tetra-
hedra and over-truncated cuboctahedra were observed, but
infrequently. Overall, these results demonstrate that there is
a distribution of particle shapes rather than a single lowest-
energy shape and that there is a strong size-dependence of
shape distributions.

As described in the introduction, the most commonly
used approaches to understand these nanoparticle shapes
would be to assume either lowest-energy thermodynamics
(Wulff construction) or to assume that they are metastable
states that are locked in by the growth kinetics. Neither of
these explanations can satisfactorily explain results. A Wulff-
construction approach would predict that the truncated
octahedron would be most prevalent at all sizes, since it is
bound by the lowest-energy facets, (111) and (100). A growth-
kinetics analysis can easily explain the prevalence of (110)
facets by assuming that they were kinetically favored during
particle synthesis. But neither can quantitatively explain the
size-dependent distribution of shapes, with its steadily
increasing prevalence of non-lowest-energy truncated
cuboctahedra. To explain this behavior, we turn to atomistic
models to determine the size-dependent energy of different
shapes, and Boltzmann statistics to compute the predicted
distributions of shapes as a function of particle size. We
recognize that the temperatures used in synthesis (523 K and
948 K) are low relative to the bulk melting temperature of
platinum (2041 K), however prior work®® has suggested that
distributions of shapes can result even at these temperatures.

The most common shapes (Fig. 3e) were truncated octahedra
and truncated cuboctahedra. To understand the expected rela-
tive prevalence of these shapes, atomistic models were created
of these two shapes with crystallographic orientations and

Nanoscale Adv., 2022, 4, 3978-3986 | 3981
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Fig. 2 A wide variety of shapes were detected and fit to regular polyhedra. Examples of regular polyhedra are shown in (a), with color corre-
sponding to crystallographic facet as follows: (111) is blue; (100} is red; (110} is yellow. In cases where the nanoparticle is sitting on a side surface

of the thin-wedge sample (as shown for a truncated octahedron (b), a

truncated cuboctahedron (c), and a tetrahedron (d)), the shape was

matched precisely to the geometric model. In some cases, the nanoparticle sat on the top surface of the wedge (as shown for an over-truncated
cuboctahedron in (e)), such that the interface between the wedge and particle was observed (red, dashed line). In these cases, facets that
contacted the wedge were excluded from shape matching to ascertain the non-truncated, symmetric shape of the free particle rather than using

the truncated, asymmetric shape of the substrate-supported particle.

degrees of truncation that matched the average shapes of the
particles observed in experiments (see Materials & methods
section). Model particles with six different sizes were created
ranging from 2 nm to 12 nm, as shown in Fig. 4. The energy of
these particles was determined using an intensive form, ie.,
computed on a per-atom basis, to facilitate comparison across
different nanoparticle sizes. In the MD simulations, the energy
was averaged during equilibration from the EAM potential in
eqn (1); for the SRB model, the energy was computed using eqn
(2). The energy difference between truncated octahedra and
truncated cuboctahedra was small using either MD (Fig. 4b) or
SRB (Fig. 4c). As the size increased, this energy difference
became even smaller, and the energy approached the bulk value
for both shapes. While the results indicated that the truncated
octahedron was more stable than the truncated cuboctahedron

3982 | Nanoscale Adv., 2022, 4, 3978-3986

at every size, the relative difference between them diminished
with increasing particle size. This is because the majority of
atoms in both shapes lie in the body of the nanoparticles,
resulting in similar per-atom-energies at large sizes.

To compute expected shape distributions, Boltzmann
statistics were applied to the MD- and SRB-computed energies.
Specifically, the population p; 5 of the ith shape for a particle
with N atoms was computed from the energy of the corre-
sponding shape, as follows:

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The distribution of particle shapes is size dependent. Histograms show the frequency of different nanoparticle shapes within each size
range. The colors correspond to particle shapes as defined in the legend in panel (a), using the following acronyms: truncated octahedron (TO),
truncated cuboctahedron (TC), over-truncated cuboctahedron (OTC), and tetrahedron or truncated tetrahedron (T or TT). Results are shown for
each of the four synthesis recipes (WI at low (a) and high (b) temperatures; and SEA at low (c) and high (d) temperatures). Panel (e) contains the
combined results from all synthesis recipes. Inset above the figure are schematics of the four particle shapes.

where the denominator is a sum over Ngpape considered shapes,
E; v is the potential energy in the jth shape, kg is the Boltzmann
constant, and T is the absolute temperature. This formulation
has been applied to predict nanoparticle shapes in prior
computational investigations.”® Because the experimental
measurements gave particle diameter, rather than number of
atoms, we modified this formula to compute the population of
a given shape i with diameter D:
PiN;

Nshape

Z PjN;
J

DPip = (4)

where p; v; is the population of the jth shape with N; number of
atoms, and N; corresponds to the same diameter D for all
considered shapes (N; and N; can be different at the same D). To
compute populations of particles with the same size but
different numbers of atoms, an intensive (per-atom) energy
must be used. In cases where the diameter did not match
between the TO and TC shape, interpolation was used as shown
in Fig. S2a.t Using eqn (3) and (4), the frequency of truncated
cuboctahedra predicted using MD- and SRB-computed energies
is shown in Fig. 4d as a function of particle diameter. For
comparison, Fig. 4d also shows the corresponding size-
dependent frequency of truncated cuboctahedra obtained
from experimental measurements. Both of the models and the
experimental data show that the fraction of truncated cuboc-
tahedra increases with size and then plateaus at approximately
7.5 nm.

Because of the technological importance of different crystal
facets in, for example, catalysis applications, we also computed
the area fraction of (111), (100}, and (110) facets in experiments

© 2022 The Author(s). Published by the Royal Society of Chemistry

and simulations. For a given facet, the surface area fraction Fj,
was computed by dividing the area of the target facet by the total
area of all facets for all nanoparticles of that size:

Nshape

Z Di.pAinki

Nshape

> pinAia
i

Fug = (5)

where A; ,;; is the total area of the target facet Akl on the ith
shape and 4, 5 is the total area of all facets on the ith shape. The
term p; p appears in the equation to weigh the contribution of
different areas. The results are shown in Fig. 5 and clearly
demonstrate a steady increase in the fraction of (110), primarily
at the expense of the more energetically favorable (111) facets.
Specifically, the fraction of (110) facet is very low for the
smallest particles (0% for experimental particles smaller than
2.5 nm; 8% and 5% for MD and SRB particles at a size of 2 nm)
and much higher for the largest particles (35% for experimental
particles of 12-15 nm; 20% and 21% for MD and SRB particles
at a size of 12 nm). In contrast, the (111) facets are more than
half of the surface area for particles smaller than 7.5 nm (57%,
63%, and 63% for experiment, MD, SRB) and are less than half
of the area for particles larger than 7.5 nm (40%, 48%, 49%,
respectively). The differences in absolute values between
experiments and simulations likely arise due to the effect of
environmental species, which are unavoidable in experiments,
and not accounted for in bare-particle simulations. Yet, the
trends in behavior are consistent, and demonstrate a significant
increase in the fraction of the less favorable (110) facet with
increasing nanoparticle size until reaching a plateau above
approximately 7.5 nm.
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Fig. 4 The energetics of different particle shapes were computed using molecular dynamics and square-root bond cutting simulations.
Nanoparticles of various sizes were created for truncated octahedra (TO, top of panel (a)) and truncated cuboctahedra (TC, bottom of panel (a)),
to match the most common experimentally observed shapes. The energy of these shapes was computed on a per-atom basis to facilitate
comparisons of differently size particles using MD simulations (b) and the SRB model (c). From these energies, the fraction of truncated
cuboctahedra was computed using Boltzmann statistics (d) and compared to the fraction of experimentally observed truncated cuboctahedra.

These results demonstrate the critical role of nanoparticle demonstrate experimentally how the increasing importance of
size in determining the distribution of nanoparticle shapes, as surface atoms in small nanoparticles affects the shape distri-
well as the fraction of different crystallographic facets present butions. In small particles, there are large differences in the
on those particles. As the size of a nanoparticle decreases to the energy per atom for particles between different shapes; this
range of a few nanometers, the fraction of surface atoms diminishes the role of Boltzmann statistics and leads to
increases, with significant predicted effects on, for instance, the a greater population of lowest-energy shapes. However, as the
catalytic activity of the particles.”® The present results nanoparticle size increases, more atoms are in the body of the
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Fig. 5 The surface-area fraction of different facets is size dependent. Comparing only truncated octahedra and truncated cuboctahedra
particles, the area fraction of each facet type (relative to the total surface area at a given size) was computed from experiment (a), and from
Boltzmann statistics applied to MD calculations (b) and SRB calculations (c).

particle (bulk sites), so the relative importance of surface atoms
decreases. This enhances the role of Boltzmann statistics for
larger particles, leading to a greater diversity of shapes and
a larger population of higher-energy facets. We have used
energy terms on a per-atom basis so that the energy can be
compared consistently between different particle sizes. While
this intensive energy value does not represent the total nano-
particle energy, it represents the averaged energies of atoms at
different particle sizes. Thus, it reflects the thermodynamic
tendency of atoms to form nanoparticles of different shapes and
thus, different facets.

Finally, these results do not claim to describe the universal
shapes of all platinum nanoparticles; indeed, a wide variety of
shapes have been observed in prior literature, and the final
shape depends sensitively on various factors such as synthesis
conditions or surface passivation. Instead, these results indi-
cate that, when the shape of bare nanoparticles is not explicitly
controlled, the resulting nanoparticles will take on a distribu-
tion of shapes, which is consistent with predictions based on
thermal fluctuations and the Boltzmann distribution.

Conclusions

In summary, this study investigated the size-dependence of
nanoparticle shape for FCC platinum nanoparticles using
experiments and simulations. Nanoparticles with diameters
from 1 to 15 nm were synthesized using four variants of
a simple wet impregnation method without added surface-
capping agents, and then the particle shape was characterized
using a transmission electron microscope. For particles smaller
than 2.5 nm, the experimentally measured nanoparticles were
almost exclusively composed of truncated octahedra, and only
the lowest-energy (111) and (100) facets were observed. As the
particle size increased, other shapes such as truncated cuboc-
tahedra became increasingly common, along with higher-
energy (110) facets. These trends plateaued as the nano-
particle size increased above approximately 7.5 nm. These size-
dependent-shape trends were consistent with an analysis based
on statistical thermodynamics and Boltzmann statistics. This

© 2022 The Author(s). Published by the Royal Society of Chemistry

analysis was applied to model nanoparticles whose energies
were computed using two separate simulation approaches:
molecular dynamics and the square-root bond cutting model.
The results of this investigation demonstrate the critical role of
particle size on both shape distribution and area-fraction of
higher-energy facets.
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