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Abstract — Nanoparticle growth by vapor-liquid-solid heterogeneous nucleation was studied by classical molecular
dynamics. To understand how the seed characteristics affect the condensation phenomenon, seed particles with
various configurations and sizes were examined. One solid seed is placed inside a periodic cubic system with
supersaturated vapor of argon molecules. The seed is a sphere, cube, rod, or tube and is made by aluminum or
silicon atoms depending on the shape. Three different size classes (number of molecules forming the seed) were
tested for the sphere, cube, and rod, whereas two different sizes were investigated for the tube. A broad spectrum of
supersaturation ratios were simulated based on a canonical ensemble. The Yasuoka-Matsumoto method was used to
calculate the growth rate around the seed. Small sizes grew faster due to the definition of the growth rate, which is
correlated to the surface area. Though the number of molecules in the seed does not vary, just by changing the seed
shape, the growth around the seed increases orderly for the cube compared to the sphere. Furthermore, the aspect
ratio effect was investigated by elongating the cube to generate a rod, which was observed to grow slower, and the
pore effect was verified for the tube. The results of this study suggest that different rates of nanoparticle growth can
be achieved by simply varying the initial shape of the precursor particle.
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1. Introduction

Nanoparticle growth, which in general originates from nucleation, is important for its broad range of
applications in the environment, new material generation, and medicine (Altman et al., 2004; Chen, 2008;
Grass et al., 2010). To study nanoparticle growth, molecular dynamics (MD) simulation was used because
it is a deterministic and microscopic method. Most of the heterogeneous nucleation studies originated
from nucleation on surfaces (Kholmurodov et al., 2001; Yasuoka et al., 2000). Recently, there has been a
variety of research on simulating heterogeneous nucleation with different precursor particles that act as
seeds (Darvas et al., 2011; Matsubara et al., 2009; Walsh et al., 2009). Recent studies examine seed
particles with basic geometric configurations such as spheres and cubes (Inci & Bowles, 2011; Suh &
Yasuoka, 2011, 2012).

The current study is a review on heterogeneous nucleation occurring on precursor particles with
various shapes such as a sphere, cube, rod, and tube. The objective is to understand how the physics of
vapor-to-liquid phase transition on solids are affected by the change in shape and size of the seed particle,
and the system supersaturation ratio (S). One solid seed is placed inside a cubic system that is filled with a
monatomic gas, and the system is quenched to reproduce supersaturation.

The following section will provide a brief summary of the simulation setup, which will be ensued by
the results.
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Table 1. Details of dimensions of seeds placed inside system.

Seed Type Seed Size Characteristic Length Surface Area (oa?)

110 5.6440, 100047

Sphere 255 7.7270n 18804
502 9.5630 2870°

108 3.6510a 80.00A°

Cube 256 5.1890 16204°
500 6.7320a 2720n°

108 1.590 18.280a 12104°

Rod 256 2.4005 24570, 24807
500 3.1204 30.9604 40607

250 5.7805 18.905; 69305

Tube 7
500 11.40¢; 18.90¢; 135305

2. Simulation Setup

The dimensions of the seeds for the sphere and cube are presented in table 1. All length dimensions
are nondimensionalized by the aluminum molecular length 64=0.255nm or ¢5=0.22nm (Agrawal et al.,
2002; Zimmerman et al., 2011). Details of the simulation setup can be found in the following references
(Suh & Yasuoka, 2011, 2012). All particles interact via the Lennard-Jones potential, and a carrier gas was
mimicked by omitting the attractive part of the potential. The target and carrier atoms both had argon
properties oa=3.405 A for the molecular length and 1.67x10% J (119.8 K) for the potential well depth.
The seed molecules were aluminum for the sphere, cube, and rod (Agrawal et al., 2002) and silicon for
the tube (Zimmerman et al., 2011). Though the molecules constructing the tube were constrained by the
RATTLE algorithm (Allen & Tildesley, 1989), the molecules for the other shapes freely vibrated. There
were 21,952 argon-like molecules, and among them 10,000 were carrier molecules, and the addition of
the number of seed molecules in table 1 gives the total number of molecules within a system. The system
volumes were scaled to the total number of particles within the system to control the initial number
density of the system. The target-seed and seed-seed interactions are basically LJ interactions that use the
Lorentz-Berthelot relations, and velocity rescaling was used on the carrier molecules to control the system
temperature. Additionally, time integration was performed by the leap-frog Verlet algorithm, and a time
step of 5.0 fs and a cutoff radius of 4.5 g5 was used throughout the entire simulation (Holcomb et al.,
1992; Mecke et al., 1997; Yasuoka & Matsumoto, 1998). Nine supersaturation ratios were evaluated, and
five replications were conducted for each seed type. To obtain better statistics for the nucleation and
growth rates, the data from the five replications were merged into one in order to apply the Yasuoka-
Matsumoto (YM) method (Yasuoka & Matsumoto, 1998). Details of the YM method and the rationale to
its use are thoroughly explained in Suh and Yasuoka (Suh & Yasuoka, 2011). In addition, a Stillinger
radius of 1.5 oa (1.8 ag;) is used to define a cluster (Agrawal et al., 2002; Stillinger Jr, 1963). Figure 1
shows all seed shapes, and Fig. 2 is a snapshot of the initial system with a tube with 500 molecules as the
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Fig. 2. Snapshot of tube with 500 molecules at 0.0 ns.

3. Results

The growth rate (J) is defined as the number of molecules that attach on the seed surface per time per
surface area. The smaller the seed size as in Fig. 3(a) the faster the growth rate, where this effect can be
attributed to the definition of the growth rate. Furthermore, as in Fig. 3(b), the cubic seed has an overall
higher growth rate compared to the sphere, which is evidence of a shape effect. The shape effect does not show a
clear seed size dependence, nor an S dependence. This result is consistent with the Kelvin effect, where a curved
surface has a higher vapor pressure and thus the local S decreases for curved surfaces.
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Fig. 3. Plot for growth rate of (a) cubic seed and (b) comparison between cubic and spherical seed. Reprinted with
permission from the Journal of Physical Chemistry B (Suh & Yasuoka, 2012). Copyright 2014 American Chemical
Society.

The rod growth is also slower than the cube but faster than the sphere (figure not shown). Although
the cube has an aspect ratio of 1.0, the rods here have aspect ratios around 10. However, the lower growth
rate for the rod compared to the cube should be attributed more towards the difference in surface area
unlike the discrepancy between the cube and sphere.

The tubes also show a lower growth rate compared to the rod (figure not shown). This can also be
attributed to the surface area being double for the inner and outer surfaces of the tube. Though the tube
has two surfaces for collection of vapour, it does not overcome the surface area cost in the calculation of
the growth rate.
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4. Conclusion

The findings of this study present the fact that the variation in the shape can induce or retard
nanoparticle generation. Therefore, in the process of creating nanoparticles, being able to control the
initial sizes and shapes of the precursor particles can alter the uniformity of the later sample. Furthermore,
unlike homogeneous nucleation, the growth on the particles showed no supersaturation ratio dependence.
This is because the nucleation mechanism and growth mechanism are dominated by thermodynamics and
kinetics, respectively.
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