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ics simulation of heterogeneous
nucleation on nanotubes†

Donguk Suh,*a Kenji Yasuokaa and Xiao Cheng Zengb

Vapour-to-liquid nucleation of argon on silicon nanotubes is studied by means of classical molecular

dynamics. The aim of this simulation study is primarily to address the question of whether condensation

is faster on the inner surface or on the outer surface of the nanotube. A constant particle number,

volume and temperature ensemble was used for the molecular dynamics simulation with the system

having different supersaturation ratios, tube lengths, and pore sizes. For a larger pore, the growth rate of

droplets was higher on the inner surface, whereas for a smaller pore, a crossover occurred depending

on the supersaturation ratio. Pore plugging was strongly affected by the tube diameter, where initial

clogging was critical in expediting the filling process inside the tube. Furthermore, in order to examine

how the pore existence affects the surrounding vapour, lids on both ends of the tube were placed. In

terms of growth, the open-ended tube was typically the slowest, whereas the fully filled cylinder

generally gave rise to the highest growth rate.
1. Introduction

Nanotubes have attracted considerable interest due to their
novel thermophysical and electrochemical properties that can
be exploited in various technological applications. Recent
studies have found black carbon emissions to be in the form of
nanotubes,1 and other studies nd that nanotubes can be also
used to grow crystals and nanowires within the pores.2,3 Another
application of nanotubes is to conne and store elements and
molecules such as hydrogen,4 lithium5,6 and methane.7 Most of
these applications involve a phase transition inside the nano-
tube or on the surface of the tube (nucleation and/or conden-
sation). The rst theoretical and simulation studies on
nucleation and condensation in nanotubes, however, actually
started, before the advent of the term “nanotube”, as cylindrical
pores.8–17 A variety of topics ranging from capillary condensation,
adsorption, phase coexistence, and hysteresis were examined by
molecular dynamics (MD), variations of Monte Carlo simula-
tions and classical density functional theory. Even aer the term
“nanotube” became more popular to the public, the studies on
how uids behave inside narrow pores continued under the
concept of connement.18–33 With rapid advancement in
computational power, MD has become one of the primary tools
in studying nanoscale connement because dynamical proper-
ties can be extracted without any closure problems. To our
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knowledge, the rst study on nanoscale connement by MD was
for planar slit pores.34 Numerous studies followed for different
pore geometries,11,17,35–40 mixtures of substances,19,21,41,42 and
combination of phases within the pore.14,20,21,30,43–47

Contrary to previous studies that mostly focused on the
lling and emptying of a xed pore; the present study focuses
on the simultaneous adsorption of supersaturated vapour on
the outer and inner surface of the nanotube. The aim of this
simulation study is to address the question whether conden-
sation is faster on the inner surface or on the outer surface of
the nanotube. The study is also an extension on how different
precursor particles alter the homogeneous and heterogeneous
nucleation characteristics in a bulk vapour system.48,49 The goal
is to see what different nucleation characteristics a seed particle
with a pore would have compared with simple spherical and
cubic particles. The seed in this article is a nanotube, and
supersaturated argon vapour is the component condensing
(growing) on the tube. The following section explains more
details of the simulation setup of the system, followed by the
section of results.
2. Simulation setup and methods

A single-walled silicon nanotube (SiNT) is immersed inside a
cubic periodic system with supersaturated argon vapour. The
constant number, volume and temperature ensemble was used
for the molecular dynamics simulation, so that the supersatu-
ration ratios (S) could be controlled by changing the tempera-
ture of the system. Nine supersaturation ratios, 2.22, 3.04, 4.27,
5.11, 6.17, 7.15, 8.12, 9.25, and 10.23, were considered, where
the S values correspond to 114.96, 109.8, 104.64, 102.06, 99.48,
RSC Adv., 2015, 5, 40953–40963 | 40953
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97.6, 96.00, 94.32, and 93.20 K, respectively.50 A previous study51

on the homogeneous nucleation of the aforementioned S values
shows that no spontaneous nucleation is observed below 6.17,
which implies a critical S value to exist between 5.11 and 6.17.
21 952 atoms were treated as argon vapour, but among them
10 000 were modied to act as a carrier gas by omitting the
attractive part of the Lennard-Jones (LJ) 12-6 potential and
applying velocity rescaling to control the temperature. At the
onset of nucleation, there is a sudden drop in monomer
number density, but as the simulation progresses there is also a
semi-constant monomer density region between 0.5–1.5 ns.
This is where nucleation takes place and naturally the nucle-
ation and growth rates are calculated from this constant
monomer density region. This phenomenon and methodology
are well-documented in Suh and Yasuoka,48 and the authors
have conrmed the same happens for the current systems.

The dimensions and the number of atoms (N) comprising
the seed are in Table 1. All length dimensions are non-
dimensionalized by the siliconmolecular length sSi¼ 2.2 Å. The
potential energy well depth for silicon was 3Si ¼ 1.39 � 10�21 J
(100.0 K)52 and typical LJ parameters for argon were used, where
sAr ¼ 3.405 Å and 3Ar ¼ 1.67 � 10�21 J (119.8 K). The target
(argon)-seed (silicon) and seed–seed interactions are essentially
LJ interactions based on the Lorentz–Berthelot relations. The
seed itself was constrained by the RATTLEmethod53 rendering a
short Dt of 1.0 fs necessary. Four types of tubes, which have
combinations of short/long length and small/large diameter,
were examined. Short length is denoted as L1 and small
diameter as D1, whereas the larger dimensions are labelled with
2. The chirality for type D1 was (10, 0), whereas type D2 was
(20, 0), where truncation of the tube was performed based on
the tube length. The two ends of SiNT were not terminated by
hydrogen. Furthermore, the aspect ratio is the length of the tube
divided by the diameter. The system volume changed propor-
tionally with the number of atoms in the seed. The length of one
side of the cubic box was 111.4sSi, 111.8sSi, and 112.7sSi for the
smallest to the largest seed sizes, respectively.

InMD simulation, the time integration was performed by the
velocity Verlet algorithm, and a cutoff radius of 4.5sSi was used
for truncation throughout the entire simulation without
shiing. To identify whether two atoms are in the same
cluster, a Stillinger radius of 1.8sSi was used.54 Five
replications were conducted for each seed type to obtain
better statistics for computing the nucleation and growth
(condensation) rates, the data from the ve replications were
merged into one in order to apply the Yasuoka–Matsumoto
Table 1 The number of molecules and dimensions of the four tubes
simulated

Type N Diameter Length Aspect ratio Surface area

L1D1 250 5.78 18.9 3.27 693
L1D2 500 11.4 18.9 1.65 1353
L2D1 500 5.78 38.2 6.61 1387
L2D2 1000 11.4 38.2 3.35 2706

40954 | RSC Adv., 2015, 5, 40953–40963
(YM) method.55,56 Details of the YM method and the rationale
to its use are thoroughly explained by Suh and Yasuoka.48,49

3. Results and discussion
3.1 Nanotube

3.1.1 Heterogeneous growth. Fig. 1 shows the time evolu-
tion of the inside growth characteristics on the tube for all
supersaturation ratios by counting the number of argon mole-
cules that have attached onto the seed based on the afore-
mentioned Stillinger radius. In all pore types except for L2D2,
saturation occurs from the inside because the volume that can
be lled inside the tube is nite. The reason saturation is not
observed for L2D2 is because of the short observation time, so
the tube is still in the process of lling. This lling of the tube is
less dependent on S for small pore sizes (L1D1 and L2D1), but
for the larger pores, lower supersaturation ratios, especially
below the critical S value, an evident drop-off in the saturation
of the attached number exists. Furthermore, the saturated
values are also higher for larger diameters and longer
dimensions.

The time evolution of condensation on the outside of the
tube is in Fig. 2, where, unlike the inside growth, there is an
inclining tendency throughout the observation time. For large
pores, however, there is an inection point, where the initial
slope of the incline is steeper than the latter. This change for
large pores is caused by the difference between the rate of
growth from direct bombardment onto the tube and thermo-
dynamics from the supersaturation. For small pores, the
bombardment rate is similar to high supersaturation condi-
tions, but as S decreases the tendencies follow those of the large
pore. The supersaturation inuence is more denite for the
outside growth than for the inside growth. As time evolves the
divergence of the lower S values from themainstream is evident.
The larger diameter tubes shows less scatter for the mainstream
(S values higher than 6).

Fig. 3 and 4 are for both the inside and outside growth for
single S values of 2.22 and 10.23, respectively. The growth for
the inside has a relatively smooth increase and eventual plateau
(except for L2D2) for higher supersaturation ratios and smaller
tube diameters. The smaller pores are easier to ll and once
they are lled the condensed vapour molecules do not have
room to diffuse like the larger pore. Furthermore, the lling is
faster for the higher supersaturation and thus the effect is
accelerated. The slight jumps in Fig. 4(a) and (d) are from
spontaneously formed droplets coalescing onto the tube
surface.

Fig. 5 presents growth rates inside and outside the tube. The
growth (condensation) rate is dened as the number of argon
molecules attaching onto the tube surface divided each by the
inner or outer surface areas over time. Molecules inside the tube
are classied by those within the conned cylindrical volume of
the tube. Any other molecule outside the inner volume is
considered to be attached on the outer region. Fig. 5(a) shows
the growth rate inside the tube. The largest tube has the lowest
growth rate because it has the largest surface area. Type L2D1
has a clearly lower growth rate compared to L1D2 even though
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Time evolution of inside growth (a) L1D1 (b) L1D2 (c) L2D1 and
(d) L2D2.

Fig. 2 Time evolution of outside growth (a) L1D1 (b) L1D2 (c) L2D1 and
(d) L2D2.
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their surface areas are similar. This is because the latter can
capture more argon inside the pore, which can be seen from the
plateaus in Fig. S1,† and the difference in the rate of capture
This journal is © The Royal Society of Chemistry 2015
between the two is insignicant. Furthermore, the inner growth
rate for L1D2 is comparable to L1D1 even though the latter has a
smaller surface area, again because more argon can be
RSC Adv., 2015, 5, 40953–40963 | 40955
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Fig. 4 Time evolution of inside and outside growth for S ¼ 10.23 (a)
L1D1 (b) L1D2 (c) L2D1 and (d) L2D2.

Fig. 3 Time evolution of inside and outside growth for S ¼ 2.22 (a)
L1D1 (b) L1D2 (c) L2D1 and (d) L2D2.
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saturated inside the tube. Based on the potential amount of
saturation within the pore, the packing time is dened as the
time the tube reaches 95% saturation for the rst time. The
40956 | RSC Adv., 2015, 5, 40953–40963
amount of complete saturation is taken from the latter part of
the plateaus in Fig. 1. Although L2D2 does not reach complete
saturation, the latter 0.25 ns of the data is averaged and used as
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Growth rate for all types of tubes (a) inside growth (b) outside
growth.

Fig. 6 Growth process for L2D1 tube. (a) Onset of growth (0.0 ns) (b)
0.39 ns (c) 0.40 ns, and (d) 0.65 ns. The colours yellow, red, and
magenta, are tube, inner vapour, and outer vapour molecules,
respectively.
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the saturated value. The packing times of L1D1, L1D2, L2D1,
and L2D2, are 1.33 ns, 2.92 ns, 2.46 ns, and 3.41 ns, respectively.
The narrow tube has a lower packing time due to the smaller
pore volume.

Although there is a slight correlation between the growth rate
inside the tube and the supersaturation ratio, it is weaker than
that shown in Fig. 5(b), which shows the growth rates for the
outside of the tube. For growth on the outside of the tube, the
smallest tube clearly has the most inuence of S, whereas the
largest tube does not react as much to S, even though there is a
clear increase and eventual saturation in the overall growth rate.
Moreover, the growth rates for L2D2 for the inside and outside
are comparable since the inside of the tube has enough volume
to accommodate all condensing vapour molecules. Interest-
ingly, for L1D2 the outer growth rate for the lowest supersatu-
ration ratio is higher than other types, which is related to the
higher growth rate for the inside of the tube. When the inside of
the tube is lled, the condensed molecules on the inner surface
apply additional attraction to the molecules on the outside
because the cutoff radius of the vapour molecules is larger than
the condensed monolayer thickness. This additional attraction
is weaker for L2D1 since the inner growth rate and packing in
the volume is lower. Furthermore, as S increases, the additional
attraction becomes insignicant since condensation is more
prevalent for higher supersaturation conditions.
This journal is © The Royal Society of Chemistry 2015
Fig. 6 and 7 provide snapshots of the slice plots with regards
to the growth process for the L2D1 and L2D2 tubes, respectively.
According to the gures, a temporal liquid wall is stochastically
assembled perpendicular to the surface within the tube, which
traps vapour molecules that could have simply tunnelled
through beforehand, further accelerating the packing process.
The narrow pores can only retain three atomic layers, so the
temporal walls that are not stationary, form and dissipate
during the packing process, which is visible within the short
interval of 0.01 ns in Fig. 6(b) and (c) showing very different
vapour deposition within the pore. For larger diameters, the
process takes more time and is more complex. Islands form on
the completely wetted surface and these islands need to coin-
cide with those that grow on the other side of the tube (Fig. 7(b)
and (c)). Depending on the interaction strength between the
substrate and the vapour molecules, the initial amount of
wetting on the surface will vary. According to previous
studies,12,14,34,35 liquid menisci form within the pore at both
ends, but here that is not the case. Moreover, temporal cavities
or bubbles are actually commonly observed within the volume
before packing is complete (Fig. 6(d) and 7(d)). Basically the
RSC Adv., 2015, 5, 40953–40963 | 40957
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Fig. 7 Growth process for L2D2 tube. (a) Onset of growth (0.0 ns) (b)
1.83 ns (c) 2.31 ns, and (d) 2.59 ns. The colours yellow, red, and
magenta, are tube, inner vapour, and outer vapour molecules,
respectively.

Fig. 8 Inside and outside growth rates for all types (a) L1D1 (b) L1D2 (c)
L2D1 and (d) L2D2.
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same packing phenomenon occurs for the shorter tubes at a
faster pace.

The answer to the question on whether the vapour
condenses faster inside or outside of the tube is illustrated in
Fig. 8. According to the plots, the answer is evidently not as
simple as the question because there is a clear discrepancy in
the phenomena depending on the pore size. For large pores
(L1D2 and L2D2), the growth inside is faster than the outside for
all supersaturation ratios. Though the extent of the difference in
the condensation for inside and outside decreases as the tube
40958 | RSC Adv., 2015, 5, 40953–40963
length becomes longer, the overall tendency persists. For small
pores (L1D1 and L2D1), however, there is a crossover effect,
where at relatively low supersaturation ratios, inside growth is
This journal is © The Royal Society of Chemistry 2015
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Fig. 10 Homogeneous nucleation rate of all tube types.

Table 2 The number of molecules and dimensions of the four hollow
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faster than the outside, and condensation occurs more quickly
for the outside at high S values. As in the case of the large pores,
this tendency is more obvious for the shorter tube (L1D2).
Furthermore, the crossover point is around the critical super-
saturation ratio, which was the threshold value, where homo-
geneous nucleation can rst be observed. This means the
condensation rate is affected by the homogeneous nucleation
characteristics of the system, which is directly proportional to
the supersaturation ratio. As previously stated, condensation
inside the tube is not as affected by S as much as the outside, so
the origin of the crossover effect is simply the difference for the
condensation rate on the inside and outside of the tube. For
larger pores, the independence on supersaturation for the
inside becomes weaker, making the growth rate for both the
inside and outside in parallel with S.

The overall growth rate for the tube is depicted in Fig. 9. Note
that the overall growth rate is not the simple sum of the inside
and outside growth rate in Fig. 5 since the inner and outer
surface areas used in the calculation are different. Unlike the
separate growth rates for inside and outside, the overall growth
rates show an independence from the supersaturation ratio like
previous studies.48,49 The smallest seed (L1D1) clearly is fastest
because of the smallest surface area, but the second fastest is
interestingly L1D2. This is because a larger pore has more
packing than a tube with a smaller diameter. The rate of
condensation for large-diameter tubes overtakes the surface
area effect.

3.1.2 Homogeneous nucleation. Previous studies indicated
that at high supersaturation ratios, growth on the seed and
spontaneous droplet formation occurs simultaneously.48,49 The
homogeneous nucleation occurring was isolated and plotted in
Fig. 10. Although the initial thermodynamic conditions for
previous spherical and cubic seed particles are identical, the
critical supersaturation ratio increases, meaning droplet
formation is inhibited. Previous studies have found the critical
supersaturation ratio to be at S ¼ 6, but here it is 7 or for a
couple tube types it is at 8. No clear generality on the pore size,
tube length, or surface area can be extracted. Aer a further
study, this inhibition effect was not found to be from the seed
Fig. 9 Overall growth rate for all tube types.

This journal is © The Royal Society of Chemistry 2015
dimensions, but rather from the material, namely the 3 used for
the Si atoms of the nanotube. Further analysis on this effect will
be presented in a separate article. One clear tendency observed
is that the homogeneous nucleation rate generally increases
with the supersaturation ratio, which coincides with the clas-
sical nucleation theory.57,58
3.2 Closed ended tubes (hollow and lled cylinders)

In order to understand how the existence of the pore affects
homogeneous nucleation and condensation on the seed, lids on
both ends of the tube were placed, making the tube a hollow
cylinder. Moreover, to check how the increase in the mass of the
tube would affect condensation, the hollow cylinder was lled
with Si atoms. The process of creating the lled cylinder was by
simply making a multi-walled nanotube. The overall dimen-
sions of the seed did not change from the initial tube in Table 1.
There is a difference, however, in the number of atoms of the
cylinders simulated

Type N Diameter Length Aspect ratio Surface area

L1D1 274 5.78 18.9 3.27 552.5
L1D2 610 11.4 18.9 1.65 1496
L2D1 524 5.78 38.2 6.61 940.0
L2D2 1110 11.4 38.2 3.35 2190

Table 3 The number of molecules and dimensions of the four filled
cylinders simulated

Type N Diameter Length Aspect ratio Surface area

L1D1 527 5.78 18.9 3.27 552.5
L1D2 1852 11.4 18.9 1.65 1496
L2D1 1052 5.78 38.2 6.61 940.0
L2D2 3702 11.4 38.2 3.35 2190

RSC Adv., 2015, 5, 40953–40963 | 40959
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new seeds and the surface area. The surface areas for the
cylinders have a couple of additional circular at lids besides
the outer surface area, where the tube had an inside as well. The
system volume was not changed for each seed type even though
Fig. 11 Growth rates for all types of tubes, hollow and filled cylinders.

40960 | RSC Adv., 2015, 5, 40953–40963
the number of atoms in each seed increased for the cylinders to
compare the seed in the same supersaturation conditions. The
summaries for the hollow and lled cylinders are in Tables 2
and 3, respectively.

The mass effect for the cylinder was investigated because the
cutoff radius exceeds the monolayer thickness on the outer
surface of the tube and thus the condensed vapour molecules
will most likely interact with the lled Si atoms in the inside of
the lled cylinder.

3.2.1 Heterogeneous growth. The rst notable fact in
Fig. 11 is in the independence of the growth rate to the super-
saturation ratio S. Even though the data looks scattered, a few
patterns can be found. The rst is that except for L1D2, the lled
cylinder generally has a higher growth rate than the hollow
cylinder. This was expected because of the mass effect of the
seed. Since the vapour has more atoms inside the lled cylinder
to interact with, there is more condensation. This mass effect
similarly occurs for L1D2 tubes, where the tube lls up fast as
seen in Fig. 5(a) and thus acts like a lled cylinder making the
growth rates comparable. This effect is not as evident for L2D2
because the larger seed requires more time to get saturated. For
small pore sizes (L1D1 and L2D1), the growth rate in general is
higher for lled, hollow cylinder, and the tube successively. The
reason for the hollow cylinder being faster than the tube is
because it has almost half of the surface area. Therefore, when
Fig. 12 Growth rates for the (a) hollow and (b) filled cylinders.

This journal is © The Royal Society of Chemistry 2015
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inside growth is slow, that is coupled with a double amount of
surface area for the tube having a lower condensation rate
compared to the hollow cylinder. The lled cylinder being faster
Fig. 13 Homogeneous nucleation rates for all types of the tube,
hollow and filled cylinder.

Fig. 14 Different arrangement of the homogeneous nucleation rates
for all types of the hollow and filled cylinder.

This journal is © The Royal Society of Chemistry 2015
than the tube is similar, but because of the mass effect, there is
an incentive in the condensation for the lled cylinder.

The plots in Fig. 12 are rearrangements of the data in Fig. 11
minus that of Fig. 9, which already showed the results for the
tube. The smallest seed type (L1D1) clearly has the highest
growth rate in all cases, whereas the other three types show
similar rates.

3.2.2 Homogeneous nucleation. Fig. 13 shows how the
different types of seeds affects the homogeneous nucleation
characteristics of the system. As was in the case of the tube,
which again also show in these plots, the insertion of the seed
increases the critical supersaturation ratio. As previously stated,
the critical S value was at 6, but the seed increases the value by
one or two and no general rule can be found.

The perspective of the data was changed in Fig. 14 for just
the hollow and lled cylinder, but again, no clear pattern is
observable. The only consistent fact is that the nucleation rate
generally increases with the supersaturation ratio, which was
explained previously.

4. Conclusion

Heterogeneous vapour-to-liquid nucleation on silicon nano-
tubes was studied by classical molecular dynamics simulation.
RSC Adv., 2015, 5, 40953–40963 | 40961
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A fundamental question addressed was whether droplet growth
is faster on the inner surface or on the outer surface of the
nanotube. The answer, however, was not uniform because it can
vary, depending on the pore size. For a large pore the growth
rate inside was higher, but for a small pore, a crossover occurred
due to the degree of supersaturation. To examine the inuence
of the pore, lids on both ends were placed. Mass effects of the
cylinder were also investigated. In terms of growth the tube
typically was the slowest; furthermore, the lled cylinder
generally had the highest growth rate. The critical supersatu-
ration ratio increased for homogeneous nucleation. Finally,
although the quantitative results from this study may differ,
depending on thematerial chosen for the tube or the vapour, we
believe the qualitative trend will be the same.
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