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C
ontrolled growth of carbon nano-
tubes (CNTs) is vital for the full scale
realization of many proposed CNT-

based applications such as nanoelectronics,1,2

electrochemical capacitors,3 reinforcements
in polymer composites,4,5 and additives for
electrically6 and thermally7 conducting com-
posites. For example, a recent report by Ci
et al.8 shows that composites with long car-
bon nanotubes allow for maximal utilization
of thehighmodulus and strengthofCNTs and
that directionally aligned CNTs are desirable
compared to randomly dispersed CNTs of the
same length. It has also been observed that
a composite with directionally aligned CNTs
shows different conductance behavior than a
composite with randomly aligned CNTs9 and
that the conductance is anisotropic and de-
pends on the orientation of the CNTs.
Chemical vapor deposition (CVD) is the

most successful method for production of
long, directionally aligned CNTs.10,11 For this
method to be fully applicable for systematic
production of CNTs, it is important to under-
stand which parameters control the quality
and length of the CNTs produced. It has
been discussed that the growth ratemay be
limited by the diffusion rate of the carbon
feedstock12 as well as the diffusion rates of
carbon in11 and on13 the catalyst particle. It
has also been suggested that the formation
of carbon structures on the catalyst surface
will poison the catalyst particle and serve as
a limiting factor14 of the growth process.
It has been shown that water-assisted

CVD growth15,16 (supergrowth) is an effi-
cient method to delay the poisoning of
the catalyst particle and that it allows for
growth of dense millimeter-long CNT for-
ests. Although supergrowth has led to a
significant advance, the lifetime and activity
of catalyst particles are still limiting the
yield. Recent reports suggest that the
presence of water in the growth chamber

may also inhibit the process of Ostwald
ripening of the catalyst particles,17 hence
reducing the increase in the number of
larger particles at the expense of smaller
ones. It has also been discussed that cat-
alyst deactivation is due to a combination
of Ostwald ripening and diffusion of the
catalyst particles into the substrate
material.18 It was shown that the rates of
subsurface diffusion and Ostwald ripen-
ing for Fe catalysts of diameters of a few
nanometers were dependent on the
method of production and porosity of
the substrate.19

Ostwald ripening20,21 is a process where a
system of particles seeks to increase the
system's global stability by increasing the
particle bulk-to-surface fraction, that is, in-
creasing the volume and decreasing the
surface area. This is due to the higher energy
of surface atoms compared to the bulk
atoms, and the result is that smaller clusters,
below a critical size, will decrease in size,
and larger clusters, above the critical size,
will increase their size. For free clusters the
critical size is equal to the average size of
the distribution.22
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ABSTRACT The effect of Ostwald ripening of metal particles attached to carbon nanotubes has

been studied using density functional theory. It has been confirmed that Ostwald ripening may be

responsible for the termination of growth of carbon nanotube forests. It was seen that the Ostwald

ripening of metal particles attached to carbon nanotubes is governed by a critical factor that

depends on both the cluster size and the carbon nanotube chirality. For example, clusters attached

to armchair and zigzag nanotubes of similar diameters will have different critical factors although

the exact behavior may depend on which molecules are present in the surrounding medium. The

critical factor was also observed to have a critical point with the effect that clusters with a narrow

size distribution close to the critical point may experience a narrowing rather than a widening of the

size distribution, as is the case for free clusters.
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To understand the mechanisms of CNT growth
termination due to Ostwald ripening, it is of great rele-
vance to know whether there is a difference in the
ripening rate of catalysts attached to CNTs of different
chirality. This intricate issue is addressed by first principles
density functional theory (DFT) calculations. The same
DFT methods used here have previously been used to
provide useful information about CNT-metal systems.
For example, it hasbeenshown themetal adapts its shape
to the CNT and not vice versa,23 that the adhesion energy
between zigzag CNTs and metal is significantly stronger
than the adhesion between armchair CNTs andmetal24,25

while the adhesion between CNTs and metal-carbides is
similar to that of the CNT and pure metal particles.25

The analysis presented here is mainly based on
comparisons of total energies of sets containing an
equal number of C, Ni, and H atoms. Typically, these
sets contain two CNTs, possibly with different chirality,
either attached to Ni clusters or having an open end. In
the figures presented below, the relative energy be-
tween two sets are given. This relative energy is defined
as the energy difference between a setwith two identical
CNT-metal systems and a set with one open-endedCNT
and all metal atoms on the other CNT, that is, Erel = 2 �
ECNT-Nix - ECNT-Ni2x - ECNT. A positive relative energy
indicates that the set with a large cluster is favored over
the set with two small clusters.
To study the stability of individual atoms in the

cluster, the atomic energy of atom i is defined as

Eatomic
i ¼ EN - EN- i (1)

where EN is the total energy of a system N and EN-i is
the total energy of the same system but with atom i

excluded (i.e., the cluster with atom i removed is not
relaxed). The atomic energies for all Ni atoms have
been calculated for some atomic geometries and allow
for direct comparison of relative stability between
atoms within the same structure. Since the clusters
with N- 1 atoms are not relaxed after removal of the
atom, these energies provide no information about
the diffusion rates or mechanism of individual atoms
but rather which atoms are most thermodynamically
stable.
Ni atoms have been characterized into the cate-

gories bulk, surface, and interfacial depending on their
coordination numbers. The coordination number of Ni
atom i is calculated according to

f (r, R1, R2) ¼
1 re R1

1þ cos
r- R1
R2 - R1

π

� � !
=2 R1 < re R2

0 r > R2

8>>><
>>>:
coordNi-Ni, i ¼

X
j 6¼i

f (ri, j , R1, R2) (2)

coordNi-C, i ¼
X
k

f (ri, k , R1, R2) (3)

where the summation is over all Ni (eq 2) and C (eq 3)
atoms, respectively, ri,j is the distance between Ni
atoms i and atom j, and ri,k is the distance between
Ni atom i and C atom k. The parameters are R1 = 2.7 Å
and R2 = 3.2 Å for the Ni-Ni coordination numbers and
R1 = 2.7 Å and R2 = 3.0 Å for the Ni-C coordination
numbers. This procedure and parameters were suc-
cessfully used in the construction of a many-body
potential for Ni and C.26

RESULTS AND DISCUSSION

The smallest number of particles that can experience
Ostwald ripening is two, where the smallest particle
will decrease in size in favor of the larger one. Free Ni
clusters are initially examined in order to understand
whether nanoscaled Ni clusters will experience Ost-
wald ripening. Figure 1 shows the relative energies of
sets containing 30, 40, 50, and 60 Ni atoms, distributed
as either one large cluster or two smaller clusters of the
same size. All systems have a positive relative energy,
showing that the set with one large cluster is more
stable than the set with two small clusters. That is,
Ostwald ripening occurs as soon as there exists a size
difference between the clusters.
The situation is similar when the clusters are at-

tached to CNT ends, except for the presence of the
adhesion energy between the CNTs and theNi clusters.
Diffusion of a cluster away from a CNT end, for exam-
ple, during Ostwald ripening, results in the creation of
an openCNT endwith dangling C bonds, each ofwhich
increases the energy by about 1.5 or 2.5 eV for armchair
and zigzag nanotubes, respectively.25,27 For Ostwald
ripening to occur, this energy has to be regained by
increasing the bulk-to-surface fraction of the larger
cluster.
The energies in Figure 2 show that a set with two

(3,3) CNTs attached to Ni30 clusters will gain approxi-
mately 6 eV by forming a set with one CNT attached to
a Ni60 and leaving the other CNT end open. This shows
that the energy gained by the formation of the larger
cluster is sufficient to compensate for the creation of
six dangling bonds of the openCNT. These energies are
given in Table 1, which also presents energies for (6,0),

Figure 1. The relative energy between sets containing two
freeNix clusters andoneNi2x cluster as a functionof the total
number of atoms. All sizes have a positive relative energy
indicating that even at the nanoscale the larger clusters are
energetically more favorable than two smaller clusters.
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(4,4), and (8,0) CNTs. It shows that, in the case of (6,0)
CNTs, forming the set with a large cluster and an open
CNT end will lead to an energy gain of approximately
0.7 eV, which is a significantly smaller energy gain than
for the (3,3) CNT. This is a reasonable result, since the
adhesion between zigzag CNTs and Ni clusters is
stronger than the adhesion between armchair CNTs
andNi clusters.24 Consequently, the energy required to
separate the cluster from a zigzag CNT is higher than
that required for separation from an armchair CNT
(with the same number of carbon end atoms).

The formation of one large Ni60 cluster instead of two
Ni30 clusters is favored by 2.2 eV for the (4,4) CNT but is
disfavored by 2.8 eV for the (8,0) CNT. Again, this shows
that zigzag CNTs are less prone to experience Ostwald
ripeningof the catalyst particles and that the formationof
the Ni60 cluster does not provide a sufficient energy
to compensate for the formation of eight dangling
C bonds.
Figure 3 shows the relative energies between sets

with a total number of 30, 40, 50, and 60 Ni atoms
distributed either as two small clusters of the same size
or as one large cluster. The CNT chiralities are (3,3), (4,4),
(5,0), (6,0), and (8,0), and a positive relative energy
indicates that the set with one larger cluster and one
open CNT is more stable than the set with one smaller
cluster at eachCNT end. It is clear that even the formation
of a small cluster of 30 Ni atoms is sufficient to compen-
sate for the formation of six dangling C bonds at an open
(3,3) end while at least 40 Ni atoms are needed to
compensate for the creation of eight dangling bonds at
the (4,4) end. The zigzag CNTs, which have stronger
adhesion to the Ni cluster need at least 40, 60, and >60
Ni atoms for the (5,0), (6,0), and (8,0) CNTs to be left with
an open end, respectively. The observed trends with
increased stability with increased cluster size are similar
to the trend for free clusters shown in Figure 1. This
supports the validity of the calculation although there is a
small effect of the initial configuration, most clearly seen
for the 40 and 50 atom clusters attached to the (8,0) CNT.
These results, which represent the extreme casewhere

all atoms are removed from one CNT, support the fact
that Ostwald ripening may occur with clusters attached
to CNTs. This may terminate the growth of parts of the
initial CNT distribution. The CNTs that no longer have
attached metal clusters after Ostwald ripening will not
grow in length. Also, an increase in cluster size due to the
Ostwald ripeningmay lead to solidification of the particle
at thegrowth temperature,28,29whichmayalso terminate
the growth.30 Themechanism of the growth termination
lies outside the scope of this contribution.
The behavior of amixed distribution of armchair and

zigzag CNTs was analyzed by energy comparisons of

Figure 2. Structures of sets containing two (3,3) CNTs and
60 Ni atoms. The Ni atoms are distributed equally on both
CNTs (top) or on only one CNT (bottom) leaving the other
CNTwith one open end. The total energy of each set is given
as well as the energies of the individual CNT-metal
systems. The difference in total energy is approximately
6 eV in favor of the set with one open CNT end and a Ni60
cluster attached to the other CNT.

TABLE 1. Total Energies of Sets with Two (n,m) CNTs

Attached to a Total of 60 Ni Atomsa

total energies of CNT-metal systems

system energies (eV) Etot (eV)

(3,3)-Ni30, (3,3)-Ni30 -571.19, -571.19 -1142.39
(3,3), (3,3)-Ni60 -432.52, -715.81 -1148.32
(6,0)-Ni30, (6,0)-Ni30 -573.28, -573.28 -1146.57
(6,0), (6,0)-Ni60 -430.20, -717.06 -1147.25
(4,4)-Ni30, (4,4)-Ni30 -730.07, -730.07 -1460.14
(4,4), (4,4)-Ni60 -588.27, -847.07 -1462.33
(8,0)-Ni30, (8,0)-Ni30 -730.57, -730.57 -1461.13
(8,0), (8,0)-Ni60 -582.02, -875.36 -1458.28

a The Ni atoms are either distributed equally on both CNTs or on only one CNT. These
sets are referred to as (n,m)-Ni30, (n,m)-Ni30 and (n,m), (n,m)-Ni60, respectively. The
CNT chiralities are (3,3), (6,0), (4,4), and (8,0).

Figure 3. The relative stabilities for (3,3), (4,4), (5,0), (6,0),
and (8,0) CNTs are plotted against the total number of Ni
atoms. A positive relative stability indicates that it is
energetically favorable to form a set with one open CNT end
and all Ni atoms attached to the other CNT end compared to
having an equal number of Ni atoms at each CNT end.
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sets containing an armchair and a zigzag CNT with an
equal number of bonds at the end, that is, (3,3) and
(6,0) or (4,4) and (8,0). These CNTs were either attached
to Ni clusters of the same size (top panel in Figure 4)
or one CNT is attached to a large cluster and the
other CNT is left with an open end (middle and
bottom panels in Figure 4). A comparison of the total
energies of the sets shows that it is 1.4 eV more
favorable to form a larger cluster at the zigzag end,
leaving the armchair CNT open, than having a smal-
ler cluster at each CNT end. It is also seen that leaving
the zigzag end open and having the larger cluster at
the armchair CNT leads to an energy cost of 1.9 eV.
This means that, under conditions suitable for Ostwald
ripening, the cluster atoms initially attached to the
armchair CNT will diffuse to the clusters attached to
the zigzag CNTs. Similar results were obtained for the
sets containing (4,4) and (8,0) CNTs and 60 Ni atoms,
where the energy of the set with all 60 Ni atoms at
the zigzag end is approximately 3 eV lower than for
the set with 30 Ni atoms end which is approximately
3.6 eV lower than for the set with all Ni atoms at the
armchair end.

The requirement for Ostwald ripening of free clus-
ters to occur is that there exists a width in the cluster
size distribution. To evaluate whether this condition is
sufficient for Ostwald ripening of clusters attached to
CNTs, a comparison was done of the total energies
between two sets, containing a total of 40 Ni atoms,
distributed either as two Ni20 clusters or as a Ni15 and a
Ni25 cluster, when attached to (3,3) and (6,0) CNTs
(Table 2). The sets with an equal Ni distribution are
favored by approximately 0.25 and 0.8 eV for the (3,3)
and (6,0) CNTs, respectively. This means that a size
distribution of width 5 atoms, centered around 20
atoms, is not sufficient to initiate Ostwald ripening of
Ni clusters attached to (3,3) and (6,0) CNTs. On the
contrary, Ni clusters within this size distribution will
undergo ripening toward the most stable distribu-
tion, that is, when all clusters have the same size. It is
important to note that this is the opposite trend that
was seen for the (3,3) CNT when the comparison was
made between a set containing two Ni20 clusters and
a set containing a Ni40 cluster (Figure 2), while it is the
same trend for the (6,0) CNT. In the first case, Ostwald
ripening to the large cluster was observed while in
the latter it was not observed.
The above results show that when the Ni clusters are

attached to CNTs, not only is the Ostwald ripening
governed by a critical size forcing clusters above this
size to increase in size at the expense of the clusters
below this critical size, but also the ripening process is
governed by a critical factor which is a combined prop-
erty of increased stability due both to cluster size and
stabilization due to the adhesion to the CNT.
The comparisons between zigzag and armchair

CNTs indicate that this critical factor is different for
clusters attached to different CNT chiralities, even
though the cluster size is the same. This can be further
analyzed by studies of the Ni atomic energies. Figure 5
shows histograms of the atomic energies of the atoms
in theNi55 cluster attached to (5,5) and (10,0) CNTs. These
systems were studied in ref 25 and have CNT-cluster
adhesion energies of approximately-14.5 and-25.2 eV
for the (5,5) and (10,0) CNTs, respectively. Atoms have
been characterized into three categories which are

Figure 4. Sets with a (3,3) and a (6,0) CNT and a total of 40 Ni
atoms distributed equally (top), on the (3,3) CNT (middle),
and on the (6,0) CNT (bottom).

TABLE 2. Total Energies of Sets with Two (n,m) CNTs

Attached to a Total of 40 Ni Atomsa

total energies of CNT-metal systems

system energies (eV) Etot (eV)

(3,3)-Ni20, (3,3)-Ni20 -524.68, -524.68 -1049.36
(3,3)-Ni15, (3,3)-Ni25 -501.04, -548.06 -1049.10
(6,0)-Ni20, (6,0)-Ni20 -527.12, -527.12 -1154.25
(6,0)-Ni15, (6,0)-Ni25 -503.62, -549.71 -1153.33

a The Ni atoms are either distributed equally on both CNTs or with 15 Ni atoms on one
CNT and 25 Ni atom on the other CNT. These sets are referred to as (n,m)-Ni20, (n,m)-Ni20
and (n,m)-Ni15, (n,m)-Ni25, respectively. The CNT chiralities are (3,3) and (6,0).
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separately indicated in the histograms. Bulk atoms
have coordination numbers coordNi-Ni > 11 and co-
ordNi-C = 0, surface atoms have coordNi-Ni e 11 and
coordNi-C = 0 and interfacial atoms have a coordina-
tion number coordNi-C > 0. It is seen that bulk atoms
have approximately the same atomic energies for both
systems, meaning that these are equally stable and
that there is no energetic preference to formmore bulk
on either CNT during the course of Ostwald ripening. A
similar trend is seen for surface atoms which is expected
since the clusters are of the same size. The difference in
the energy distributions of the interfacial atoms shows
that they are more stable at the (10,0)-cluster interface
than at the (5,5)-cluster interface. Thismeans that there is
a higher cost of removing atoms from the (10,0)-cluster
interface and that the removal of these atoms requires a
higher critical factor than the removal of atoms from the
(5,5)-cluster interface. This is consistent with the results
discussed above, where it was seen that a larger cluster is
required to remove all atoms from a zigzag end than an
armchair end. Comparison of the atomic energies also
indicates that the stabilization is due to local effects at the
CNT end and hence, the difference in contribution to
the critical factor for armchair and zigzag is due only to
this region. The results here are typical for other cluster
geometries and sizes.
In Figure 6 the energies of the interfacial atoms have

been divided into two groups, having coordination
numbers coordNi-Ce 1 and coordNi-C > 1. The average
energies for each group are given for both systems as
well as their positions on a cross section of the struc-
tures. It is seen that atoms on the interface with
coordNi-C e 1 are the most stable while interfacial
atoms with coordNi-C > 1 are more stable than surface
atoms but less stable than bulk.
It is interesting to note that the lower stability of

interfacial atomswith coordNi-C > 1 (yellow in Figure 6)
compared to bulk (blue) means that atoms inside the
CNTwill retract from the CNT if this increases the number

of bulk atoms. This conclusion was drawn in ref 23 which
was based on the analysis of local energies within a tight-
binding model. Although it should be stressed that the
atomicenergies in this contributionand the local energies
reported in in ref 23 are fundamentally different proper-
ties, this supports the validity of the tight-binding results.
A comparison of the atomic energies of Ni25 and Ni50

clusters on a (3,3) CNT end, seen in Figure 7, shows that
the bulk atoms are equally stable in both systemswhile
surface and interfacial atoms in the larger cluster are
slightly more stable than in the smaller cluster. This
means that therewill be an energy gain to drive surface
atoms from the smaller cluster to the larger cluster since
they are more stable irrespective of whether they are
surface or bulk in the larger cluster. The consequence of
this is that that smaller cluster will decrease until only
interfacial atoms remain at the CNT end. For these final

Figure 5. Histograms of the Ni atomic energies in the
CNT(5,5)-Ni55 (top) and CNT(10,0)-Ni55 (bottom) systems.
The cluster atoms have been separated into bulk Ni, surface
Ni, and interfacial Ni. It is seen that the energies of the bulk
and surface atoms are very similar for both CNT systems
while the energies of the interfacial atoms are lower (higher
stability) for the CNT(10,0)-Ni55 system.

Figure 6. Ni atomic energies in systemswith (10,0) (left) and
(5,5) (right) CNTs attached to icosahedral Ni55 clusters. The
average atomic energies are given for bulk Ni (blue) atoms,
surface Ni (green) atoms, interfacial Ni atoms with C co-
ordination number less than or equal to 1, (red) and inter-
facial Ni atoms with C coordination number greater than 1
(yellow).

Figure 7. Histograms of the atomic energies of Ni atoms in
the CNT(3,3)-Ni25 (top) and CNT(3,3)-Ni50 (bottom) systems.
The atoms have been separated into bulk Ni, surface Ni, and
interfacial Ni. For CNT(3,3)-Ni25 every atomic energy has
been counted twice in order to have a total of 50 Ni atoms
which makes the two histograms directly comparable. It is
seen that the CNT(3,3)-Ni50 system has a larger number
of bulk atoms and that both the surface and interfacial
distributions are shifted toward lower energies and
increased stability.
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interfacial atoms to be driven to the larger cluster it is
necessary that they increase their stability. Calculations of
the atomic energies of eight C atoms on the end of a (8,0)
CNT (chosen because of the stronger adhesion between
Ni and zigzag CNTs) showed that these atoms, which
form a ring at the CNT end, have an atomic energy of
approximately-5.6 eV which is less stable than the bulk
of larger clusters; that is, the interfacial atomswillmove to
the larger clusters. It is also clear that the bulk-to-surface
fraction is higher for the larger cluster and that thedriving
force of Ostwald ripening is the same for these nano-
scaled clusters as for particles on the microscale. In
addition, the driving force is enhanced by the increased
stability of the surface atoms, and not only because the
ratio of bulk/surface atoms increases.
To verify that the results reported above are valid at

temperatures relevant to CNT growth DFT molecular
dynamics (MD) simulations were performed for the
(3,3) and (6,0) CNTs with one open end and attached to
Ni20 and Ni40 clusters. The atomic starting configura-
tions for the MD simulations were taken from the
relaxed structures providing data for Table 1 but where
all atoms were slightly displaced in order to provide a
quick increase in the temperature. As the MD simula-
tions were performed with lower accuracy, as de-
scribed in the Methods section, a relaxation of the
starting configuration was done in order to verify that
the reduced accuracydidnot significantly alter the trends
of the calculations at 0 K. Calculations at the lower
accuracy yielded relative energies of 1.64 eV for the
(3,3) CNTs and -3.48 eV for the (6,0) CNTs. This is the
same trend as presented in Figure 3, where the
relative energies are 2.9 and -3.4 eV, respectively.
The energy comparisons at finite temperature were

done in a procedure comparable to that described
above but where the minimum energies are replaced
by average energies with corresponding standard
deviations. The data sampling was performed during
a simulation time of 0.75 ps after an equilibration time
of at least 1.5 ps. The relative average energies are
obtained from Erel = 2 � ECNT-Nix - ECNT-Ni2x - ECNT,
and the relative standard deviation of the relative
average energies were calculated as the square root
of the sum of squared standard deviations, that is, by
the expression σrel = (2 � σCNT-Nix

2 þ σCNT-Ni2x
2 þ

σCNT
2 )1/2. For the (3,3) CNT the average relative energy

was Erel = 2.68 eV with the relative standard deviation
σrel = 1.07 eV. The positive relative energy indicates
that the set with two identical clusters is less stable
than the set where all Ni atoms were part of one large
cluster attached to one of the CNTs.
For the sets with (6,0) CNTs the average relative

energy was Erel = -2.2 eV with the relative standard
deviation σrel = 1.08 eV. The set with two identical
clusters is clearly more stable than the set with only
one large cluster. Hence, conclusions based on the
calculations at 0 K are also valid at this temperature. It is

worth noting that the open end of the (6,0) CNT closed
during the MD simulation while that of the (3,3) CNT
did not. Closure of the CNT leads to a lower energy of
this set which favors Ostwald ripening. Despite this,
Ostwald ripening on (6,0) CNTs is not favored com-
pared to having two smaller clusters.
To elaborate further on the temperature effect on

Oswald ripening, the atomic energies of Ni atoms in
finite temperature configurations were calculated. This
was done for three different frames of the MD simula-
tions of the (3,3)-Ni20 and (3,3)-Ni40 systems discussed
above. The histograms of these atomic energies, given
in Figure 8, gives a measure of the energy cost of
removing one atom from the cluster, that is, the energy
lost by the system when one atom is removed from the
source cluster. These calculations showed the same trend
as the 0 K calculations where the atomic energies are
higher for surface atoms on smaller clusters compared to
surface atoms on larger clusters.
The energy cost of removing one atom can be

compared with the energy gained when this atom is
attached on the surface of another cluster, that is, in a
start and end state diffusion process. This energy gain
was approximated from the atomic energies of one Ni
atom that was randomly positioned close to the metal
surface in the (3,3)-Ni20 system. This was done for a
total of 160 random positions on the three different
atomic configurations of the (3,3)-Ni20 systems. The Ni
atom was positioned between 2.1 and 2.8 Å from the
nearest Ni neighbor and at least 1.7 Å away from the
nearest C neighbor. The average energy of these atoms
is -3.35 eV, and the most stable atoms had an atomic
energy of approximately -4.45 eV, although it is
reasonable to expect that more sophisticated position-
ing of atoms on the cluster surface may yield lower
atomic energies. The lowest cost of removing an atom
from a cluster surface (seen in Figure 8) is larger than
the energy gained when attaching to a new cluster.

Figure 8. Histograms of the atomic energies of Ni atoms in
the CNT(3,3)-Ni20 (top) and CNT(3,3)-Ni40 (bottom) systems.
The histograms are based on data from three different
frames from the MD simulations discussed above. The
atoms have been separated into bulk Ni, surface Ni, and
interfacial Ni atoms.
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More quantitatively, the maximum energy of the
surface Ni atoms of the (3,3)-Ni20 system is approxi-
mately -4.55 eV, while the minimum atomic energies
of the randomly positioned Ni atoms are approxi-
mately-4.45 eV. By comparing the situations before
and after atomic diffusion an energy difference
ΔE≈-0.1 eV is obtained. To include the finite tempera-
ture, the relative probability between the two states at a
temperature of 1000 K can be approximated as Prel =
exp(-ΔE/(kBT)) ≈ 0.3. This means that there is a signifi-
cant probability, ∼0.3, of removing an atom from a
smaller cluster and adsorption of this atom onto another
cluster. Considering that the feedstock decomposition
and subsequent C addition to the cluster may be
exothermic which would give even higher cluster
temperatures, the relative probability may be even
higher. Further, this calculation assumes a maximum
dissociation barrier of the diffusing atom as it was
just removed from the source cluster without any
reconfiguration. If the reconfiguration was to be
taken into account the dissociation barrier may be
lower and thus yielding a higher relative probability
between the systems. Finally, the addition of an
atom to a cluster is likely to result in a reconfiguration
of the target cluster with the result that the newly
added atom will increase in stability shortly after the
addition. The average atomic energies of the surface
atoms are approximately -5.25 eV for the Ni atoms
of the (3,3)-Ni20 system and approximately -5.85 eV
for the Ni atoms of the (3,3)-Ni40 system. This means
that the reconfiguration of the target cluster may, on
average, result in an energy decrease in the order of
at least 0.5 eV.
As a final remark, the difference in atomic energy

between bulk atoms and surface atoms at the finite
temperature is at least ΔE = -0.5 eV. This gives a
relative probability at 1000 K of Prel = exp(-ΔE/(kBT))≈
0.003; that is, it is significantly more likely to find an
atom in the bulk state if possible. The temperature
needed to obtain an approximately equal relative
probability is around 8500 K, which is far beyond
the temperatures relevant to CNT growth and well
above the clusters' melting point. Hence, a very high
temperature is needed to remove the driving force
for Ostwald ripening, namely, the stability difference
between bulk and surface atoms.
Some of the results presented here assume that the

CNT has an open (unpassivated) end after Ostwald
ripening. This is not expected to be the case under
experimental conditions where feedstock or other me-
diummoleculesmaypassivate theCNTend, orwhere the
open end may form a cap. To illustrate the effect of
passivation on our results we consider the simplest
reactionofmediumH2molecules dissociating toHatoms
that passivate the open CNT end. TheH2 dissociation and
C-H bond energies are calculated using the same
methods described above. These energy comparisons

were done for systems containing an equal amount of
C, Ni, and H atoms distributed either as two Ni clusters,
containing x atoms, attached to two CNTs and nH2

molecules in the medium or as a cluster, containing
2x Ni atoms attached to one CNT and the other CNT
passivated by the 2n hydrogen atoms. Similarly to
the calculations presented above, the relative ener-
gies were then calculated as

Erel ¼ (2� ECNT-Nix þ n� EH2 )
- ECNT-Ni2x - ECNT- 2nH (4)

where 2nwas chosen to be the number of C atoms at
the CNT end; that is, n = 3 for (3,3) and (6,0), n = 4 for
(4,4) and (8,0), and n = 2.5 for (5,0). The results of
these calculations are seen in Figure 9. As seen, the
end passivation may alter the previous results in the
sense that larger CNTs may gain more energy by
forming a larger cluster instead of two smaller clus-
ters, that is, more likely to experience Ostwald ripen-
ing. The passivation of the CNT ends may also erase
some of energy difference between sets with arm-
chair and zigzag CNTs.
As discussed above (with comparison of Figure 3

and Figure 9), passivation does not change the trends
of larger energy gains with Ostwald ripening, but it
leads to a larger energy gain for all cluster sizes. Even
smaller clusters on zigzag ends will Ostwald ripen
when passivation effects are considered. However, it
is important to note that the results presented above
for the critical factor of Ostwald ripening (Table 1 and
Figure 5, Figure 6 and Figure 7) and when narrowing of
the initial cluster distributionwas observedwere based
on calculations that did not include open CNT ends.
Hence, these results are not affected by passivation.
Also, under experimental conditions passivation does
not completely remove the effect of dangling bonds
(or C-Ni energy). That is, Ni atoms need to be partially

Figure 9. The relative stabilities for (3,3), (4,4), (5,0), (6,0)
and (8,0) CNTs are plotted against the total number of Ni
atoms. A positive relative stability indicates that it is
energetically favorable to form a set with one CNT end
passivated by H atoms and all Ni atoms attached to the
other CNT end compared to having an equal number of Ni
atoms at each CNT end and the corresponding number of H
atoms in H2 molecules.
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or fully removed from the CNT end before passivation
can occur. Hence, the effect of the chirality of CNTs on
Ostwald ripening will lie between the extremes of no
and immediate passivation studied here.
End passivation is more complex under experimen-

tal conditions than the procedure described here and
may depend on which residues are left from the feed-
stock decomposition, etc. As discussed in ref 17, the
presence of water inhibits Ostwald ripening and may
also affect the passivation of the CNT ends. Although
many details remain to be investigated it can be con-
cluded that ripening behavior of the metal clusters is
expected to be very different in an environment contain-
ing inert gases compared to, for example, hydrogen.

CONCLUSIONS

The results in this contribution shows that the
Ostwald ripening process may be responsible for the
termination of growth of fractions of CNT forests and
that CNTs with strong adhesion to the metal particle
are more prone to survive through the course of
ripening. It was also shown that the driving force of

Ostwald ripening in the case of Ni clusters attached to
CNTs is a combined property of increasing the bulk-to-
surface fraction of the cluster and minimization of the
number of dangling C bonds on the CNT ends. It is
concluded that it is more appropriate to describe
evolution of cluster distributions by their relation to a
critical factor rather than a critical size, as in the case of
free clusters. Since this critical factor is not only depen-
dent on cluster size, it was seen that the critical factor
may have an extreme point at a certain cluster size and
CNT adhesion, meaning that an inverse ripening pro-
cess may occur which will narrow the distribution
rather than widening it. For example, it was seen that
two clusters containing 15 and 25 atoms each and that
are attached to (3,3) or (6,0) CNTs are less stable than
when the clusters contain 20 atoms each. However, the
most stable structure is when all 40 atoms are in a
cluster attached to one of the CNTs. The contributions
to the critical factor were seen to be local; that is, only
the part of the cluster close to the CNT end contributes,
while the parts of the cluster further from the CNT
behave as if they were part of a free cluster.

METHOD
The DFT calculations were performed using the Vienna ab

initio simulation package (VASP)31 using a plane-wave basis set
in combination with ultrasoft pseudopotentials (US-PP). All DFT
results are from spin polarized calculations performed using the
PW9132 exchange-correlation functional. The plane-wave en-
ergy cutoff was set to 400 eV during the geometry optimiza-
tions, and a Gaussian Fermi level smearing of 0.05 eV was used
for all calculations. The supercell had a size of 15 Å� 15 Å� 30 Å
for the systems containing a CNT and 15 Å � 15 Å � 15 Å for
systems containing only Ni. Tests with different plane-wave
energy cutoffs, box sizes, and box geometries showed that
these settings were sufficient to converge the total energies
to less than 1 meV/atom and to allow for Γ-point sampling
of k-space.
The geometry optimizations, performed using the conjugate

gradient algorithm without any symmetry constraints, were
stopped when the total energy difference between consecutive
relaxation steps were less than 10-4 eV. This method and
parameters have been successfully used in previous studies of
CNT-metal systems, for example, in refs 23-25, 27, and 33.
In addition to the geometry optimizations a few molecular

dynamics (MD) simulations were performed using the Verlet
algorithm with a time step of 1.5 fs. During the MD simulations
the plane-wave energy cutoff was set to 250 eV. The average
temperature during these simulations was approximately 800 K
for all systems.
The total energies presented here are relative to a reference

energy defined by the pseudo-potentials. Since all conclusions
are based on comparisons of energy differences between
systems with an equal number of Ni and C atoms, the reference
energy will be the same for both systems and will cancel in the
comparison.
The input structures consist of a CNTwith one end passivated

by a ring of H atoms and the other end is either left open or
attached to a Ni cluster. The CNT chiralities used were (3,3), (4,4),
(5,0), (6,0), and (8,0), and all CNTs were attached to Ni clusters
containing 15, 20, 25, 30, 40, 50, or 60 atoms. The Ni clusters
were constructed by random positioning of Ni atoms within a
compact cluster shape constrained by a minimum interatomic

distance of 2 Å. The Ni clusters were positioned near the open CNT
endswith the constraint that thedistancebetweenC andNi atoms
should not be below 1.8 Å. In addition, capped (5,5) and (10,0)
CNTs attached to an icosahedral Ni55 cluster were studied.
For all systems two sets, with different initial Ni configuration,

were relaxed. All results originate from the most stable system,
that is, the system with the lowest total energy. Although
limited, this procedure should decrease the effect associated
with the difficulty to find relevantminimumenergy structures of
systems of high dimensionality. It is reasonable to believe that
the difficulty in finding the relevant minimum structure will
increase with increasing dimensionality, that is, with increasing
number of atoms. This means that comparisons of small and
large cluster systems based on the energies obtained from our
calculations may favor the smaller clusters. It is therefore
important to note that conclusions drawn in this contribution
are based on observations of general trends rather than in-
dividual energies. This procedure is valid despite the fact that
results of individual calculations may depend on the initial
configuration since the trends exhibited by larger sets of
computational data are not sensitive to individual results that
deviate from the trend. Typically, the uncertainty of individual
energy contributions are seen as deviations from the increasing
cluster stability with increasing cluster size.
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