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A theoretical model is presented that explains spontaneous changes in the crystalline ori-
entation of nanoparticles. The spontaneous changes in crystalline orientation are attrib-
uted to the crystal anisotropy of the surface energy of nanocrystalline particles. We
consider an important specific case of the chemical vapor deposition growth of carbon
nanofibers, where previous studies have shown that both the catalyst nanoparticle shape
and the nanofiber growth rate change with changes in the chemical potential of diluted car-
bon. Energetic considerations of the nanoparticle’s free surface and its interfacial energy
with the nanofiber during these shape changes are shown to force a reorientation of the
nanoparticle crystallographic axes at a critical growth rate. The model therefore reveals
the mechanism by which the shape and crystallographic orientation of the catalyst nano-
particle are linked to the nanofiber growth rate. The model suggests a new way, based upon
measurable geometry of nanoparticles during in situ growth experiments, to estimate the
role of chemisorption in the attraction of the graphene film to the curved catalyst surface
and the anisotropy energy of this interface.

Published by Elsevier Ltd.

the direction perpendicular to growth direction changed
symmetry.

1. Introduction

One of the surprising properties of crystalline metal nanopar-
ticles is the fact that below the melting temperature they
have a crystalline lattice (as a solid body), however they can
appear to change shape simultaneously like a viscous fluid
[1,2]. It has long been observed in real-time environmental
transmission electron microscopy experiments that crystal-
line catalyst particles change their shape during the chemical
vapor deposition (CVD) growth of carbon nanofibers [3] and
carbon nanotubes [4-8]. In the experiments, a correlation be-
tween the CVD growth rate and the orientation of the catalyst
nanoparticle’s crystalline axis was detected [9]. For some crit-
ical growth rate (vy), the value of which depends upon cata-
lyst nanoparticle volume, the cross section of the catalyst in
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In the present paper we show that this correlation follows
from a general property of nanocrystals - the anisotropy of
surface energy with angle. The reorientation of the nanopar-
ticle’s crystal axes with its changing shape is an inverse effect
to the normal understanding that the shape of a macroscopic
crystalline particle directly results from its crystalline orienta-
tion. During growth, the orientation of a nanoparticle’s crys-
talline axes results from the correlation between the shape
of a catalytic nanoparticle, the chemical potential of carbon
diluted in the catalyst, and the nanofiber growth rate [10].
The equations obtained below make it possible to estimate
an important parameter of the catalyst/nanofiber system -
the relationship between the anisotropy energy for the free
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catalyst surface area and for the interface between the cata-
lyst and nanofiber. This parameter not only governs the afore-
mentioned nanoparticle axes orientation, but also gives
qualitative information about the mechanism of chemical attrac-
tion between the graphene film and the nanoparticle surface.

2. Theoretical modeling of catalyst
nanoparticles during the CVD growth of
nanofibers

2.1.  Surface energy of nanoparticles and interface energies

Most theoretical studies consider a catalyst particle as a com-
pletely crystalline object at zero temperature (T) [11-13],
where any structural change is essentially prohibited. On
the other hand, nanofiber synthesis is conducted at high tem-
peratures, where the center of the catalytic particle remains
crystalline, while the surface atoms freely evolves [1,2,4-8].
As experimentally observed during the nanotube growth con-
ditions (which is very similar to that of nanofibers) this thin
layer involving the precipitation of the carbon at the crystal-
line metal nanoparticle interface involves atomistic descrip-
tions of defects, vacancies, and steps which introduce a
state of disorder [4-8]. Therefore, under actual experimental
conditions, a catalyst nanoparticle can minimize its surface
energy and change its shape at the same time.

Let us consider the energy density of the free catalyst sur-
face. In zero approximation the catalyst particle can be de-
scribed as a spherical body neglecting its shape anisotropy.
In this case, the surface energy density is defined as y;,. We
consider the next order and introduce the surface anisotropy
of the crystalline nanoparticle by introducing the anisotropy
parameter As, which vanishes if the macroscopic crystal tem-
perature is higher than the melting temperature Tp,. This
parameter is multiplied on the cubic invariant, created from
the unit perpendicular to surface vector n’ [14]:

75 = 750 + As (Mg + 15 +n3) +0(n°) 1

where ny, ny, n,, defined along the crystals axis, are the compo-
nents of n. A similar formula for the interface energy density
() can be written in terms of the energy density of the spheri-
cal interface (y;0) and the interface anisotropy parameter (A;).
The surface and interface energies/energy densities depend
not only on the nanoparticle’s shape but also on its crystalline
orientation. Therefore, the nanoparticle shape determines the
energetically preferred orientation of the crystal axes.

Fig. 1 presents our model system of a catalyst nanoparticle
on top of a carbon nanofiber. In zero approximation (assum-
ing spherical symmetry of the catalyst material) the whole
system has cylindrical symmetry. In this case, the ratio of
the surface energy of the free catalyst surface and the inter-
face are connected with the angles « and p characterizing
the system. o is the angle between the free catalyst and the
graphite surfaces and f is the angle between the interface
and the graphite surfaces. The ratio between the energy den-
sities is [10]:

Fig. 1 - Schematic of catalyst particle (1) atop a growing
nanofiber (2) of radius p which has a hollow orifice (3) in its
center. Ry and R, are the of curvature radii of the free catalyst
surface area and interface (on its perimeter). § + 0 = n/2. The
balance of forces of surface tension on the perimeter of
interface is possible, if « + 8 > r; y+ > n/2. Thus ; > 0.
Tension forces, which act on the small element of the
interface perimeter from the catalyst and carbon free
surfaces and interface are proportional to };, )¢, 7;. For growth
steady state regime they create a forces triangle [10].

752 n1(0) 2 ve = (—sin(a + B)) : sin(a) : sin(p) )

where y; is the energy density of free catalyst surface, yc the
energy density of nanofiber surface, and 7, the interface en-
ergy density. The renormalized value y; depends on the chem-
ical potential of carbon ({) dissolved in the catalyst.
Consequently the correlation between the catalyst shape
and the growth rate (v({)) appears. This correlation results
in a connection between the growth rate and the orientation
of the catalyst nanoparticle’s crystalline axes which has been
detected in experiments [9].

2.2.  Changes in shape and crystalline orientation of the
catalyst particles

Fig. 2 illustrates the connections between physical processes
responsible for the changes in shape and crystalline orienta-
tion of the catalyst particles during CVD growth. The chemi-
cal potential ({) of carbon in the catalyst particle not only
determines the nanofiber growth rate (v), but also determines
the interface energy (y;) between the catalyst particle and the
nanofiber. As shown in Eq. (2) and Fig. 1, this interface energy
governs the shape of the catalyst nanoparticle. At a certain
carbon chemical potential, (., (and catalyst shape) the crystal
anisotropy of the surface energy of the nanocrystalline parti-
cles will result in an energy advantage for the nanoparticle to
spontaneously reorient its crystallographic axes. Thus, the
experimentally-observed dynamics between the catalyst
nanoparticle shape, crystallographic orientation, and nanofi-
ber growth rate are linked.

In the following we will show that the measurable critical
angles corresponding to the axes reorientation allow one to
determine the anisotropy parameters for the catalyst and
the interface.

Let us examine how the anisotropy of the catalyst surface
changes with the growth rate of the nanofibers. In the first

1 The 4th order of the surface vector components is the first non-vanishing term; the 1st, 2nd and the 3rd orders are vanished due to

crystal cubic symmetry.
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Fig. 2 - Diagram illustrating the physical processes responsible for the shape changes and the reorientation of catalyst
nanoparticle crystalline axes that have been observed experimentally with changing carbon nanofiber growth rate. The
chemical potential ({) of carbon in the catalyst particle not only determines the nanofiber growth rate (v), but also determines
the interface energy (y;) between the catalyst particle and the nanofiber. This interface energy governs the shape of the
catalyst nanoparticle. The crystal anisotropy of the surface energy of the nanocrystalline particles drives the orientation of
their crystallographic axes. Thus, the shape and crystallographic orientation of catalyst nanoparticles are governed by the

interface energy with the carbon.

approximation of introducing the anisotropy we write down
energies of the catalyst free surface (E;(v)) and interface
(E1(v)) derived from the energy densities (Eq. (1)) as:

o(V) +Bu(V)[e}

where E,, o (v) and B, (v) are spherical energy and anisotropy
energy for each, e =v/v is a unit vector along the growth
direction, and x, y, and z are the crystallographic axes of the
catalyst of index m =, I (f for catalyst free surface and I for
interface). In the zero approximation we treat the catalyst
particle as a cylindrically symmetric object [10] and find the
relationship between the energies E;o(V), Bn(v) and the an-
gles  and y (Fig. 1). Here we introduce angle y defining the
spherical segment of the catalyst.

Let us consider a small segment of the spherical catalyst
surface of radius R in the angle interval (0, 0 + d0). and apply
the energy density in Eq. (1) to obtain a finite element of en-
ergy (dE) of such surface. By integrating Eq. (1) over the seg-
ment surface we obtain the energy of the segment (dE) as:

[ a(30%0 2 )) s a3 a5
5[0 a (20 -20)) a2 Do B

x 27R(t)%dt (4)

En(V) ~ Ep, + e} +ef] (3)

here yq is the surface energy, A is the anisotropy parameter, t
is defined as t = cos(f) = (n - e), a scalar product of the vector
normal to the interface (n = R/R) and the vector parallel to the
nanofiber growth direction (e), and 0 = n/2 — . The total sur-
face energy is obtained by integrating Eq. (4) over the angle
6 of the given catalyst nanoparticle.

Next we apply the above general formalism to a catalyst/
nanofiber system with a geometry defined by Fig. 1. In this
case, the nanoparticle’s interface has practically a conical
shape? and its free surface is a part of a sphere [10]. We

further simplify the problem and consider a large-volume
catalyst particle, where p is large enough so that the small
unstable interface region (highlighted as region three in
Fig. 1, orifice of the nanofiber [15,16]) can be neglected. By
applying and integrating Eq. (4) to the spherical portion of
the catalyst the total energies read:

3 3 3 21
Efo = {yﬁo(l-}-cosz)+Af(5+c05/<8 ZCOS =20 cos y))]

x 2nR? (5)

Bf = cos 7<Z —f—L cos?y +g cos X) 27R?Af (6)
where Ry is the radius of the spherical part of the particle. As
the angle y approaches 180°, the surface area becomes smal-
ler and finally, at y = 180°, both E;, and By terms vanish. As y
approaches 0°, on the other hand, E;y closes to
(295 + 6Af/5)2an2 and the By term vanishes due to spherical
symmetry of surface. The remaining part of the catalyst par-
ticle has a conical interface and the total energies for the re-
gion become:

_ 39 21, np?
Ejo(0) = (%‘ + A <8 +4 cos? 0 — g Cos 6))) cos0 (7)
3 15 35 np?
B, All=-=— o
0) = 1<8 2 cos® 0 +— g cos 9) cos0 (8)

We have to mention here that radii Ry, p, and angles y, 0 are
not the independent parameters of the system. They are con-
nected through the equation for catalyst volume
3V = n[Rf(2 + 3cos y — 2cos® y) + p* tan 0]. Therefore, for fixed
catalyst volume Egs. (5) and (6) are not valid in the limit of
0 — n/2, where the nanofiber radius gets close to the radius
of the orifice, and one cannot neglect the orifice region in

2 For element of the conical surface one should change in Eq. (4), 27R(¢)%ds on n(dp?)/cos 0.
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calculations. As 0 — 0 Ero, and B; become ynp? and Ajmp?,
respectively and the conical surface degenerates into the
plane, perpendicular to the growth direction (n|le).

2.3.  Critical angles and experimental observables

Finally, the entire catalyst on the nanofiber consists of the
spherical and conical parts, thus the total energy becomes
the sum of the energies from each region. The total energy
of the crystal lattice orientation anisotropy is a linear combi-
nation of Egs. (6) and (7), i.e. By = Bf(x) + Bi(0). Ry sin y is equal
to p and in developing the equation for By it is convenient to
consider p? and A, (or Ar) as common factors. The surface en-
ergy anisotropy changes sign depending on the coefficient of
the each term, As/A; and y, 6 For the positive orientation
anisotropy energy, i.e. Bx(y,0; A5, A;) >0, the most favorable
growth direction is the [111] crystal axis and accordingly,
the catalyst cross section transverse to the growth direction
has a hexagonal symmetry. On the other hand, for
Bs(z,0;Af,A;) <0, the most favorable growth direction be-
comes the [100] crystal axis, with the catalyst cross section
of a square symmetry. Here we identify critical parameters
(Vers 7en Ocr) at which the symmetry of the catalyst cross section
changes with respect to the growth rate. Those parameters
satisfy the condition, Bz (y = i, 0 = 0a; As/A;) = 0. By solving
the equation we find the connection between the experimen-
tally measured angles and the relation of the anisotropy of
the free catalyst surface area and interface. It follows:

As/Ar = f(0cr)/9(1er) ©)
where,

f(0cr) = [3 — 30 cos? O + 35 cos* O] /(8 cos Ocr) (10)
Q(Xcr) = Cos Xcr(lo COS2 Aer — 3-7 COS4 Xcr)/(‘l' Sin2 Xcr) (11)

These functions depend only on the critical angles (see
Fig. 3). Both functions have solutions at which their values
vanish. The solutions are 01 = 31°, O0q2 ~70°, yo 1 =~ 49°,
which means that A;/A; can essentially have any real values.
Physically it means that the critical point may exist for arbi-
trary As/A;. For high nanofiber growth rates the angles ap-
proach 90° (y,0 — =/2) [10]. Therefore, as the growth rate
increases from low values with both angles are smaller than
feara ~ 49° to high values one will inevitably reach a critical
growth rate v.,, where dramatic changes will be observed in
the orientation of the catalyst nanoparticle axes and the
shape of the catalyst cross section. As shown in Fig. 3, mea-
suring the critical values of the angles 0 = 04, xor = x5 at this
moment will specify f(04) and g(z) to allow, through Eq. (9),
the estimation of A;/A; which essentially contains all the
information about the anisotropy of the carbon nanofiber
interaction to the catalyst surface.

This experimental measure of the anisotropy energy of
this interface may prove very useful to understand the char-
acter of metal-graphene interactions, specifically their
strength and nature (van der Waals vs chemisorption). Recent

Fig. 3 - Functions f (black solid line) and g (red dashed line)
from Egs. (10) and (11), plotted for the critical angles 6., and
%or Which correspond to the particle geometry (refer to Fig. 1)
where the orientation of the crystalline axes of the catalyst
nanoparticle, as well as its cross-sectional shape, undergo a
spontaneous transition. At a critical growth rate, v,
experimental measurement of the critical angles (e.g., 0
and yg) will allow determination of points A and B, from
which the anisotropy ratio A;/A; = f(6a)/9(xz) can be
determined. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of this article.)

studies have demonstrated that the strength of graphene
interactions with metal substrates change significantly for
different metals [17]. However, it is theoretically and experi-
mentally still very challenging to precisely calculate or mea-
sure these interface interactions for different crystalline
[17,18,19].* Like multilayer graphene, carbon nanofibers are
composed of multilayered and curved graphitic carbons
where individual layers are principally bound to each other
by weak dispersion interactions (van der Waals forces) as
compared to chemical interactions. For typical nanofiber
diameters (~10 or 100 nm) curvature can be neglected and,
to a good approximation therefore, chemical interactions be-
tween the nanofiber and the catalyst surface originate from
the inner-most carbon layer of the nanofiber that is in direct
contact with the metal surface. Thus, the strength and nature
of different metal-graphene interactions may be inferred
from the experimental measure of interfacial anisotropy en-
ergy in carbon nanofiber growth.

3. Conclusion

In summary, we conclude a general phenomenon unique to
nanoscale particles that their shape determines the preferred
orientation of their crystalline axes. This is the inverse effect
to the well-known determination of macroscopic crystal
shapes that are governed by their crystalline orientations.
Such reorientation of crystalline axes of nanoparticle behav-
ior has been detected in different experiments. Here we con-
sidered the specific case of the CVD growth of carbon

3 It follows from the existence of the (7771, 7¢) force triangle that y > 0.
* For the case when conical approximation for interface is not valid this estimation may be done numerically on the base of the general

Eq. (5).
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nanofibers, where it is well known that both the catalyst
nanoparticle shape and the nanofiber growth rate change
with changes in the chemical potential of diluted carbon.
We conclude, from energetic considerations of the nanoparti-
cle’s free surface and its interfacial energy with the nanofiber,
that these shape changes force a reorientation of the nano-
particle crystallographic axes at a critical nanofiber growth
rate. Thus we unveil the mechanism by which the shape
and crystallographic orientation of the catalyst nanoparticle
are linked to the nanofiber growth rate in accordance with
experimental observations [9]. Furthermore our model offers
insights into the nanofiber CVD growth processes and sug-
gests a new experimental way to estimate the role of chemi-
sorption in the attraction of the graphene film to the curved
catalyst surface and the anisotropy energy of this interface.
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