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It is well known that the internal structure determines the properties of carbon nanotubes and carbon
nanofibers. However, a fundamental understanding of the processes that drive structure formation is missing,
hindering the development of controlled synthesis strategies. Here we use theoretical calculations to explore
the time evolution of the shape of the interface between the catalyst nanoparticle and its associated graphitic
nanofiber at the initial stages of growth. This phenomenological description of the behavior of the catalyst
nanoparticle-graphite interface constructed with model parameters provides new understanding of the mecha-
nisms that control the internal structure of carbon nanofibers. We show that if the magnitude of the interface
curvature exceeds a critical value k., the interface loses stability and a cavity forms in the center of the

nanofiber.
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I. INTRODUCTION

The attractive physical and chemical properties of carbon
nanotubes (CNTs) and carbon nanofibers (CNFs) enable a
variety of applications such as electron field emission, gene
delivery, composite materials, hydrogen and charge storage,
scanning probes, and many others.'” The ability to control
the synthesis of carbon nanostructures is crucial for realiza-
tion of these applications, and the internal structure of CNTs
and CNFs is the most important aspect determining their
properties. Unfortunately, control of their internal structure
remains elusive due to a lack of a fundamental understanding
of the processes that drive structure determination.

These nanostructures are composed of curved graphene
sheets that are well approximated by cylindrical surfaces for
nanotubes and conical surfaces for nanofibers. Over large
distances the conical layers of nanofibers may lose their cy-
lindrical symmetry; however, this symmetry can be restored
or maintained by the presence of strong electric field during
growth, which aligns the CNF along the direction of electric
field.'” In the case where the electric field is perpendicular to
the substrate, the nanofibers are called vertically aligned car-
bon nanofibers (VACNFs), where the catalyst nanoparticle is
located at the tip and serves as a conduit for converting car-
bon from the gas phase into graphene layers of a nanofiber.'
An empty cavity is often observed at the nanofiber center'!
as in Fig. 1(a), or alternatively this cavity can be filled with
either amorphous carbon'? or catalyst material,!* such as a
nanowire shown in Fig. 1(b). With control over the internal
structure, these nanostructures can be customized for specific
applications. For example, a filled structure can be used for
making magnetic nanowires,'> while a continuous central
cavity may be applied in nanofluidic devices.'#

The internal structure of the nanofiber is a recorded his-
tory of the catalyst nanoparticle-graphite (CN-G) interface,
which allows the comparison of the theoretical model to ex-
perimental data. Understanding the behavior of the CN-G
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interface requires the formulation of an appropriate model
with parameters that can ultimately be mapped onto macro-
scopic experimental parameters.!>!® In this work we con-
struct a phenomenological description of the structural devel-
opment of carbon nanofiber graphene layers at the initial
stages of growth. Based on this model we analyze the stabil-
ity of the evolving CN-G interface. The instability of the
solution manifests physically as the transient loss of the
CN-G interface and the formation of a cavity in the center of
the nanofiber.

II. EXPERIMENTAL METHODS

The VACNF synthesis process is described in detail
elsewhere!” but will briefly be described here with several
experimental examples of the phenomena discussed in this
paper. Typical nanofibers grown by the catalytic plasma en-
hanced chemical vapor deposition (C-PECVD) method are
shown in Fig. 1. These nanofibers were synthesized from a
nickel catalyst thin film deposited onto a silicon substrate.
Prior to growth, the thin film was pretreated with a brief etch
in ammonia (NH;) plasma (100 sccm, 10 Torr, 2 Amps) at
700 °C, which facilitated the formation of discrete nanopar-
ticles from the continuous film. The nanofiber growth was
initiated by the introduction of acetylene (C,H,) gas to the
plasma at a rate of 80 sccm. In order to characterize the
internal structure of the nanofibers, the fibers were removed
from the substrate and transferred to TEM grids for transmis-
sion electron microscopy analysis (TEM, Hitachi HF-2000
and STEM HD-2000). Figures 1(c) and 1(d) show TEM im-
ages of carbon nanofibers that illustrate both continuous so-
lutions and solutions with an internal orifice, where the gra-
phitic layers become discontinuous. The edges of the orifice
are indicated by the arrows in Fig. 1(c). This quasisteady
state of discontinuous graphene layers appears only a certain
time after growth initiation. At the initial moment of growth,
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the catalyst nanoparticle is attached to the surface of a sub-
strate, thus the first graphitic layers that appear between cata-
lyst and substrate are flat or parallel to the substrate surface
[see Fig. 1(d)]. The continuous planes at the base of the fiber
gradually curve upward towards the catalyst particle. Even-
tually as the slope of the curves increase, the graphitic layers
can become discontinuous in the center of the nanofiber.

III. MATHEMATICAL MODEL OF NANOFIBER
GROWTH

While applicable to all carbon nanofiber growth, this
work focuses on understanding the structure of VACNFs
formed by C-PECVD.® VACNFs grow from a catalyst par-
ticle that begins on a flat substrate and is then pushed above
the substrate, located at the tip of the nanofiber during
growth. For the calculation of the change of shape of the
interface between the catalyst and graphitic nanofiber we will
use the kinematic approach suggested in Ref. 15. The ap-
proach used here is based on the phenomenological depen-
dence of the magnitude of the velocity of the CN-G interface
V,, on its curvature x with precision up to the second order
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Here V, is the growth velocity of the flat interface and R,,
are two radii of curvature of the interface. It is assumed that
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FIG. 1. (Color online) (a) Transmission elec-
tron microscopy image of a typical CNF with an
empty central cavity. (b) Scanning transmission
electron microscopy image of two carbon nanofi-
bers in z-contrast mode. The white areas are
where the nanofibers are filled with nickel. The
nickel catalyst material has been sucked into the
internal cavity during growth. (c) High-resolution
transmission electron microscopy image of a
nanofiber with central cavity. The inset shows
where several graphitic planes terminate (see ar-
rows) at the cavity. (d) Transmission electron mi-
croscopy image showing the profile of the initial
stages of CNF growth. In this fiber the initially
flat, continuous planes at the base of the fiber
gradually curve upward. Eventually as the slope
of the curves increase, the graphitic layers be-
come discontinuous in the center of the nanofiber.

the vector radii point from the center of curvature toward the
surface, i.e., curvatures of the growth front are negative for
concave and positive for convex surfaces. The signs in (1)
are chosen so that for positive values of phenomenological
parameters (I';,I",) and the absence of additional limitations,
the stable growth front remains flat. The values of
V,0.1'1,T'; are determined by growth conditions. In a gen-
eral case they could vary for different points on the growth
front, however accounting for these variations is beyond the
scope of this work and in our calculations we will neglect
this dependence.

The small bending toward a concave shape increases the
growth rate, while bending toward convex decreases the
growth rate. Large bending always slows growth down and,
at a certain value of curvature, completely stops it.

Let us use dimensionless variables to express growth rates
in units of I‘f/ (4I',), so that

4T,
=V,—&, 2
Up n F% ()
and with length in units of 2I',/I";, Eq. (1) can be written as
Up= (Un,O + 2) - E (1 + Km)z’ (3)
m=1,2

or . . .
where szrl—; are two dimensionless eigenvalues of the
curvature tensor. It can be seen that the maximum normal
growth rate,
Un,max = Un,O + 2’ (4)

is reached at curvatures where x;=x,=—1. The curvature of
the growth front ultimately determines the growth rate. With
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FIG. 2. (a) Schematic depicting one curve of the CN-G inter-
face. Here the normal growth velocity, v, is shown for point a on
the curve. The angle € is defined as the angle between the r axis and
U,. (b) Detailed diagram of the translation during time dt of a sec-
tion of the interface, showing the connection between the ordinary
derivatives, partial derivatives, and the angle 6.

increasing absolute value of negative curvature, the growth
rate initially increases and then decreases after passing
through the maximum. In this region (k;,k,<-1) the
growth rate of a more curved surface is less than a weakly
curved one. As a result of this, the CN-G interface loses its
stability, which is shown by the arguments below.

Here, as previously presented,’ we will consider cylindri-
cal nanofibers. In this case, the slope at every point on the
CN-G interface at a given moment in time is defined by a
single value of angle 6(z,r,t), where

9z

©)

cot =

or|,

The growth velocity v, is directed perpendicularly from the
CN-G interface, as shown in Fig. 2(a). The change in shape
of the interface is defined by a system of differential equa-
tions [see Fig. 2(b) for clarification],

oz

dr or

E=_U"COS 0=—vnw, (6)
A1+ —
or|,
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FIG. 3. (a) Change of shape of the interface at the initial stages
of growth without central cavity formation (i.e., continuous solu-
tion). The parameter values for the numerical calculation are
Upmax=9, ©=03m, 7=0.4, and r,,,=2. The curve number n is
related to dimensionless time by the formula #(n)=n-0.1. (b) Time
evolution of the interface tilt angle at the initial stages of growth.
The behavior of 6(rp.y,f) varies according to Eq. (12), while the
angle at the center remains constant, 6(0,7)= /2. (c) Time evolu-
tion of the first curvature of the interface at the initial stages of
growth. At <27 (or n<8), |«;(rmna)| grows fast and saturates at
~—0.3. (d) Time evolution of the second curvature at the initial
stages of growth. At t<<7 (or n<<4), |Kky(rmax)| increases rapidly,
then maximizes and decreases, reaching a steady state of ~—0.1.

d
d_j =v,sin 0= U,,W. (7)
1+ —
ar|,

Note that if the CN-G interface shape is defined explicitly by
z(r,1), then

0z
ot

U, dz/dt

. sin 0 (sin 6)*°

(8)

The curvatures that appear in the relationship for growth ve-
locity [Eq. (3)] are
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FIG. 4. Time dependence of curvature at the center of the inter-
face. Dots are results from numerical calculation using Egs.
(3)—(12). The solid curve is an approximation of the asymptotic
formula, Eq. (13), where x,,~-0.529, A=3.58, 7,~0.413.
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As we have already noted, for modest values of curvatures
described by Eqgs. (6) and (7), the deviations from the flat
shape relax and disappear. For VACNFs, which grow from a
catalyst particle located at their tip, the initial state of the
CN-G interface is defined by the flat substrate. Hence, in
order to describe the CN-G interface transformation from a
flat interface into a conical one we must augment our model
with a relation that would describe the action of physical
mechanisms of bending. By itself, the bending of the grow-
ing graphite layers is energetically unfavorable. However,
with such bending, the energy of the dangling bonds can be
reduced at the periphery of the nanofiber, and so its free
energy will be reduced as well. The forces that lead to bend-
ing, we believe, concentrate on the outer boundary of the
CN-G interface, r,,,. Previously, it has been shown that
bending occurs at the initial stages of growth,'® although
quantitative analysis of experimental results has not yet been
performed. Here we consider that the rate at which the angle
at the outer boundary, 6(r.), changes proportionally to the
deviation from its equilibrium value, ©, is

1%
Ky=— E(COS 0)=-

da(rmax) _ 0- e(rmax)
dr T

. (11)

Here 7 is the characteristic relaxation time that depends on
the nanofiber growth rate. Since at the initial moment of time
O(rma) = /2 (i.e., the interface is flat), 0(r,y), at any time,
can be given by
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FIG. 5. (a) Change of the interface shape at the initial stages of
growth for a nanofiber with central cavity formation (i.e., discon-
tinuous solution). The parameters of the model are v, ,.x=5, O
=0.1m, 7=0.4, and r,,,=2. The curve number is related to dimen-
sionless time by the formula 7(n)=n0.06. For t>0.87 (or n=15,
interface is indicated by the dotted line) an instability begins to
develop in the central region of the interface. The growth rate in this
region drops suddenly and can even become negative (see dashed
line n=15). As a result, the deposition of carbon at the center of
nanofiber is replaced by dissolution of the graphitic layers. With
both positive (at r,,) and negative (at ry) interfacial velocities, the
surface of catalyst detaches from the surface of graphite and the
interface disappears. (b) Time evolution of the interface tilt angle at
the initial stages of growth. The behavior of 6(ry,y,?) is defined by
Eq. (12), while 6(0,7) = /2. The instability at n= 15 leads to sharp
changes of 6(r,r) at the central region (see dashed line n=15). (c)
Time evolution of the first curvature of the interface at the initial
stages of growth. At t<7 (or n<7), |k|(rma)| grows fast and
reaches saturation. At the same time, the growth of the first curva-
ture continues in the center of CNF so that k,(ry) becomes bigger
than k(rpg)- At 1=0.87 the dotted line x;(ry) <-1 and the inter-
face loses its stability. The curvature begins changing very fast and
can even change its sign (see dashed line n=15). As a result, the
interface disappears between catalyst and graphite in the central
region of the fiber. (d) Time evolution of the second curvature at the
initial growth stages. For t<7, |Kky(rpma)| grows fast, reaches a
maximum and decays reaching steady state value |r,(rmay,t— )|
< K1 (Fmax-t— ®)|. At the center of the nanofiber «;(r)= K,(r,) and
their behavior coincides. In the region of instability «,(r) depends
more strongly on the radius than «;(r) (see dashed line n=15).
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FIG. 6. Plot showing the dependence of the asymptotic value of
the interface curvature at the center of the nanofiberx., on the equi-
librium tilt angle ® at the outer boundary. The calculation was
performed using v, ,.x=5 and r,,,,=2. The dotted points are ob-
tained using formulas (3)—(12). The solid line 1 is calculated using
asymptotic formula (15), valid for r,,— . The dashed line 2 is
obtained by neglecting the second curvature using formula (16).
The dotted line 3 is obtained using Eq. (14), in which the second
variable «k, is replaced by a constant value at ®=0.3.

6’(rmax,t):®+<7—7—®>exp(— £>. (12)
2 T
If U, max <Uno/sin O, than in steady state the CN-G interface
cannot exist at the center of the nanofiber. This is because the
normal velocity at r=0 (ry) would be smaller here than the
velocity along the z axis [ dz/d#|,, Eq. (8)] at the periphery of
the CN-G interface (rp,,). Figures 3 and 5 show examples of
the transformation of interface with time, calculated accord-
ing to formulas (3)-(12) for v, =5, ®=m/3, 7=0.4, and
Upmax=9, ©®=0.17, 7=0.4, respectively. The number n of
each curve is given for dimensionless time from growth ini-
tiation. For Fig. 3, #(n)=0.1n, and for Fig. 5, #(n)=0.06n.
In the first case (@ =1/3), the interface remains stable for
all points along the radius [Fig. 3(a)]. The tilt angle 6
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smoothly increases from center to periphery, with the angle
at the center remaining constant at 77/2 [Fig. 3(b)]. The first
curvature «; monotonically grows in time for all points of
the interface and practically saturates for n=20 [Fig. 3(c)].
For small values of time |«;(rg)| <|x;(rmax)|, While for large
time |k (ro)|>|x;(Fmax)|- The absolute value of the second
curvature k, at the outer surface of the nanofiber first in-
creases fast and then falls to a steady state value where
|6 (Fmax» £2> T)| < | k) (rmax» 22> 7)| [Fig. 3(d)]. At the nanofiber
center the magnitude of the second curvature grows mono-
tonically. Also, due to cylindrical symmetry, & (ry,?)
=Ky(ry,1). For large time, kj,(ry,7) exponentially ap-
proaches its asymptotic value ., (Fig. 4),

K1 2(ro, D), oo = ke + A exp{—t/7}, (13)

where 7,= 7.

In the second case, ®=0.17 for +>0.87, an instability
occurs at the center of the nanofiber and a central cavity
forms as seen in Fig. 5(a). The growth rate in this region
drops suddenly and can even become negative. As a result,
the deposition of carbon at the center of the nanofiber is
replaced by dissolution of the graphitic layers. With both
positive (at r,,,) and negative (at ry) interfacial velocities,
the surface of catalyst detaches from the surface of graphite
and the interface disappears. In the regime of instability, the
angle of the interface changes abruptly in the central region
as shown by Fig. 5(b). As can be seen in Figs. 5(c) and 5(d)
the instability develops in the region where ki ,(rg,1) <—-1.
This is not just a coincidence.

Calculated results for the asymptotic value of curvature at
the center of the interface «,, are shown in Fig. 6 for various
values of the equilibrium tilt angle ® at the outer boundary.
It appears that for the chosen parameters (v, max=5, Tmax=2)
steady-state interface solutions exist only for @>0
~0.83 and in the vicinity of this critical tilt angle x..(®)
+1%y0—-0,,. In order to estimate the critical angle it is
convenient to express k., in terms of curvatures and the angle
at the outer surface,

Koo = — I+ V/%(Un,max - {vn,max - [1 + Kl(rmax):l2 - [1 + K2(rmax)]2}/5in ) . (14)

This formula is directly derived from the condition of equal-
ity of the interface shift velocity along the axis [Eq. (8)] for
points at the center and outer boundary: v,(rg)
=0,(Fpa) /8N O. K (rpax) i expressed in terms of ® and
Fmax Using Eq. (9) and does not require construction of the
whole interface. However, calculation of ky(ry.x,®), as well
as direct calculation of k., without such construction is im-
possible. Obtaining a simple analytical expression for ., is
possible if we assume a infinitesimal second curvature at the
outer boundary. For large nanofiber radius, according to cal-

culations in Ref. 15, the -curvatures approach zero
[lim, .., k; 5(r)=0] and Eq. (14) simplifies to

Koo = = 1+ V20 max = Wpmax = 2)/sin O], (15)

The solid curve labeled 1 in Fig. 6 corresponds to the calcu-
lation of «., using formula (15). The error of the estimation
of k..(®) for v, =5, rmax=2 is around 25%. More precise
estimation can be obtained if we recall |i,(ry,y.t— )|
<K (Fmax-t— )|, and omit in (14) the second curvature
only, substituting Eq. (9) for x;(rna),
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Kk, ~—1+ =Y Vpmax ~

The curve labeled 2 in Fig. 6 was obtained using this for-
mula. For selected values of the parameters the error of such
calculation is better than 10%.

To improve precision even more we can include , in (14)
but omit its dependence on ©. This estimation of the shape
of the CN-G interface is found for one value of @. The result
of the calculation of «, for ®=0.37 is given by curve 3. We
see that the deviation of curve 3 from numerical calculations
is not significant. In conclusion of this section we would like
to emphasize that the calculated shape of the interface [Figs.
3(a) and 5(a)] reflects qualitative changes of the nanofiber
structure during the initial stages of growth.'® The tilting of
graphene layers appears only in the vicinity of the outer
boundary of the nanofiber [curves 1-3 of Figs. 3(a) and
5(a)]. In time the whole interface bends [curves 4—10 of
Figs. 3(a) and 5(a)]. For sufficiently large values of ®, where
0> 0 ;i (Fmax-Unmax)» the interface loses its stability in the
central part of the nanofiber. In the following section we will
demonstrate that the interface under non-steady-state condi-
tions loses stability when curvatures & ,(rq,f) <-1.

IV. SHAPE STABILITY OF CURVED CN-G INTERFACE

The process of creation of the central cavity in the nanofi-
ber can be split into two stages. In the first stage, the param-
eters of the system are far from critical and changes occur
slowly on large time scale. Qualitatively, the behavior of the
system at this stage does not contain surprises while it does
include many possible mechanisms responsible for such be-
havior. We are referring here to the case of bending of the
interface from flat, zero value of curvature, to its critical
value «.;=—1, under the influence of forces acting at its
outer boundary.

At the second stage large sharp sudden changes of inter-
face shape occur. Here it is only imperative that x;,(rg,?)
< kKgii=—1, while how this curvature value was approached
is inconsequential. Let us consider in zero approximation a
piece of interface with curvature k, that is near critical. In the
corresponding cross section it has a shape of an arc with
radius R=%" (z=zo+R cos ¥, x=xy+R sin 9). Let us ana-
lyze how small deviations of this shape from the circle
SR(9)=R(9)-R<R evolve. Let us consider that these fluc-
tuations are sufficiently slow such that the interface curvature
is given by the following formula:

2 -1
K=<R+Z—§) ~R. (17)

In this approximation

n,max

cos
_ -1 sin . (16)
rmax
I
doR
— ~-2(1+ K R*5R. (18)
dt
That is

SR(6,1) = 5R(0,0)exp<— 2ft (1+ E)E2dt). (19)
0

Hence, while k(1) > ki=—1, the shape fluctuations decay
exponentially. At the same time for large negative curvature
K(t) < ki, fluctuations begin to grow exponentially and the
interface loses its stability. After certain time the curvature
becomes so large that the approximation itself no longer
makes sense. Note that the condition <<k, does not nec-
essarily have to be realized in the nanofiber center. For in-
stance, at the initial stage of growth the maximum bending
occurs at the outer boundary and curvatures there could ex-
ceed the critical value. The maximum absolute value of the
curvature in the nanofiber center is achieved only after suf-
ficient time passes from the beginning of growth [Fig. 3(c)
and 5(c)]. The observed experimental changes of the shape
are in agreement with the idea that the interface is lost near
the edges of the nanofiber during the initial stages of growth
[second dashed line of Fig. 1(d)].

V. PHENOMENOLOGICAL MODEL IN RELATION TO
PHYSICAL GROWTH PROCESS

After opening of the central orifice, the development of
the interface between catalyst and nanofiber loses stability
and depends on new details pertaining to the catalyst behav-
ior of “exuding” carbon. Depending on experimental condi-
tions the catalyst can partially get sucked into this central
cavity [Fig. 1(b)] or form a semifree surface above this cav-
ity. It seems that the rate of graphite deposition on this sur-
face where v, . <U,0/sin ® is not sufficiently large for
formation of continuous graphite monolith from the nanofi-
ber center to the outer radius (namely, this physical circum-
stance is reflected by a mathematical account of the absence
of the solution for the interface inside the central region).

The low average density of graphite in the central region
can correspond to two possible filling regimes. In the first
case, the growth proceeds monotonically and the central re-
gion is filled with amorphous carbon. This is commonly seen
with herringbone structure fibers. In the second case, graph-
ite layers alternate with cavities. These carbon layers span
the cavity like “cross struts” in bamboolike nanofibers. The
cross struts are often flat or only slightly curved and form
during a jumplike motion of the interface.!’

For post-critical description of the interface our model
must be augmented with new details. The differences be-
tween herringbone and bamboolike structures are not limited
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to merely qualitative differences in length /, and frequency
T;l of interface jumps. The important parameter here is the
ratio of the characteristic length, v,7,, of graphite growth in
time between jumps compared to the radius of the central
orifice ry,;,. (Let us remember that all calculations presented
above were conducted with the approximation v,>v,, where
v, is the tangential growth rate in the plane of the graphite
sheet.!®) From general consideration it is natural to assume
that structures where v,7,>r,;, are related to bamboolike
type, while structures where v,7;, <r,;, are related to herring-
bone. However, the precise criteria of such a division re-
quires construction of a physical model of filling the nanofi-
ber central cavity, accounting not only for the process of
deposition of carbon but also stresses that occur in the
graphene layers as well as the plasticity of a catalyst mate-
rial, stress distributions in it, etc.

Let us now discuss the processes that define two main
parameters of the phenomenological model under consider-
ation: maximum normal velocity v, .« and equilibrium tilt
angle O of graphite layers. The growth of a nanofiber is a
result of a multistep chemical reaction in the process of
which carbon is believed to dissolve in the catalyst and then
segregates at the growth interface from a supersaturated so-
lution. The outer surface of the catalyst remains uncovered
by carbon layers in PECVD systems due to etching plasma,
thereby preventing catalyst deactivation. The transport of
carbon from the outer surface is usually linked with its bulk
diffusion,? however some authors?! credit the surface diffu-
sion pathway. In order to vary the growth rate it is necessary
to change the degree of saturation of the carbon solution in
the catalyst?® or reduce the supply of gaseous precursor.

The main factors defining the tilt angle ® undoubtedly are
forces of surface tension. Nolan er al?® connect it to the
density of dangling carbon bonds at the outer boundary of
the nanofiber. The energy of the dangling bonds is very large
and they are neutralized by hydrogen captured from plasma
directly. Thus, in equilibrium conditions, the higher concen-
tration of atomic hydrogen available should correspond to a
larger tilt angle. In Ref. 23 a formula is derived that relates
hydrogen concentration and tilt angle. One of the basic phe-
nomenological parameters of this theory is the outer radius
of the nanofiber, responsible for the ratio of surface and bulk
energies. The value of this radius is determined by the size of
the catalyst particle, which in turn is determined by the ef-
fects of surface tension during the annealing step. Hence in
the framework of the theory developed in Ref. 23 the angle
of the graphene layers in the nanofiber indirectly depends on
the surface tension of the catalyst. In the work presented here
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we discuss surface tension as if the catalyst particle is in a
liquidlike state. This is justified for nanoparticles that are
capable of changing their shape due to mass transport along
the surface for temperatures smaller than the melting tem-
perature of the bulk material.?*?> It is necessary to note,
however, that curving of the bottom of the catalyst particle
leads to a lowering of its surface energy at least during de-
tachment from the substrate. Further improvement of the
model?* must probably include accounting for the change of
surface energy of a catalyst. In any case, the angle that is
introduced to this phenomenological model should be deter-
mined from experiment or a more detailed theoretical model.

VI. CONCLUSIONS

In this paper we present a theoretical analysis of the shape
of the interface between catalyst nanoparticle and growing
carbon nanofiber in the initial stages of nanofiber growth.
The phenomenological description is formulated with a cur-
vature dependent propagation velocity of the growth inter-
face. The main parameters of this theory are maximum nor-
mal catalyst nanoparticle-graphite interface velocity v,, pax.
the tilt angle © at the outer boundary of the CN-G interface,
and nanofiber radius r,,,. The model developed here de-
scribes the main qualitative behavior of the interface as well
as different peculiarities of CN-G interface behavior. In par-
ticular, it has been shown that there is a critical value of the
interface curvature k, such that for k <k =—1 the interface
loses its stability, resulting in a solution corresponding to the
formation of a cavity inside the carbon nanofiber. This phe-
nomenological description of the behavior of CN-G interface
with model parameters, which ultimately can be mapped
onto macroscopic experimental parameters, is a step toward
understanding the mechanisms that control the internal struc-
ture of a carbon nanofiber.
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