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The graphene interlayer spacing in pure graphite is known to have a minimum value of dmin=0.3354 nm,
while defective graphites typically have larger interlayer spacings. Using x-ray diffraction, we find that the
graphene interlayer spacing in multi-walled carbon nanofibers heat treated above �2800 K is distinctly smaller
than dmin. To explain this unusual observation, we investigate the structural properties of carbon nanotubes
using a multiscale approach rooted in extensive first-principles calculations, specifically allowing the nanotube
cross sections to polygonize. We show that, whereas normal nanotubes are favored energetically at low
temperatures, the configuration entropy associated with Stone-Wales defect creation at high temperatures
makes the polygonal shape of large nanotubes or nanofibers thermodynamically stable, accompanied by a
reduction in the graphene interlayer spacing. These unique predictions are confirmed in further experimental
tests.
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I. INTRODUCTION

Recent discoveries of low-dimensional carbon materials,
such as fullerenes1 and nanotubes,2 have generated much re-
search effort in exploring their physical and chemical prop-
erties. In particular, a fundamental understanding of their
structural properties is essential in order to fully utilize their
device potentials in nanotechnology.

For several different types of carbon-based nanostruc-
tures, one fundamental quantity is the graphene interlayer
spacing, corresponding to the d002 peak observed in x-ray
diffraction �XRD�. This quantity has a broadly accepted
minimum value of dmin=0.3354 nm �Ref. 3� for single-
crystal graphites having true ABAB stacking.4 This prevail-
ing view has led to the classification of a variety of “gra-
phitic” materials, ranging from those with good ABAB
stacking and d002 near 0.335 nm �Ref. 3� to “turbostratic”
materials with no interplanar ordering and d002 up to
0.344 nm.5 For example, when graphene layers roll up to
form multi-walled carbon nanotubes �MWCNTs�, the inter-
layer spacing increases exponentially from dmin as the tube
radius decreases.6

There are a few notable exceptions of graphites reported
to have d002 values lower than dmin.

7–9 The earliest examples
were “Kish” graphites deposited on the surfaces of molten
steel, which show a d002 value of 0.33528 nm.7 However,
molten steel was known to contain abundant Fe and Si im-
purities, which evidently applied a high internal pressure to
the Kish graphite. After removing the impurities by either
heat treatment or acid washing, the lattice spacing expanded
back to the nominal value of graphite.7 More recently, it was
reported that heat treatment of a mixture of demineralized
anthracite and minerals such as rutile �TiO2�, calcite
�CaCO3�, or hematite �Fe2O3� leads to graphene interlayer
spacings of 0.3352, 0.3350, or 0.3349 nm, respectively
�±0.0001 nm�.8 Furthermore, applying high external pressure
or high-energy electron irradiation could cause a significant
reduction in the interlayer spacing of graphite or a confined

structure such as a spherical shell and, ultimately, could in-
duce a transition to diamond.9

In this paper, we establish a different experimental ap-
proach for inducing reductions in the graphene interlayer
spacing—high-temperature treatment—and rationalize the
observation within a unified theoretical model of carbon
nanotubes. First, using x-ray diffraction, we find that the
graphene interlayer spacing in multi-walled carbon nanofi-
bers heat treated above �2800 K is distinctly smaller than
dmin. The model developed is multiscale in nature, and is
characterized by the introduction of a local curvature that
allows the nanotube cross sections to polygonize. We show
that, whereas normal nanotubes are favored energetically at
low temperatures, the configuration entropy associated with
Stone-Wales �SW� defects can make the polygonal shape of
the large nanotubes or nanofibers metastable at intermediate
temperatures, and globally favorable at sufficiently high tem-
peratures. Furthermore, such polygonal carbon nanotubes ex-
hibit clear reductions in the graphene interlayer spacing.
These predictions are convincingly confirmed in further ex-
perimental studies of carbon nanofibers with varying cross
sections and at different heat treatment temperatures.

The paper is organized as follows. In Sec. II, we first
explain the experimental procedures used in the sample
preparation and measurements of the multi-walled carbon
nanofibers, followed by a presentation of the experimental
observation of the interlayer spacing reduction of the multi-
walled carbon nanofibers. In Sec. III, we present the theoret-
ical modeling approach used to explain the experimental ob-
servations. In Sec. IV, we explore possible mechanisms of
interlayer spacing reduction of multi-walled carbon nanofi-
bers or nanotubes. Our study shows that interlayer spacing
reduction can be observed in polygonized nanofibers or
nanotubes. In Sec. V, we present additional experiments con-
firming the theoretical prediction of polygonization in the
carbon nanofiber samples. In Sec. VI, we present our conclu-
sion.
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II. EXPERIMENTAL OBSERVATION OF INTERLAYER
SPACING REDUCTION OF MULTI-WALLED

CARBON NANOFIBERS

The carbon nanofibers studied here were approximately
100 nm in diameter, with an average initial aspect ratio ex-
ceeding 100. The fibers were produced by Applied Sciences,
Inc. �PYROGRAF PR-24 and PR-19, see http://
www.apsci.com� in a flow of natural gas, air, ammonia, and
the catalytic constituents hydrogen sulfide and iron pentacar-
bonyl. The as-grown fibers had a duplex morphology com-
prised of an inner core, which was deposited by an Fe-based
catalytic particle, covered with a layer of vapor-deposited
turbostratic carbon. These fibers were heat treated under Ar
in a furnace that used a graphite heating element. Different
batches of fibers were treated at 3000, 3100, and 3500 K,
respectively. The MWCNTs were heat treated at 3037 K for
1 h in a similar furnace. The microstructures of the fibers
before and after heat treatment up to �3500 K were exam-
ined using transmission electron microscopy �TEM� and
scanning electron microscopy �SEM�. The as-grown fibers
had the geometry of stacked cups, with circular cross sec-
tions, as seen in the SEM image �Fig. 1�a��. After heat treat-
ment, such fibers were well graphitized, as shown in the
TEM image �Fig. 1�b��.

To measure the interlayer spacing of the nanofibers, XRD
was carried out using a Sintag PAD diffractometer with
Cu K� x-radiation. The results are shown in Fig. 1�c�. The
as-grown nanofibers were placed in a furnace and warmed to
each target temperature where they were held for 1 h. Then
the fibers were cooled down to room temperature for
measurement.10 The samples heat treated with T�2500 K
showed a moderate interlayer spacing expansion, d002
�0.336 nm. As the temperature reached �2800 K, the mea-
sured interlayer spacing became 0.3350 nm, reduced from
that of natural graphite �0.3354 nm, corresponding to the
dotted line in Fig. 1�c��. Further increases in heat tempera-
ture led to the same degree of reduction to within the experi-
mental error of 4�10−5 nm �the error bars are within the
size of the data points in Fig. 1�c��. The stable reduction was

observed all the way up to 3500 K, the highest heating tem-
perature reached in our experiments.

TEM and XRD studies confirmed that the stacked-cup
nanofiber samples contained no metal impurities. Further-
more, the samples were neither exposed to electron irradia-
tion nor to external pressure; therefore, none of the existing
mechanisms can be invoked to explain the interlayer spacing
reduction observed here. An obvious difference between
ideal planar graphene and nanotube and/or nanofiber struc-
tures is the existence of finite curvatures in the latter case.
Nevertheless, as shown in Ref. 6 and in the data in Fig. 1�c�
with T�2800 K, standard carbon nanotubes or nanofibers
only exhibit increased interlayer spacings over dmin.

III. THEORETICAL MODELING: METHODS

The above observations motivated us to investigate theo-
retically the feasibility that the nanofibers develop polygonal
cross sections under high-temperature heat treatment, and in
turn, the corresponding increase in the local curvature asso-
ciated with the polygonal deformation causes a reduction in
the interlayer spacing. To explore this feasibility, we first
developed a unified model of MWCNTs and polygonal nano-
tubes �PNTs� without considering the effects of temperature.
Consider a PNT consisting of piecewise flat graphite sides
with Np edges. A conventional CNT can be viewed as a
special case of such a PNT, in which each flat piece has the
shortest possible length of w0=0.5a, with a=0.244 nm. We
introduce11

Kl�p� =
1

K0
�� − �p

sin �p
− 1� �1�

to describe the local curvature at any vertex point p of the
cross section of a nanotube, with �p the interplanar angle at
point p, and the normalization factor K0= �4� /3�3�−1 for
zigzag edged nanotubes and K0= �� /�3�− �3/4� for armchair
edged nanotubes.

When wrapping up graphitic layers, the spatial restriction
imposed by the wrapping will prevent the formation of per-
fectly graphitized structures with optimum interlayer spac-
ings, because it is atomically impossible to satisfy perfect
atomic registry for all the layers.12 Here the perfect atomic
registry refers to the AB stacking, with a maximal energy
gain in the interlayer attraction between two neighboring lay-
ers. As a result, all the physical quantities will be obtained by
taking an ensemble average over large samples. To search for
the mechanism that may likely cause an interlayer spacing
reduction, we considered a buckled graphite bilayer, whose
adjacent layers can maintain identical local curvatures. The
bilayer can be either AB or AA stacked, periodically repeated
in the planar directions with a sufficiently large vacuum
spacing layer in the z direction �see the top panel in Fig.
2�a��. Using such structural models, we are able to describe
the energetics of a PNT and the optimum interlayer spacing
of a multi-walled polygonal nanotube �MWPNT�.

Our total energy calculations are based on the local-
density approximation �LDA� within density-functional
theory �DFT�, as implemented in the VASP code.13 We use an

FIG. 1. SEM �a� or TEM �b� image showing that as-grown fibers
have circular cross sections �a� and heat-treated fibers are well
graphitized �b�. �c� Experimentally measured interlayer spacing of
the fibers as a function of the heating temperature �Ref. 28�. The
dotted line marks the spacing of natural graphite. The error bar is
within 4�10−5 nm, smaller than the size of the data points.
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ultrasoft pseudopotential14 and employ the Ceperley-Alder
exchange correlation15 as parametrized by Perdew and
Zunger.16 The energy cutoff for the plane-wave basis set is
550 eV and Monkhorst-Pack k-point sampling17 is used. We
note that there has been a successful effort at going beyond
the LDA when describing van der Waals interactions.18 Nev-
ertheless, existing results of LDA-DFT calculations of the
in-plane and c-axis lattice constants of graphite are in excel-
lent agreement with experimental values.19 Our own LDA
calculations yield an equilibrium in-plane constant a
=0.244 nm and an interlayer spacing equal to 0.3343 and
0.3660 nm for graphites with AB and AA stackings, respec-
tively, again in excellent agreement with other theoretical
and experimental results.19 We therefore limit ourselves to
DFT-LDA calculations when studying the optimum inter-
layer spacing for PNTs with Kl�0.

IV. THEORETICAL MODELING: RESULTS

A. Interlayer spacing reduction of multi-walled nanofibers

For a given bilayer of w0 and Kl �Fig. 2�a��, the total
energy calculation is performed by varying the interlayer
spacing d, and the Birch-Murnaghan equation of state20 is

applied to obtain the optimum interlayer distance dopt. The
results are presented in Figs. 2�a� and 2�b�, corresponding to
either AA or AB stacking,12 depending on which configura-
tion gives a higher energy gain due to interlayer attraction.
The interlayer interaction energy �	Eint� in Fig. 2�b� mea-
sures the energy difference between the structure shown in
the top panel in Fig. 2�a� and that of the same two layers but
with an infinite separation. Figure 2�a� clearly illustrates that
a reduction in the graphene interlayer spacing occurs as the
local curvature increases over Kl�0.12. The structures with
w0=4a and 2a show small spacing increases for curvatures
between Kl=0.02 and Kl=0.12, but from Fig. 2�b�, we see
that the interlayer attraction is stronger at larger curvatures.
Based on Fig. 2�b�, we conclude that polygons with stronger
interlayer attractions �such as squares and pentagons� might
be preferred.

B. Polygonization of multi-walled nanofibers

To address the feasibility of polygonization of nanotubes
with larger cross sections, we have to invoke empirical po-
tentials, as first-principles calculations are limited to only
small systems such as those shown in Figs. 2�a� and 2�b�. For
larger structures, we employ a multiscale scheme, where a
PNT is described as a rolled continuous sheet of length L
having a total width W �=w0Np� �see the inset of Fig. 2�c��.
We introduce the following formula to describe the energy
difference between a single-walled PNT �SWPNT� and a pla-
nar graphene layer:

	Epol/L = 	
p=1

Np


�p,w0�Kl�p� , �2�

where p is the vertex index, Kl�p� is the local
curvature, and the coefficient is given by 
�p ,w0�
=
0��1−exp�−�w0�p�−wc� /���2−1�+
1, with 
0

=6.157 eV/nm, 
1=46.264 eV/nm, wc=0.2 nm, and �
=0.096 nm. The parameters are obtained by fitting the en-
ergy changes obtained from DFT-LDA calculations for small
systems, including conventional nanotubes and polygonal
structures with Np�5 as marked by the data points in Fig.
2�c�. Given the excellent fitting of the DFT-LDA results by
Eq. �2� for the smaller systems, it is reasonable to use Eq. �2�
to estimate the energetics of larger systems as well. Figure
2�d� shows the energy �	E� of a Nw-walled PNT per unit
area relative to that of a circular MWCNT as a function of
the inner tube circumference Win, where the optimum inter-
layer spacing is 0.34 nm, and Nw is chosen to be 30, close to
the number in the experimental observations. The energy re-
quired for the formation of polygons decreases with the tube
circumference; for a given tube circumference, the formation
energy is lower for higher orders of polygons. Most impor-
tantly, conventional nanotubes are always the most stable
structures if only the different structural energies are com-
pared.

Next, we consider the possible role of defect creation on
the MWCNTs,21 in particular, at finite temperatures. It is
known that exposure to high-energy electron irradiation
could cause a significant number of vacancies or even fatally

FIG. 2. The buckled-graphite model considered to investigate
the role of the local curvature �Kl� in determining interlayer inter-
actions as shown on top of �a�. The structures are stacked in AA or
AB fashion and extend in three dimensions. �a� The optimum inter-
layer spacing �dopt� as a function of the local curvature. �b� The
energy difference �	Eint� between the structure shown on top of �a�
and that of the same two layers but with an infinite separation. �c�
Formation energy �Eq. �2�� of single-walled polygonal nanotubes as
a function of the local curvature. The solid lines are fits using Eq.
�2� to the data points from LDA-DFT calculations. The inset illus-
trates a polygonal nanotube consisting of Np piecewise flat sides,
with Np=6. �d� Energy cost �	E� per unit area to make 30-walled
polygonal nanotubes relative to the energy of a circular nanotube as
a function of the innermost tube width �Win� and the polygon order
�Np�.
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damage the material, but such a process did not take place in
our experiments; instead, we mainly focused on the ther-
mally induced creation of defects on the MWCNTs at high
temperatures, T. The defect creation rate can be described by
� exp�−Va /kBT�, where Va is the activation barrier for creat-
ing a given type of defect on the tube, � is a constant resem-
bling the attempt frequency in a thermally activated process,
and kB the Boltzmann constant. In equilibrium, the defect
density per site or per C-C bond only depends on the defect
formation energy, Ed, given by 
�T�= �1+eEd/kBT�−1 after im-
posing a detailed balance of the creation and annihilation
processes. There are different types of defects that could be
thermally activated. From the literature,22 we know that for
planar graphene layers or CNTs with large cross sections, the
two most common types of defects, vacancy and SW defects,
have the formation energies of 7.8 and 10.4 eV,
respectively.23 These high formation energies suggest that the
corresponding defect densities are entirely negligible even at
the high temperature of �3000 K. Nevertheless, the forma-
tion energies can depend strongly on the curvature of the
carbon nanomaterials, as already suggested for the case of
conventional CNTs.24 We have carried out systematic studies
of such curvature dependences for both types of defects us-
ing LDA-DFT approaches. For the SW defects, the forma-
tion energy decreases exponentially as the curvature in-
creases, and the dependence can be well fitted using the
relation Ed=E0�e−Kl/c1 +e−Kl/c2�, where E0=5.196 eV, c1

=0.029, and c2=0.002 �for the zigzag and armchair CNTs�,
giving a formation energy of less than 2 eV for Kl�0.03. In
contrast, the formation energy of the vacancy defects has a
weaker dependence on the curvature, and is still 
5 eV even
for a CNT with the smallest radius. Therefore, even at high
temperatures and with large curvatures, only the SW defects
can have a noticeable density.

Now we evaluate the contribution to the free energy due
to the configuration entropy associated with the creation of
the SW defects. When Nd defects are introduced to an
N-atom system, there are � ways to distribute them, given
by �=N! / �Nd!�N−Nd�!�. For large N, the corresponding en-
tropy increase is Sd=−0.5kBN�
 ln 
+ �1−
�ln�1−
��, and
the defect density is 
=Nd / �N /2� �the factor 1 /2 reflects that
only N /2 bonds are available for the creation of SW defects�.
For SWCNTs, the polygonal structures are energetically
more costly because of the strain energy associated with the
polygonization, but have higher entropies due to lower defect
formation energy. Therefore, the competition between inter-
nal energetics and defect formation will determine the
relative stability of the SWCNTs at a given temperature.
Quantitatively, we have for the total free energy
F=	Epol+EdNd−TSd, where the internal energy 	Epol is dif-
ferent for different shapes of the CNTs �Eq. �2��, while the
second term reflects the formation energy of the SW defects.

Figure 3�a� shows the total free energy of SWPNTs per
unit length relative to that of the conventional �or circular�
CNTs as a function of the local curvature at the tube circum-
ference W=2000 nm. These plots define two critical tem-
peratures, T* and Tc. When T�T*=960 K, the conventional

nanotubes are globally stable, with no existence of other
metastable structures. When T*�T�Tc, the conventional
nanotubes are still the stable structure, but the PNTs become
metastable. Such metastable configurations can be reached
kinetically at sufficiently high temperatures, but the
polygonization process may take a very long time to reach
because of the high activation barrier. When T�Tc

=3317 K, the PNTs become stable globally, as indicated by
the red solid curve in Fig. 3�a�. In this regime, the heptagonal
structure �Np=7� is the most stable, while the hexagonal
structure �Np=6� is also more stable than conventional
CNTs. Figure 3�b� illustrates the dependence of the two criti-
cal temperatures on the tube circumference. CNTs with large
cross sections can be polygonized at sufficiently high tem-
peratures, while those with small cross sections cannot, even
at the high temperature of 3500 K, because of the existence
of high �over 12 eV� kinetic barriers to reaching the meta-
stable or stable polygonal states.

So far we have limited ourselves to the case of single-
walled CNTs. When MWCNTs are considered, we expect
that the stronger interlayer attractions among the layers �see
Fig. 2�b�� will not only reduce the two critical temperatures
for a given average W, but even more importantly, will also
further stabilize the polygonal structures once they are
achieved thermally. Qualitatively, this latter point suggests a
hysteresis effect in the structural order versus temperature
plot, but at this point a reliable quantitative description of
this intriguing possibility is beyond the scope of the present
work, as it would demand first-principles modelings of the
MWCNTs and MWPNTs for large W. We further found that
the existence of SW defects may also induce a slight reduc-
tion in the interlayer spacing, but for this effect to be com-
parable to the curvature-induced reduction, the defect density
has to be unphysically high.

FIG. 3. �Color online� �a� Total free energy of single-wall po-
lygonal nanotubes per unit length relative to that of the conven-
tional �or circular� carbon nanotubes as a function of the local cur-
vature at the tube circumference W=2000 nm. �b� Dependence of
the two critical temperatures on W. TEM images ��c� and �d�� and
SEM image �e� confirm the polygonization of the nanotubes upon
high-temperature heat treatment �T�2800 K�.
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V. EXPERIMENTAL CONFIRMATION OF
POLYGONIZATION

The predicted polygonal deformation of the MWCNTs
with large circumferences upon high-temperature heat treat-
ment has been confirmed by additional TEM and SEM stud-
ies of the heat-treated samples, particularly near the ends of
the fibers. Here we compare the image of as-grown nanofi-
bers and those heat treated to T�3250 K. The SEM image
of the as-grown samples displays circular structures �Fig.
1�a��. In contrast, the cross section TEM �Figs. 3�c� and 3�d��
and SEM �Fig. 3�e�� images of the heat-treated nanofibers
display distinct polygonal structures. These polygonally de-
formed samples are multilayered �Nw�20� and have diam-
eters in the range of 50–100 nm. On the other hand, samples
with diameters less than 30 nm show d002 of 0.3427
�±0.0003 nm� and 0.3397 �±0.0002 nm� before and after
heat treatment to 3100 K, respectively; the latter spacing is
still greater than the graphite interlayer spacing of
0.3354 nm. Furthermore, no polygonization has been ob-
served for such small-diameter samples.

Before closing, we note that observations of polygoniza-
tion had been reported previously for bundles of SWCNTs
under high hydrostatic pressure25 and for large MWCNTs,26

yet the physical origin�s� of the observed polygonization in
these experiments was not fully explored.

VI. CONCLUSIONS

In conclusion, we have shown experimentally that
polygonization of multi-walled carbon nanotubes or nanofi-

bers can be induced at sufficiently high heat-treatment tem-
peratures and with sufficiently large diameters. These trends
are consistent with the predictions of a unified picture of
carbon nanotubes and carbon polygons, developed through
multiscale simulations rooted in extensive first-principles
calculations. One central finding is the stabilization of po-
lygonal shapes at high temperatures by the configuration en-
tropy associated with the creation of the Stone-Wales de-
fects. As a consequence of the polygonization, the interlayer
spacing of the MWPNTs contracts to a value distinctly
smaller than the established graphene interlayer spacing, as
also confirmed theoretically. We expect that the phenomena
of polygonization and potential interlayer spacing reduction
established here for the MWCNTs will be applicable to other
related tubular and/or fiber systems as well, such as BN
nanotubes or nanofibers.27
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