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Graphitization of polymers is an effective way to synthesize nano-

crystalline graphene on different substrates with tunable shape,

thickness and properties. The catalyst free synthesis results in crys-

tallite sizes on the order of a few nanometers, significantly smaller

than commonly prepared polycrystalline graphene. Even though

this method provides the flexibility of graphitizing polymer films

on different substrates, substrate free graphitization of freestand-

ing polymer layers has not been studied yet. We report for the first

time the thermally induced graphitization and domain growth of

free-standing nanocrystalline graphene thin films using in situ TEM

techniques. High resolution transmission electron microscopy

(HRTEM), selected area electron diffraction (SAED) and electron

energy loss spectroscopy (EELS) techniques were used to analyze

the graphitization and the evolution of nanocrystalline domains at

different temperatures by characterizing the crystallinity and

domain size, further supported by ex situ Raman spectroscopy.

The graphitization was comparable to the substrate supported

heating and the temperature dependence of graphitization was

analyzed. In addition, the in situ analysis of the graphitization

enabled direct imaging of some of the growth processes taking

place at different temperatures.

Introduction

Graphene, the sp2-hybridized single atomic layer of carbon,
and closely related graphenoid materials have emerged as can-
didates for future technological applications in a wide variety
of fields due to their unique properties.1 Because of their

structure and low dimensionality, the mechanical and electri-
cal behavior of these two-dimensional materials differs con-
siderably from bulk graphite. The properties of graphene
largely depend on the thickness, edge morphology and defect
structure.2 Different methods have been used to successfully
produce large-area graphene for a variety of applications.3

These commonly used methods need a catalytic surface for the
growth of graphene films with an additional transfer process
onto different substrates for most of the practical purposes.
This may induce defects and contamination affecting the
inherent properties of the material.

Recent advances in the catalyst-free synthesis of graphene
enable the production of graphene materials on different sub-
strates with a controllable shape and thickness by thermal gra-
phitization of thin polymer films.4–6 These materials are
termed graphenoid (graphene like) materials and the techno-
logical importance of these materials is increasing in areas
such as electronics,4,5 photonics,6,7 strain sensing,6 or trans-
parent conducting electrodes8,9 to mention just a few. This
catalyst-free growth results in domain sizes on the order of a
few nanometers and can be termed nanocrystalline graphene.
It provides the flexibility of growing on different substrates
with a defined thickness and also for patterning to achieve
different shapes.6 This bottom up approach also provides
control to tailor the properties of the final structure by varying
the graphitization conditions, which determine the crystalli-
nity and domain size. Despite the growing acceptance of these
materials in different fields, the dynamics of graphitization
and domain growth is still poorly understood. Since the pro-
perties of these graphitized carbon structures are largely
affected by the domain size and other defects, a detailed
understanding of the graphitization and domain growth as a
function of temperature is essential for controlled tailoring of
the properties of the graphitic material.

For the preparation of nanocrystalline graphene, different
source materials and processes are used for the initial polymer
film, which is then graphitized by substrate supported vacuum
annealing. The flexibility of graphitizing these polymer films
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600 °C for 5 hours (heating rate 10 °C per minute) to prevent
the contamination of the TEM by the large amount of gas
released during the initial stages of graphitization.

The graphitized samples were characterized using confocal
Raman spectroscopy and TEM. Raman spectroscopy was
carried out with a Renishaw Raman microscope with 514 nm
laser excitation. The Raman map was acquired from a 13 µm ×
2 µm area with a step size of 1 µm. The peak intensities and
the intensity ratio map were obtained using the WiRE software
(Renishaw Raman software). An aberration corrected (image)
Titan 80-300 TEM (FEI Company) operated at 80 kV equipped
with a Tridium 863 imaging filter (Gatan Inc.) was used for
EEL spectroscopy and a US1000 slowscan CCD (Gatan Inc.)
was used for imaging and diffraction. All EEL spectra were
acquired in STEM mode with a convergence angle of 1.5 mrad
and an acceptance angle of 4 mrad. These experimental con-
ditions satisfy the magic angle condition at 80 kV to eliminate
the dependence of π* and σ* intensities on the orientation of
the isotropic graphene structures with respect to the incident
beam.27,28 Five spectra from different places were acquired at
each temperature to evaluate the sp2 content during the gra-
phitization of the polymer. The in situ heating experiments
were carried out starting at 600 °C since the samples were
already ex situ graphitized at 600 °C for 5 hours. A heating rate
of 10 °C per minute was always used. The samples were heated
inside the TEM to 600 °C with the beam blanked to prevent
beam induced transformations. Bright field TEM images and
SAED patterns were acquired at 100 °C intervals after holding
the temperature for 10 minutes to ensure stable imaging con-
ditions. For the diffraction analysis, a nominally parallel beam
setting was used and the diffraction pattern was focused accu-
rately. Intensity profiles of the SAED patterns were extracted

Fig. 1 Schematic process flow of the graphitization on a MEMS heating
device. The chip was spin coated with the photoresist and the electro
des were exposed by dipping in acetone.

on different substrates has been demonstrated.4–6 Substrate 
free graphitization of free-standing polymer films has not been 
reported yet. There are only some reports on the graphitization 
of suspended carbon nanowires.10,11 Considering the techno-
logical importance of free-standing graphene films,12,13 these 
free-standing nanocrystalline graphene films with tunable 
shape, thickness and properties will be an interesting candi-
date for electronic and optoelectronic applications.

High resolution transmission electron microscopy 
(HRTEM) is an effective tool for the structural characterization 
of carbon nanostructures with sub-angstrom resolution.14,15

Low voltage HRTEM facilitates the characterization of gra-
phene related materials without inducing significant beam 
damage or defects.16,17 Recent advances in in situ HRTEM 
enabled the analysis of different structural changes during 
in situ heating,18–20 electrical biasing21,22 of graphene and 
in situ heating of other carbon nanostructures.23–25 Here we 
report on the graphitization and domain growth of free-stand-
ing nanocrystalline graphene thin films prepared by vacuum 
annealing of a photoresist inside a TEM and following the 
process by in situ TEM techniques. HRTEM, selected area elec-
tron diffraction (SAED) and electron energy loss spectroscopy 
(EELS) techniques were used to analyze the graphitization and 
the evolution of nanocrystalline domains at different tempera-
tures. This is the first attempt to grow free-standing nanocrys-
talline graphene by the graphitization of a polymer thin film 
inside a TEM and to follow the growth by in situ TEM tech-
niques. The in situ process eliminates possible artefacts associ-
ated with the transfer process shadowing the true structural 
transformations. The in situ growth results in large freestand-
ing thin membranes, which can be analyzed in depth for 
precise information about the structural changes during gra-
phitization and domain growth. The use of pre-calibrated, 
MEMS based heating chips enables a good correlation of the 
temperature and the corresponding structural changes.

Experimental procedure
The photoresist used as the carbon source for the nanocrystal-
line graphene preparation is the commercially available photo-
resist, microposit S1805. The photoresist was diluted with pro-
pylene glycol monomethyl ether acetate (PGMEA) by 1 : 12 to 
tune the viscosity and resulting film thickness. The resist was 
spin coated onto a MEM based heating chip (Protochips Inc.) 
at 8000 rpm for 30 seconds and then baked at 160 °C for 
3 minutes resulting in a thin film covering the whole heating 
chip.

The active part of the heating chip consists of a free-stand-
ing ceramic membrane coated with a thin amorphous SiN film 
with patterned holes acting as the sample support and the 
ceramic as the heating element.26 The electrodes of the 
heating chip were exposed by dipping it into acetone (Fig. 1). 
The chip was loaded into a heating holder (Aduro 500 by 
Protochips Inc.). The initial heating was carried out inside a 
Gatan pumping station at 10−7 mbar at a temperature of



gives the variation of the ID/IG ratio across the free standing
and the substrate supported area. It can be clearly observed
from the map that the intensity ratio variation is negligible.
This confirms that the graphitization is uniform over the free-
standing layer. The ID/IG ratio outside the hole is slightly lower
than that for the free-standing film, probably because of the
Si/SiN support contributing to the background of the Raman
spectrum in the supported region.

This analysis clearly shows that after ex situ heating to
600 °C for 5 h, free-standing graphitized films have formed
across the holes of the supporting film on the heating chip.
This confirms that free-standing polymer films were formed
during the spin coating and a substrate free graphitization is
possible. While it is well known that the source photoresist
S1805 contains aromatic molecules, which can be graphitized
at higher temperatures on a substrate, this confirms that gra-
phitization without any catalytic support from the substrate is
possible and yields very similar materials.

From previous studies on different substrates, it is known
that the graphitization process starts at around 600 °C and
yields increasingly graphitized nanocrystalline domains at
least up to 1000 °C.5–7 This structural evolution was studied in
the following in situ study under a TEM.

In situ heating

In situ TEM observations were made on the free-standing gra-
phitized films from 600 °C to 1200 °C. The thin free-standing
films were ideal for TEM observation to obtain detailed
insights into the structural changes during heating. Fig. 3(a–g)
show a series of bright field-TEM (BF-TEM) images of the
growth of nanocrystalline domains during heating at increas-
ing temperature. The evolution of the nanocrystalline domains
with temperature can be observed in the images. At 600 °C,
the structure is dominated by curved and wrinkled small fea-
tures. It is well known that, during the graphitization of a
polymer precursor, after the initial carbonization, the material
consists of small domains of hexagonally coordinated aromatic
molecules extending up to a few nanometers in size.31 The
space between these crystallites is filled with disordered
carbon or voids. As the temperature increases, increasing
ordering of the crystallites occurs and the crystallite sizes
increase by consuming the disordered carbon around it.32

This can be seen from the images at intermediate tempera-
tures (600 °C to 1000 °C). At 800 °C, defined domains are
visible in the BF-TEM images with an estimated size of
2–4 nm. At 1000 °C, the crystallites are more defined and sub-
sequent heating results in an increase of the domain and crys-
tallite size by merging of small crystallites to form bigger ones.
This can be seen from Fig. S1† which shows merging of
domains during heating from 1100 °C to 1200 °C. The struc-
tures observed at different temperatures in situ are compared
with the previously unexposed areas at the same temperature
and as they look very similar, beam damage effects do not sig-
nificantly alter the observed graphitization process.

The evolution of the crystallite size was determined from
SAED intensity profiles (Fig. 4a) using a simple Scherrer ana-

and analyzed using PASAD.29 The beam was blanked after 
imaging to minimize the exposure. Also the images from the 
non-exposed areas were compared at each temperature to 
analyze the beam induced effect on the graphitization. During 
the reheating experiment, images were obtained every 10 °C 
and the structure is compared with non-exposed areas at each 
temperature.

Results and discussion
Graphitization of the free-standing layer on the MEMS device

Fig. 2 shows the optical and Raman characterization of the 
annealed photoresist on the heating chip after ex situ graphiti-
zation at 600 °C. Free-standing films have formed across the 
5 micron diameter holes. The graphitic character of the free-
standing film is comparable to that of the substrate supported 
film (Fig. 2b) as analyzed by Raman spectroscopy. The Raman 
signature (peak positions and ID/IG ratio) is almost identical to 
the ex situ graphitization on the SiO2 terminated Si wafer. The 
spectrum consists of the G peak at around 1600 cm−1, the D 
peak at around 1300 cm−1 and a broad 2D and D + G region 
around 2800 cm−1, which is characteristic of a partially graphi-
tized material. Considering the peak position and ID/IG ratio 
and comparing it with the materials proposed in the graphiti-
zation trajectory by Ferrari et al.,30 we can conclude that the 
material is nanocrystalline with some amount of sp3 co-
ordinated amorphous carbon left. This is expected since the 
graphitization temperature is fairly low and does not facilitate 
complete graphitization. Fig. 2(c) shows the position of the G 
peak across the active heating area of the chip after heating to 
600 °C. It reveals a homogeneous graphitized film across the 
active part of the chip. Fig. 2(d) shows a high resolution 
Raman map (ID/IG ratio) overlaid on the top of an optical 
image of the free-standing film across a hole. The color bar

Fig. 2 (a) Optical micrograph of the graphitized heating area, (b) 
Raman spectra of the film graphitized at 600 °C, (c) G peak position 
near the center hole on the heating chip, (d) ID/IG ratio map overlaid on 
an optical image of a free standing film over a hole on the heating chip, 
the color scale shows the variation in the ID/IG ratio.



vation that the domains become more ordered at 800 °C. At
higher temperatures, the width of the diffraction peaks
decreases and the (200) peak becomes more defined confirm-
ing the growth of the crystallites as plotted in Fig. 3h and an
increasing order.

Fig. 4b shows the EELS data of the carbon core-loss edge at
different temperatures during heating. At 600 °C, the core loss
edge of carbon resembles an amorphous structure containing
a low-intensity π* peak at 285 eV followed by a featureless σ*
and extended near edge region. The peak near 285 eV corres-
ponds to the transition from the 1s to π* orbital and is a
characteristic feature of sp2 bonding. This means that at
600 °C the material is amorphous in nature with considerable
amounts of sp2 and sp3 bonding.35 As the temperature
increases, the intensity of the π* transition increases indicat-
ing an increase in sp2 character. In addition, the σ* and
ELNES region becomes increasingly structured indicating an
increased graphitic order.36,37 There is also an increase in the
intensity of the multiple scattering resonance (MSR) peak
around 330 eV with increasing temperature.38 This evolution
can be attributed to the decreasing variation in the nearest
neighbor and next nearest neighbor atomic distance and
reflects the formation of well-defined coordination spheres.
The sp2 content of the graphitized layer at different tempera-
tures is measured from the core loss spectra. The integrated
intensity ratio of the π* over the π* + σ* transition was com-
pared with a fully graphitized standard.39 The integrated inten-
sity of the π* peak is calculated using a 5 eV window from the
onset of the peak at 282.5 eV and the π* + σ* integrated inten-
sity is calculated using a 50 eV window starting from the same
region. The standard deviation of the sp2 content of the 5 indi-
vidual measurements at each temperature is used to estimate
the measurement error. Fig. 4(c) shows the evolution of the sp2

content with temperature. It increases from 600 °C to 1000 °C
and then saturates. This confirms that the material is comple-
tely graphitized around 1000 °C and further growth is facili-
tated by the merging of graphene domains. We compared the
sp2 content determined by EELS with the Raman spectra

Fig. 3 (a g) Growth of nanocrystalline domains and (h) crystallite size with increasing temperature.

Fig. 4 (a) SAED intensity profile and (b) EELS carbon core loss spectra
at different temperatures; (c) sp2 content at different temperatures and
(d) low loss region of the freestanding layer at 1200 °C.

lysis of the {100} diffraction rings.33 Experimental beam broad-
ening was not subtracted for the Scherrer analysis, but the con-
tribution is negligible for these small grain sizes. The average 
crystallite size increased from 2 nm at 600 °C to 3.2 nm at 
1200 °C. The domain size determined at 1200 °C from BF-TEM 
images (6–8 nm) is greater than the crystallite size obtained 
from the Scherrer analysis. The difference is because by elec-
tron diffraction we measure the coherent scattering size, 
whereas the BF-TEM images are not very sensitive to small-
angle boundaries and individual defects. The SAED deter-
mined crystallite size at 1000 °C (2.7 nm) is comparable to the 
previous reports on ex situ graphitization on different sub-
strates.6,34 This confirms that the temperature dependence of 
graphitization in free-standing films is comparable to the sub-
strate supported graphitization. Indexing the diffraction rings 
at different temperatures shows that the growth of graphene is 
in plane with a strong [001] texture, whereas there is no indi-
cation of a {002} peak at around 2.9 nm−1 (Fig. 4a). As the 
temperature increases, the width of diffraction rings reduces 
and a weak diffraction ring corresponding to (200) starts to 
evolve at 800 °C. This is in agreement with the TEM obser-



a low energy commensurate structure.41–43 It has been
reported during the catalyst free transformation of amorphous
carbon on the top of a graphene substrate.44 Furthermore, we
can see that the edges of the layers do not exhibit well-defined
facets. This means that the edges may also contain unsatu-
rated bonds and/or pentagon–heptagon rings.19,45

Nevertheless, we also observed a transformation to better
defined facets after prolonged heating (Fig. S3†).

Reheating of graphitized layers

We observed a significant amount of carbonaceous material
on the graphitized samples after exposing the samples to the
atmosphere and reinserting them into the TEM (Fig. S4b†). As
can be observed from the high resolution images in Fig. 5, the
graphitized layers contain lots of free edges and surface, favor-
able for adsorption of the carbonaceous material. Heating the
sample with these amorphous deposits can yield additional
information on the formation and growth of the domains.
A structure consisting of domains with active edges surrounded
by amorphous carbon is similar to the structure during the
early stages of graphitization. Thus, we believe that the struc-
tural changes during heating of the sample with the carbon-
aceous material can be correlated with the early stages of the
graphitization and growth of the nanocrystalline domains.

Samples with additional amorphous impurities from air
exposure on the surface were heated inside the microscope
and the changes in the amorphous and crystalline regions
were studied (Fig. S4†). We observed two main transformations
in the amorphous region. (1) Amorphous regions near and/or
attached to domain edges crystallize and become attached at

Fig. 5 (a, b) HRTEM images of an edge heated to 1200 °C; (c) and (d)
merging of two small graphitic structures by coalescence during heating
at 1200 °C.

recorded for a sample heated at 1200 °C (Fig. S2†). The spectra 
at 1200 °C consist of well-defined D, G, 2D and D + G peaks 
indicating an increased graphitic character compared to the 
amorphous film heated to 600 °C. The presence of the D peak 
is characteristic of the nanocrystalline nature of the film.4,5

The D peak is a disorder induced peak in sp2 carbon, which 
can occur due to defects and/or small crystallite sizes and 
would be absent for defect free completely graphitized 
samples. The ID/IG ratio and the position of the G peak can be 
used to analyze the percentage of sp2 bonding and the defect 
density. Comparing the ID/IG ratio (1.26) and G peak position 
(1585 cm−1) with the graphitization trajectory proposed by 
Ferrari et al.,30 the Raman spectra at 1200 °C fit well to nano-
crystalline graphite with 100% sp2 content as discussed in pre-
vious work.6 This confirms that the sample is fully graphitic in 
nature in agreement with the EELS analysis.

Fig. 4d shows the low-loss peak in a region around 
1.5 microns away from the edge of the free standing graphi-
tized layer at 1200 °C. The low loss shows two distinct peaks 
around 5 eV and 18.5 eV. The first peak corresponds to the 
π–π* inter-band transition and the second one is due to the 
collective oscillation of the π + σ plasmon. The π–π* transition 
is mainly due to the in-plane mode, which appears at 7 eV for 
graphite and shifts to 4.8 eV for single layer graphene. The π + 
σ plasmon peak also exhibits a red-shift from 27 eV for graph-
ite to 15 eV for graphene.40 From the core loss and low loss 
spectra at 1200 °C, we can conclude that the structure consists 
of a few layers of highly graphitic nanocrystalline material. 
However, further away from the edge, we also observed some 
thicker graphitic areas.

HRTEM images of the graphitized layer obtained immedi-
ately after cooling from 1200 °C are shown in Fig. 5a and b. 
The formation of extended graphene domains stacked on top 
of each other is evident from the images. Apart from the large 
domains, we can also see some small graphitic structures with 
sizes of 2 nm or less (marked by white arrows). These small 
structures probably remained from the earlier stages of the 
domain growth. Some of them are quite mobile on the surface 
of larger graphene domains and will combine to form bigger 
domains when heated further. Fig. 5c and d show the coalesc-
ence of two small structures forming one during the heating 
process. During the merging, the shape of the small structure 
is changing; this can also be observed in the small structures 
adjacent to the merging structures. This shows that the move-
ment of the domains is not coherent rather facilitated by the 
movement of individual atoms or a group of atoms. It should 
also be noted that the larger domains may contain defects that 
presumably form during merging of smaller domains (marked 
by red arrows). FFTs from two different regions marked in 
Fig. 5a are given in the inset. The first FFT shows six reflec-
tions corresponding to a single crystalline region and the adja-
cent region contains another set of spots rotated by 22°. This 
corresponds to a few layers of graphene misoriented by 22°. 
The same misorientation angle is also observed in the marked 
region also in Fig. 5b. This misorientation angle (21.79°) is 
commonly observed in multilayer graphene, corresponding to

kbmafe
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ability of these structure depends on their misorientation and
the void size between the crystallites.31,32,50,51 It is seen from
the TEM images that the structure at 600 °C consists of small
misoriented crystallites. From 600 °C to 800 °C, the domains
transform into a more extended and ordered structure. The
amorphous carbon around the domains is consumed in this
process. This transformation and growth is visible looking at
the decreasing width of the (100) peak in SAED and the
appearance of the (200) peak as well as from the increase of
the sp2 content, evident from the EEL spectra. This growth
continues until the sample is almost completely graphitized
around 1000 °C. Further growth of the crystalline domains is
facilitated by coalescence of the small crystallites above
1000 °C. In our experiments the layer formation was imaged
for a completely free-standing film, while the structure of the
final graphitized film is comparable to the graphitization of
substrate supported films. This is evident from the comparable
average crystallite size and sp2 content of the film grown on
different substrates. This opens up new possibilities to learn
more about the inherent processes during the graphitization
of polymer precursors excluding the substrate effects.
Comparable graphitization of these free-standing films can
also provide new methods for the fabrication of freestanding
graphitic films with tunable shape and properties.

The reheating experiments after exposure to air provide a
suitable environment for analyzing the mechanisms operating
during the initial stages of graphitization. The attachment of
the carbonaceous materials at the edges can be explained by
the fact that disordered and active edges facilitate the attach-
ment of amorphous carbon. Formation of new graphitic nuclei
from the amorphous adsorbates occurs by catalyst free trans-
formation of the carbon species on top of graphene. In situ
TEM experiments with current induced annealing by Barreiro
et al.44 showed the transformation of absorbed amorphous
carbon on a graphene substrate, transforming into graphene
sheets. The experiment and molecular dynamic simulation
showed that the amorphous carbon on top of graphene will
not sublimate but rather transform to small graphene flakes,
which further combine to form large area graphene at elevated
temperatures. The newly formed layers exhibited a misorien-
tion of 22°, which was also observed in the present study.
A similar transformation was also reported by Westenfelder
et al.,52 where the amorphous carbon was converted into poly-
crystalline layers of graphene. From the HRTEM images and
the corresponding FFT we believe that in the present study
similar transformations were operating converting amorphous
carbon to graphene. The small, flat, well distributed graphitic
structures originate from these kinds of transformations. The
formation of structures with size of less than 1 nm and fuller-
ene like appearance is yet to be fully understood. One possible
mechanism could be bending and conversion of the small flat
graphitic structure formed from the amorphous carbon to a
caged structure on the top of graphene as observed by
Chuvilin et al.53 This transformation has been reported to
happen under the influence of the electron beam, which
results in knock on damage at the edges, leading to the for-

Fig. 6 Migration and merging of a small graphitic domains.

the edge of the domain, increasing the size of the domain. (2) 
Graphitization of amorphous carbon formed small graphitic 
structures on top of the graphitized layers. These newly 
formed small graphitic structures are mobile and can get 
attached/merge with the edges of neighboring domains 
(Fig. S5†). The size distribution of these small graphitic struc-
tures is broad, varying in shape and size up to 5 nm. Some of 
the observed structures have sizes comparable to fullerenes 
and could be a cage like structure.46,47 Fig. 6 shows the move-
ment and attachment of a small graphic structure (size less 
than 1 nm) to the edge of a layer during heating. This structure 
was formed during the re-heating. At intermediate tempera-
tures (475 °C to 500 °C), it becomes detached from a minor 
edge, moves on the surface towards the edge of a larger 
domain, and becomes attached to the new edge. As the temp-
erature increases (675 °C to 700 °C), both graphitic structures 
merge at the edge of the layer, extending the graphene sheet. 
High resolution images from this region (Fig. S5†) confirm 
that the small structure completely merged with the layer 
without noticeable discontinuity. Considering the previous 
reports on the formation and high mobility of fullerene like 
structures on glassy carbon and on the top of graphene,48,49

these could be the bend graphitic structures formed by trans-
formation of amorphous deposits. In addition, there are also a 
significant number of trapped structures, which have been 
formed during the initial heating and are stable even after the 
reheating cycle (Fig. S6†), suggesting that different structures 
with very different properties form during the heating.

Discussion
Graphitization of carbons from different sources is a well-
studied field. Different models were proposed for the graphiti-
zation and crystallite growth during heating from different 
source materials.31,32,50 According to the proposed models, at 
intermediate temperatures, after the initial carbonization of 
the polymer, the structure consists of small misoriented crys-
tallites with the space between them filled by uncoordinated 
amorphous carbon or voids. These small crystallites contain 
3 to 4 layers of hexagonally coordinated aromatic molecules with 
sizes extending up to a couple of nanometers. The graphitiz-
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