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Abstract The process of the preparation of graphitic
nanoplatelets via chemical intercalation and thermal exfo-
liation of graphite was considered. The dependence of the
properties of the final product on the microstructure of the
raw material and on different process parameters was
analyzed. It is shown that the microstructure of the raw
material has considerable influence on the structural
transformations during the different preparation steps. The
observed differences can be understood assuming that
intercalation is initiated at the edges of graphite crystallites
by the formation of intercalate nuclei. Essential differences
of the nucleation time appear for unequal types of micro-
structure and give rise to different intercalation states. It is
also shown that the sub-process of washing and drying the
samples after intercalation is most critical and has signifi-
cant influence on the characteristics of the final products.
The results suggest that graphite fibres with sub-micron
diameter and orientation of the crystallographic c-axis
along the fibre axis will be particularly favourable for the
preparation of graphitic nanoplatelets.

Introduction

Exfoliated graphite is a porous material with numerous
well-known applications, e.g. gaskets, sealings, fire extin-
guisher agents, thermal insulators, conductive resin com-
posites, adsorbents for materials with large molecular size,
etc. [1, 2]. Recently, possible applications like electrodes
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for lithium ion batteries [3-5], supercapacitors [6, 7], and
inexpensive filler substitute for carbon nanocomposites
[8-11] have been considered. Although exfoliation of
graphite was discovered already in 1891 [12, 13] the study
and improvement of methods for the preparation of con-
ventional exfoliated graphite, graphitic nanoplatelets, and
single-layer graphene sheets is subject of actual research
[1, 2, 14-23].

It is an important challenge to develop preparation
methods which will be amenable to large-scale production
of graphene. Exfoliation of graphite is one of the promising
ways to reach this target. Various methods of intercalation
and exfoliation of graphite have been developed [1, 14—
23]. While most of the corresponding scientific work has
been devoted to the preparation methods only few work has
been done regarding the effect of the microstructure of
different starting material on the properties of the exfoli-
ated materials. The latter point is, however, important. In
[18], it was shown that the size of graphite flakes used for
exfoliation has considerable impact on porosity, specific
surface area, exfoliation volume, and density which
directly influence the sorption capacity of heavy oil.
Therefore, it is interesting to analyse how different carbon
species, e.g. graphite flakes with different lateral dimension
of well-ordered areas and different thickness, or polycrys-
talline powder particles, behave under equal preparation
conditions. It is important to define the mechanisms of
structure formation and to understand which microstruc-
tural features of the initial materials are relevant for the
preparation process.

It is the object of the present article to study the structure
and the properties of chemically prepared sulphuric-acid
graphite intercalation compounds (GICs) and to analyze
the effect of the microstructure of different raw materials
on the behaviour of the materials during the preparation
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processes and on the parameters of the final exfoliated
products. The sensitivity of preparation processes to
changes of the microstructure is tested for different process
parameters such as temperature and length of process time.
It is shown that the intercalation process is controlled by
nucleation of intercalate molecules at the edges of graphite
crystallites and subsequent diffusion into the graphite
crystallite.

Experimental
Sample preparation

The following raw materials were used: (i) Natural graphite
flakes, type Madagaskar, with nominal purity of 99.9%
(NSG Naturgraphit GmbH). Small and big flakes were
separated from the material by sieving. The linear dimen-
sion in c-direction (thickness) was about 50 um for small
and 100 to 200 um for big flakes. The lateral size was 100
to 500 pm and 500 to 800 um for small and big flakes,
respectively. (ii) Spectral carbon-graphite with nominal
purity of 99.999% (SGL Carbon Ringsdorf) with broad
particle size distribution ranging from 1 to 100 um). (iii)
Highly oriented pyrolytic graphite (HOPG) samples with
size of 10 x 10 x 1 mm® and nominal impurity level of
10 ppm ash or better (SPI-2 grade, SPI Supplies/Structure
Probe, Inc.).

The samples were chemically intercalated following the
method described in [16]. The graphite particles were
immersed in a mixture of concentrated H,SO,4 (96%) and
HNO; (65%) with a volume ratio of 3:1 and mixed by
shaking. The intercalation process was supported by stir-
ring of the samples for different times from 15 min to 8 h
at temperatures from 25 to 80 °C. Afterwards, the inter-
calated materials were washed with distilled water and air-
dried. The drying process was carried out for 24 h at the
temperature of 100 °C. Finally, the exfoliation process was
executed by heating the samples at 1,000 °C in vacuum.

Sample characterization

X-ray diffraction (XRD) techniques were used to charac-
terize the structure and the structural changes of the sam-
ples due to the intercalation process. The families of (hkO)
and (001) reflections were collected separately using,
respectively, transmission XRD (Mo-Ka radiation, STOE
& Cie.) and reflection XRD (Co-Ko, Philips X'Pert). The
lattice parameter c and the stacking sequence of the
intercalated layers were evaluated from the (001) reflec-
tions, and the changes of the in-plane structure of the layers
were determined from the positions of the reflections (hk0)
[24]. The number, n, of regularly ordered graphene planes

separating two parallel intercalation layers is called the
stage number.

In the present case of sulphuric-acid GICs, HSO, ions
are intercalated together with H,SO4smolecules, and a stage
I GIC is represented as C,4HSO4-2.5H,SO,4 [25]. For
n =1, 2, 3,..., the chemical composition is approximated
by the formula Cg,H,SO,4 [26, 27]. The distance of two
graphene planes separated by a sulphuric-acid interlayer is
d, = 7.98 A while the graphene—graphene distance in pure
graphite is ¢y = 3.35 A. Figure 1 illustrates the arrange-
ment of a sulphuric-acid ion between two graphene layers
and Fig. 2 shows different microstructural variants of
intercalated graphite.

Denoting the diffraction intensity generated by stage
n and the entire intensity of a sample by /,, and I, respec-
tively, the ratio R,

R, = /In(q)dq//l(q)dq

was used as a measure for the fraction of material with
stage n in the sample.

The morphology of the particles was investigated by
scanning electron microscopy (SEM) using a Gemini 1530
(Zeiss). EDX measurements (Gemini 1530) were carried
out to evaluate the chemical composition and the spatial
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Fig. 1 Sulphuric-acid ion between two graphene layers
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Fig. 2 Structure of graphite intercalation compounds; bold lines
cross sections of graphene planes, circles intercalated layer, cg
interlayer distance of graphite, d; distance of two graphene planes
separated by an intercalation layer; ordered stages 1 and 2 (left),
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distribution of the intercalate elements. TEM experiments
were performed with a FEI Tecnai F30 microscope oper-
ated at 300 kV.

Results
Starting material

The elemental composition of powder and flake materials
was tested using EDX. The composition was measured at
four different test areas each about 50 x 50 pum?. The
results in at% for flakes (powder) are: 98.12 (99.52) C, 1.09
(0.06) Al, 0.28 (0.01) Si, 0.01 (0.03) P, 0.05 (0.16) S and
0.45 (0.22) Na. The relative statistical errors calculated
from the fluctuations of the data are 2 and 3% for the flakes
and the powder material, respectively. The purity of the
HOPG samples of 10 ppm ash or better was certified by the
producer (www.2spi.com/catalog/new/hopgsub.php). Ima-
ges of the starting materials are shown in Fig. 3.

Rietveld refinement on the XRD patterns was carried to
determine the mean size of coherently scattering crystalline
areas. The model of cylindrically shaped particles was
assumed where the cylinder axis was chosen in the crys-
tallographic c-direction. The thickness in c-direction and
the cylinder diameter are denoted by A, and dy, respec-
tively. The results are: . = 20-50 nm, dp, = 80-150 nm
for the powder and A. > 200 nm, dp, > 500 nm for both
types of flakes. Both correlation lengths of HOPG are

larger than the spatial resolution of about 500 nm achieved
by XRD. The results for the graphene planes distance are
co = 3.35 £ 0.01 A for flakes and HOPG, and ¢y =
3.36 & 0.02 A for powder. The lateral grain size of the
HOPG samples was of the order of 500 pm and the mosaic
angles were 0.8° £+ 0.2° (www.2spi.com/catalog/new/
hopgsub.php).

The morphology of the flakes (Fig. 3b) shows that the
single flakes are either single crystals or mosaic crystals
with minimum grain size as determined by the Rietveld
analysis. The powder particles appear as randomly shaped
porous polycrystals (Fig. 3c) where the lateral size of the
crystallites is of the order of 1 um and their thickness is on
the 0.1 pm scale (Fig. 3d). This corresponds to the results
of the Rietveld analysis. The orientation of the crystallites
within the powder particles is predominantly random on
the sub-pm scale (Fig. 3d).

Intercalation

All samples changed their colour from dark gray to blue
during the intercalation process. This well-known transi-
tion [28, 29] indicates the formation of intercalation states
with low stage numbers. The details of this transition dif-
fered for the diverse raw materials and varied also with
changing process temperatures. The results are collected in
Table 1.

At ambient temperature (25 °C), the graphite flakes
turned from gray to blue after short shaking, the graphite

100..um

Fig. 3 Images of samples of the starting materials; HOPG (a, optical), graphite flakes (b, SEM), and graphite powder (¢, d, SEM)
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Table 1 Properties of intercalated graphitic materials

Time of Ambient conditions 50 °C 80 °C

stirring - - -
Big flakes Small flakes Powder Big flakes Small flakes  Big flakes Small flakes Powder

Short Blue Blue Dark grey Blue colour Blue colour Blue Blue Dark grey

shaking  Sgages I1 + I Stage II Stages Il + Il Stage II
Traces Traces of III
of stage III

15 min Blue Blue Dark grey Blue Blue Blue Blue Dark
Stages IT + 1  Stages I + I Stages I + 1 Stages II + 1 Stages II +1  Stages II + I grey/Blue
Ry = 25% Ry ~ 5% Ry ~ 25% Ry ~ 15% Ry ~ 10% Ry = 20%

30 min Blue Blue Dark Blue Blue Blue Stage 11 Blue
Stages Il + 1 Stages II +1  grey/Blue Stages I + 1 Stages I + 1  Stages I + I
Ry ~ 25% Ry =~ 20% Ry ~ 30% Ry ~ 20% Ry ~ 15%

lh Blue Blue Blue Blue Blue Blue Blue Blue
Stages I + 1  Stages I + 1 Stages I + 1 Stages II +1 Stages I + I Stage II
Ry ~ 25% Ry = 20% Ry ~ 15% Ry ~ 15%

2h Blue Blue Blue Blue Blue Blue Blue Blue
Stages I + 1 Stages I + 1 Stages I + 1  Stages I + 1 Stages I + 1 Stages I + I Stage 11 Stage 11
Ry ~ 25% Ry ~ 15% Ry =~ 50% Ry ~ 30% Ry ~ 15% Ry ~ 20%

4h Blue Blue Blue Blue Blue Blue Blue Blue
Stages I + 1  Stages I + 1 Stages I +1  Stages I +1 Stages I + 1 Stages II + 1  Stages II 4 III  Stage 1I
Ry =~ 20% R =~ 20% R; =~ 50% Ry ~ 30% R ~ 15% R = 15%

6h Blue Blue Blue Blue Blue Blue Blue Blue
Stages I + 1 Stages I + I Stages I + 1  Stages I + 1 Stages I + 1 Stages II + I Stages II + 1 Stage II
Ry = 40% Ry = 15% Ry ~ 40% Ry ~ 20% Ry ~ 10%

8h Blue Blue Blue Blue Blue Blue Blue Blue
Stages I + 1 Stages II + 1 Stages Il +1 Stages II + 1 Stages Il + 1 Stages II 41 Stage II Stage 11
Ry ~ 40% Ry ~ 20% Ry =~ 70% Ry ~ 40% Ry ~ 15% Ry ~ 15%

powder remained dark gray until 15 min of stirring and
changed completely from gray to blue colour after 1 h. The
surface of HOPG platelets turned also from gray to blue
after short shaking, but the inner part of the samples stayed
dark gray. Size and shape of the samples did not change
after the process of short shaking.

After some time of stirring an increase of the thickness
of the flake-like samples and of the HOPG platelets in the
direction of the c-axis was visible. The shape of the sam-
ples was, however, maintained.

XRD measurements and the determination of the
intensity ratio R, gave quantitative results for the formation
of the intercalation states. Figure 4 shows diffraction pat-
terns for big-flake samples taken after different process
steps.

For the flake-like samples, mixtures of stages II and III
were observed during the intercalation process already
after short shaking, and the stages I and II appeared after
15 min of stirring. Values of R; of 20 and 40% were
achieved for, respectively, small and big flakes after 8 h of

stirring. The highest value for R; was obtained with the
powder sample and reached 70% after 8 h of stirring.

The sensitivity of the intercalation process with respect
to the temperature was tested by repeating the experiment
at 50 °C (small and big flakes) and 80 °C (small flakes, big
flakes, powder). No essential difference was observed
between the results for 25 and 50 °C.

At the temperature of 80 °C, stage I was not observed
for graphite powder over the complete course of the pro-
cess. The value Ry = 15% obtained at 80 °C for the big
flakes was much smaller than that observed at 25 °C.
Additionally, there was no indication of stage I for small
flakes and for graphite powder even after 8 h of stirring. As
a result, we conclude that enhanced reaction temperatures
do not favour the formation of stage I. The formation of the
intercalation states with stages I and II and the fraction of
stage I is quite different for the flake-like samples and the
powder material. This will be discussed later.

In order to test whether or not the material has reached a
stationary state after 8 h of stirring all samples were left in
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Fig. 4 XRD patterns (reflection geometry, Co-Kao radiation) of
graphite sulphates obtained for big-flake samples after different
process steps (Numbers /, 2, 3 indicate the stage number responsible
for the corresponding reflections.)

closed chambers at the intercalation temperature for an
additional period of one day. XRD patterns of the samples
stirred in the mixture of acids for 8 h and the patterns
obtained from the materials left in the chambers for
longer time indicated no difference. This means that the
state achieved after 8 h can be considered as a stationary
one.

Washing and drying

After washing and drying the graphite-flake and HOPG
samples showed a textured microstructure with stacked
graphitic sheets. The graphite powder samples appeared as
random microstructures resembling the shape of heads of
lettuce. The largest dimension regarding the thickness of
the graphite sheets separated after washing and drying was
about 1 pm for all samples. The different morphologies are
illustrated in Fig. 5.

20 pm

According to EDX measurements the sulphur was
mostly concentrated in regions of folded layers and
between separated graphite sheets. The average concen-
tration of sulphur was about 5 at% for all samples.

The nanostructure of the materials changed dramatically
during washing and drying. The materials lost the low-
stage states. XRD patterns for flake-like materials showed
broad diffraction peaks pointing to stage numbers of V to
VIII. The material was transformed from the ordered state
into a disordered graphitic structure including clusters of
intercalate molecules. This resembles the island-like
structure model of residue compounds [30]. For the HOPG
samples the structure was identified as a mixture of stages
IIT and IV. Graphite powder showed no staging at all after
washing and drying.

It was also discussed in [14] that hydration of the
intercalated material is responsible for the degradation of
the ordered intercalation state. Here, the hydration process
was traced by subjecting the sample to air moisture. The
XRD diagrams shown in Fig. 4 illustrate the degradation
process due to hydration. The sample (big flakes) was
characterized by a mixture of stages I and II immediately
after 8 h intercalation process. The stages I and II disap-
peared after 12 h of exposure to air moisture and stage III
was detected. The XRD diagram taken after several days of
exposure to air moisture approached that obtained from the
corresponding sample after washing and drying. Finally,
the hydration process resulted in a state characterized by
the (002) and (004) reflections of pure graphite. The XRD
results were confirmed by qualitative visual inspection of
the samples which showed the transition from blue colour
to gray in the course of the hydration process.

Exfoliation

As a result of the exfoliation process, neighbouring
graphite layers were separated due to the pressure of the
evaporating species and systems of loosely packed gra-
phitic platelets were formed. It is obvious that the

Fig. 5 Morphology of small graphite flakes (a), and graphite powder (b) after intercalation, washing and drying
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geometric distribution of the intercalated species deter-
mines how the material is exfoliated. This concerns espe-
cially the thickness of the graphite platelets and the
character and the degree of porosity of the exfoliated
material. For example, the exfoliation of a GIC with stage
number III is expected to result in a porous material with
pore walls consisting of three stacked graphene layers.

The process of exfoliation run very rapidly and took
place simultaneously in all intercalated parts of the mate-
rial. The structure of the graphite sulphates was completely
destroyed after exfoliation. The XRD patterns indicated
only reflections of pure graphite. Preferred orientations
present in the initial states of both flake-like materials and
HOPG-samples were eliminated after exfoliation. The
EDX measurements revealed that the content of sulphur
after heat treatment was less than 1 at% for all materials.
The morphology of the exfoliated samples on the micro-
metre scale is illustrated in Fig. 6. The samples prepared
from big flakes turned to long worm-like particles
(Fig. 6a), and the small flakes exfoliated to puffed-up
sponge-like particles of different size (Fig. 6b). Both flake-
like samples were characterized by crinkled surfaces of the
graphitic sheets and random morphology where the sepa-
rated graphite platelets were, on average, thinner for the
small-flake samples than for the big-flake ones.

The exfoliated powder samples (Fig. 6c) showed a
comparatively low increase of the volume. The micro-
structure resembled the morphology of lettuce heads. The
exfoliated sheets were also randomly distributed but were

not as rigorously crumpled as in the case of the flake-like
samples. The morphology of the exfoliated HOPG samples
is illustrated in Fig. 6d. The particles are worm-like as in
the case of the flake-like samples. The enlargement of the
volume of the exfoliated HOPG samples was between that
of the flake-like samples and the powder material. Some
HOPG samples were cut into pieces of about 3 x 3 x
1 mm®. This material showed an exfoliation behaviour
which was very similar to that of big flakes but with sig-
nificantly smaller exfoliation volume.

Figure 7 illustrates the microstructure of exfoliated
flake-like samples on the scale of 10 nm to 1 pm. The SEM
images show crumpled and folded graphitic sheets with
values of the thickness between 10 and 100 nm where the
lower value is close to the resolution of the microscope.
Considerable fractions of thin sheets with about 10 nm
thickness were observed for the flake-like samples where
the fraction of such sheets was significantly higher for the
small-flake samples than for the big-flake ones. Sheets with
a thickness of few tens of nanometres were observed for
exfoliated HOPG samples, and the values for the powder
samples were of the order of 100 nm.

The SEM images revealed qualitatively, that the fraction
of platelets with a thickness of the order of 10 nm is much
higher for the small-flake samples than for all other
investigated materials.

TEM investigations were carried out for all types of
exfoliated samples. Figure 8 shows an image obtained
from an exfoliated small-flake sample. Thin graphitic

Fig. 6 Morphology of exfoliated samples; a big flakes, b small flakes, ¢ graphite powder, d cut HOPG sample
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Fig. 7 Morphology of graphitic sheets of exfoliated graphite; a big flakes, b small flakes

sheets composed of 12 stacked graphene layers are visible.
The fraction of graphitic sheets with a thickness in the
range between 2 and 5 nm could not be quantified. How-
ever, it appeared qualitatively that the fraction of sheets
with a thickness below 5 nm was higher for small-flake
samples than for all other ones.

XRD patterns were taken from each type of exfoliated
samples. In order to estimate the degree of inhomogeneity
of the samples, 5 different specimens of each sample type
were analyzed. Figure 9 shows typical XRD patterns. The
cylindrical shape model was used for the Rietveld analyses
to determine thickness, /., and lateral size (or correlation
length of the crystalline order), dp, of the graphene
platelets, and the lattice constant, c¢. The result for the
c-values is ¢ = 3.35 & 0.02 A and does not depend on the
sample type. For the powder sample, h. = 15-20 nm
and dp, ~ 10 nm was obtained. The values of exfoliated

Fig. 8 TEM image of thin graphitic sheets observed for small flakes
after exfoliation

@ Springer

HOPG samples and flake-like materials are 4, = 5-30 nm
and h. = 5-10 nm, respectively, and the lateral correlation
length is about dy, =~ 10 nm. This is illustrated by TEM
observations shown in Fig. 8 where graphene platelets with
thickness of 5 nm are visible. The TEM image shows also
that the lateral size of the platelets is larger than the cor-
relation length of crystalline order which is disturbed by
dislocations and the curvature of the platelets.

Discussion

The intercalation process proceeded differently for the
different starting materials. After immersion of the samples
in the H,SO4,/HNO; mixture a delay time was observed
until the onset of significant formation of stages I and II.
This delay time was about 15 min, 30 min, and 2 h for big-
flake, small-flake, and powder samples, i.e. the delay time
was long for small thickness of crystallites, and vice versa.
Despite their long delay time the powder samples showed
the highest fraction of stages I and II after 8 h of stirring.
Increasing the process temperature from ambient temper-
atures to 50 °C improves the yield of stages I and II only
slightly, and the fraction of stage I material obtained at
80 °C was significantly smaller than that achieved at lower
temperatures. Stage II was obtained at all temperatures
after a sufficiently long period of stirring which suggests
the assumption that stage II is the most stable intercalation
state under the experimental conditions applied here.

The dissimilar intercalation behaviour of the different
samples could be caused either by chemical impurities or
by the morphology of the particles. Chemical impurities
can be excluded as reason for the different behaviour of
small and big flakes because the impurity content is iden-
tical in both samples. Additionally, the fraction of impu-
rities is very small for all samples so that it seems
implausible to take this into account as reason for the
dissimilar intercalation behaviour. Instead, the unequal
morphologies of the particles of the different samples have
to be considered.
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Fig. 9 XRD patterns of exfoliated samples (The different back-
ground scattering was caused by glue used for sample preparation.)

It is known from intercalation in the gas phase that the
process of intercalation is initiated at the edges of the
graphite crystal (see [30] and references therein). This
activation process retards the diffusion into the bulk
material since the activation energy for the formation of
intercalate nuclei at the graphite crystal edges is higher
than the activation energy for the diffusion of the interca-
late molecules along the graphene layers. Figure 10 illus-
trates the formation of an intercalate nucleus at the edge of
a graphite crystal and the diffusion of intercalate molecules
from this nucleus into the graphene layer structure.

The diffusion constant of nitric acid in graphite is
D =2 x 107° cm*/min [31]. Assuming the same value for
sulphuric acid the diffusion time 7 = R*D required to
intercalate a given particle can be estimated. For small
flakes (50 um < R < 250 pum) and big flakes (250 pm <
R < 400 pm) one obtains 0.1 to 3 min and 3 to 8 min,
respectively. Considering that after 15 min only 5 and 25%
volume fraction of the small and big flakes, respectively,
were intercalated it follows that the diffusion process can
not be the limiting factor for the intercalation process. This
applies also to the powder sample.

On the other hand, the thickness of big flakes (100 to
200 pm), small flakes (about 50 pm), and the crystallites in
the powder particles (between few tens of nanometres
observed by Rietveld analysis and about 0.1 pm by SEM,
Fig. 3d) can be related to the kinetics of the intercalation.
Clearly, decreasing thickness of the graphite crystallites
correlates with increasing delay time for stage I and II
formation (Table 1). This conclusion is consistent with the
observations for intercalation from the gas phase [30].

The final fraction of stage I and II in the powder samples
is, however, very high (70%) compared to 20 and 40% for

1)
900

Fig. 10 Nucleation of intercalate molecules at the edge of a graphite
crystal and intercalation by diffusion

graphene

small and big flakes, respectively. This can be understood
in terms of the strain model for the intercalation process
which proposes that thin samples intercalate more readily
than thick ones because of the lower elastic impedance of
thin samples [30].

The present experimental conditions required to remove
residual acid from the samples after intercalation. This was
done by washing and drying the GICs. The process of
washing and drying had, however, dramatic effect on the
structure. The powder material showed no distinct staging
after washing and drying. However, mixtures of stages V to
VIII and III and IV were observed by XRD for flake-like
material and HOPG samples, respectively, after washing
and drying. Clearly, the smaller the size of graphite crys-
tallites the more dramatic is the destruction of the inter-
calation state of the samples.

The time evolution of the hydration process was observed
by exposure of intercalated big-flake samples to air moisture.
The initial state described by stages I and II (Fig. 4) changed
to pure stage III after 12 h and transformed finally to well-
ordered graphite without any indication of staging.

Obviously, the process step of washing and drying
shows a considerable potential of optimizing the prepara-
tion of graphitic platelets with defined thickness on the
nanometre-scale.

The exfoliation process lead to different results for the
different samples as well. The enlargement of the volume
was high and medium for flake-like and powder material,
respectively, and it was in between for HOPG. For exfo-
liated small-flake samples much more nanometre-scale
graphitic sheets were detected than for the other materials
as the high-resolution SEM and TEM observations showed.
It should be noted that these fine sheets can be easily
separated by immersing the material in ethanol and ultra-
sound stirring.

Conclusion

The success of the method of intercalation and exfolia-
tion of graphitic material regarding the preparation of

@ Springer



2430

J Mater Sci (2011) 46:2422-2430

nanometre-scale graphitic particles depends significantly
on the microstructure of the initial material. Correlations of
the kinetics and the result of all process steps with the
dimension of the graphite crystals and crystallites in
c-direction and the lateral size were found. From the
present observation it can be concluded that cylindrical
graphite crystallites with c-axis in the direction of the
cylinder axis would be most favourable for the preparation
of graphene nanoplatelets, and single-, double-, or triple-
graphene layers which show interesting electronic, thermal,
and mechanical properties [32-34]. Graphite fibres with
about 200 nm diameter and lengths of few pm, and c-axis
in the direction of the fibre line will be available soon [35]
and will be used as a new starting material.
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