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Abstract. Liquid phase exfoliation of thermally expanded graphite (TEG)
obtained from graphite nitrate cointercalation compound (GNCC) with acetic
and formic acids allows obtaining dispersions of carbon nanoparticles, namely
few-layer graphenes as well as small graphene structural fragments. TEG samples
obtained at different temperature as well as in different heating modes were inves-
tigates as precursors of carbon nanoparticles. Effect of the expansion conditions
on the derived nanoparticles morphology is discussed. The microstructure and
morphology of obtained carbon nanoparticles were investigated by transmission
electron microscopy (TEM). Planar sizes of the few-layer graphenes from TEG
samples reached of 1–10μm and their thickness was within of 1–10 atomic layers
according to TEM data. It was found that TEG, obtained at 900 °C in thermal
shock mode of heating, is more preferable for few-layer graphenes generation
from TEGs.

Keywords: Liquid phase exfoliation · Graphite nitrate cointercalation
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1 Introduction

Thermally expanded graphite (TEG) is actively used in laboratory practice to obtain and
study the properties of new materials due to a wide range of its practical applications
[1–4]. The effect of various factors and conditions of TEG obtaining on its morphology
and properties is actively studied [5, 6]. Thermally expanded graphite is a foam-like
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carbon structure. High chemical and thermal stability, combined with controlled elec-
trical and thermal conductivity, porosity, and well-developed specific surface create the
prerequisites for the development of multifunctional materials based on TEG.

Graphite intercalation compounds (GICs) of the acceptor type are most often used
as the precursors of TEG. GICs are compounds with a regular layered structure in which
chemical particles (intercalants) are intercalated between the carbon layers. Graphite
foam or TEG is formed due to the effect of thermal shock, microwave radiation or
electric current on the GIC. Usually, TEG production is carried out in several stages:
the synthesis of thermally expanding GIC, its stabilization, and heat treatment [7]. Equa-
tion (1) demonstrates the overall scheme of TEG obtaining. The cellular structure is
formed as a result of heat treatment of GIC. The volume of the cellular structure signif-
icantly exceeds the volume of the original GIC. The cell walls are a multilayer structure
of graphite layers, the width of the walls is comparable to the size of graphite crystallites
along the c-axis [8].

Graphite
Intercalant−→ GIC−→TEG (1)

The presence of graphite layers in the TEG structure opens prospects for its use as
a carbon source in the obtaining of few-layer graphenes dispersions. The TEG structure
is determined by the structural reorganization of the graphite matrix at the micro- and
macro-levels at each stage of TEG obtaining [9]. The number of the intercalation stage
(the number of graphite layers between neighboring intercalant layers) and the expansion
temperature of the original GIC have a significant effect. It was established [5] that a
decrease in the intercalation stage of GIC and an increase in the expansion temperature
led to a decrease in the size of crystallites along the c-axis in TEG. It should be noted
that already in the process of thermal expansion, exfoliation of a small amount of single-
and few-layer graphenes is possible [10].

Liquid-phase exfoliation assisted with sonication [11–14], mechanical exfoliation
[15], microwave method [16] and their various combinations are used to obtain nanopar-
ticles based on TEG. Liquid phase exfoliation is currently one of the most widely used
routs for graphene and few-layer graphenes producing. Typically, this process includes
three stages: obtaining a dispersion of graphite in a solvent, exfoliation of graphite in
dispersion via sonication, and isolation or purification of graphene.

This paper presents the results on the production of few-layer graphenes dispersions
by exfoliation of a pre-thermally expanded graphite nitrate cointercalation compound
with formic and acetic acids in tert-butanol assisted with sonication. This method makes
it possible to obtain suspensions of few-layer graphene particles, containing also single-
layer graphene. The formation of few-layer graphene particles was confirmed by trans-
mission electron microscopy. At this study, we consider the following frameworks of
the problem:

(i) synthesis and characterization of triple graphite nitrate cointercalation compound
(GNCC)with formic and acetic acids as precursor for thermally expanded graphite;

(ii) characterization of thermally expanded graphite samples as promising origin for
carbon nanoparticles obtaining;

(iii) liquid phase exfoliation of thermally expanded graphite obtained in different
conditions.
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2 Experimental

Graphite nitrate (GN) as well as graphite nitrate cointercalation compound with acetic
and formic acids were prepared as a starting material for the generation of thermally
expanded graphite. GN and GNCC were synthesized in a thermostatic reactor using
nitric acid (98%) and natural flake graphite GT-1 (Zavalie Graphite Works, Kirovograd
region, Ukraine). A mixture of graphite (1 g) and HNO3 (0.6 mL) was stirred for 10 min
at 20 °C to obtain a GN. Triple GNCC with acetic and formic acids was obtained by
treatment of as-prepared GN with mixture of acids (1:1 by volume) and reaction system
was stirred for 10 min. Resulted GNCC was separated by filtration and dried at 20 °C
until the sample mass became constant.

Thermally expanded graphite was obtained from GNCC in the thermal shock mode
of heating (at 500, 700 and 900 °C) as well as in the linear one (at 900 °C).

Thermal shock mode of heating. About 0.2 g of the GNCC was inserted into the
pre-heated cuvette and has been kept in the furnace for 120 s at 500 °C (TEGTs500) and
900 °C (TEGTs900). Then the cuvette with expanded graphite was removed from the
furnace, the contents were gently transferred to a beaker for further use.

Linear mode of heating. About 0.2 g of the GNCC was inserted into the cuvette at
ambient temperature. Then the cuvette was placed in the furnace at 900 °C and has been
kept for 120 s (TEGL900). Then the cuvette with expanded graphite was removed from
the furnace, the contents were gently transferred to a beaker for further use.

The thermal expansion coefficients for obtained GNCC in different modes of heating
were determined by heating of the samples within the thermal shock mode at 900 °C as
described in [17].

X-ray diffraction (XRD) measurements were performed on DRON 3 diffractometer
(CuKα radiation, λ = 1.54181 Å). Only freshly prepared samples of graphite nitrate and
GNCC were used for XRD studies. Surface morphology of the synthesized GNCC as
well as TEGs was estimated by scanning electron microscopy (SEM) using a complex
analytical scanning electron microscope JSM 6490 LV (JEOL).

Dispersions of carbon nanoparticles were prepared by liquid phase exfoliation of
the TEGs. Sonication of the TEGs samples in tert-butanol (22 kHz and 470 W) was
used for enhancement of the exfoliation process. The duration of the sonication was
1 h. Morphology of the prepared nanoparticles was estimated by transmission electron
microscopy (TEM). Only freshly prepared samples of carbon nanoparticles dispersions
were used for TEM studies The TEM images of the dispersions of samples were obtained
using JEOL JEM-200 transmission electronic microscope.

3 Results and Discussion

3.1 Graphite Nitrate Cointercalation Compound with Carboxylic Acids
as Precursor for Expanded Graphite

Triple graphite nitrate cointercalation compound with acetic and formic acids was used
as precursor for expanded graphite. GNCC was synthesized by treatment of natural
flake graphite with fuming nitric acid following by treatment of the formed graphite
nitrate with co-intercalants—carboxylic acids. General scheme of the GNCC synthesis



Carbon Nanoparticles from Thermally Expanded Graphite 17

is provided in Fig. 1. Representative SEM images of initial graphite and discussed
GNCC are presented in Fig. 2. All samples demonstrate the layer structure, but GNCC
formation is accompanied with a reorganization of the graphite microstructure, namely
besides introducing of the co-intercalants particles into interlayer space the delamination
of flakes is observed.
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Fig. 1 Summarized scheme of carbon nanoparticles obtaining from TEGs
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Fig. 2 X-ray diffraction patterns of graphite (a), graphite nitrate (b), and GNCC (c) with acetic
and formic acids and representative SEM images (side view) of graphite (d) and GNCC (e)

Structure of the synthesized triple GNCC was characterized by X-ray diffraction
method. Figure 2 demonstrates diffraction patterns of graphite, graphite nitrate and
GNCC in I (0.5) − 2θ coordinates. In obtained samples compounds of IVth and IInd
stages of intercalation are presented. From the results of X-ray diffraction analysis values
of interplanar space filled with co-intercalants species (di) were estimated for studied
GN and GNCC. The di values for GN and GNCC are increased up to 6.634–7.899 Å
(Table 1) as compared with 3.359 Å for initial graphite.
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Formation of GNCC with acetic and formic acids leads to additional reorganization
of graphite matrix as well as to enhancement of ability to thermal expansion as compared
with GN: coefficient of thermal expansion determined for studied GN and GNCC are
249 and 380 cm3 g−1, respectively. Thus, the investigated GNCC can act as an effective
precursor of thermally expanded graphite.

Table 1 Structural characteristics of the graphite nitrate and GNCC with acetic and formic acids
as well as coefficients of thermal expansion of the studied compounds

GNCC Co-intercalant IV-α compound II-β compound KV
(cm3 g−1)2θ (°) di (Å) 2θ (°) di (Å)

1 – 25.00 7.729 26.76 6.634 249

2 HCOOH + CH3COOH 24.76 7.899 26.88 6.590 380

3.2 Thermally Expanded Graphite, Obtained from GNCC with Acetic
and Formic Acids

Thermally expanded graphite, based onGNCC,was obtained using two heatingmodes—
thermal shock (at 500 and 900 °C) and linear heating (at 900 °C). It should be noted
that the value of the thermal expansion coefficient of GNCC depends on the temperature
and heating mode (Table 2). The highest value of the thermal expansion coefficient was
observed at 900 °C in the thermal shock mode.

Table 2 Thermal expansion coefficients of GNCC, based on formic and acetic acids, at different
temperatures and heating modes

T, °C 500 700 900 900

Heating mode Thermal shock Thermal shock Thermal shock Linear

KV , cm3 g−1 220 325 380 165

Reflexes, which are typical for the graphite phase, are observed on the X-ray diffrac-
tion patterns of TEG samples, obtained from GNCC (Fig. 3). The absence of unchar-
acteristic reflexes for crystalline graphite on TEGs XRD patterns was established by
the XRD method, residual intercalation compounds were also not detected, namely
there are no reflexes typical for the initial GNCC. Broadening, splitting and shift of
the reflexes towards smaller angles on the X-ray diffraction pattern occur upon GNCC
thermal expansion. TEG is less ordered than initial graphite.

Figure 4 shows typical SEM images of TEGs at various magnifications. The width
of visible pores in such structures varies from 1.0 to 20 μm. It should be noted that
individual few-layered fragments are already present in the samples. The change in
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Fig. 3 X-ray diffraction patterns of graphite (a), TEGTs500 (b), TEGTs900 (c), and TEGL900

(d) samples

the microstructure of graphite during the formation of GNCC and subsequent thermal
expansion is determined by the nature of graphite, intercalants, the stage of intercalation,
and thermal expansion conditions [5]. For graphite bisulfate, it was shown [5] that a
decrease in the intercalation stage and an increase in temperature during the preparation
of TEG lead to a greater degree of disorder and destruction of the walls that form the
cellular structure of TEG. TEGs, based on GNCC with formic and acetic acids, are
characterized by a clear cellular structure (Fig. 4), however, the cell sizes in the case
of TEG, obtained in the linear heating mode, are smaller compared to those for TEG
obtained in thermal shock mode. During linear heating, fragments with a non-exfoliated
structure also observed in the TEG structure (Fig. 4, c).

Fig. 4 Representative SEM images of TEG samples at various magnifications: (a) TEGTs900, (b)
TEGTs500, and (c) TEGL900

Thus, TEGs, obtained from studied GNCC with carboxylic acids in various heating
modes, demonstrate a structure pre-organized for the generation of few-layer graphenes.
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3.3 Carbon Nanoparticles Obtained from TEGs

Dispersions of carbon nanoparticles were prepared by liquid-phase exfoliation of the
TEGs samples in tert-butanol assisted with sonication (22 kHz, 470 W, 1 h). The
dispersions obtained were investigated by TEM method. Overall scheme of carbon
nanoparticles obtaining is summarized in Fig. 1.

An analysis of the dispersions, obtained in tert-butanol by the TEMmethod, revealed
that carbon nanoparticles of various morphologies can be obtained by this technique.
Most commonly, a mixture of particles is formed, which includes graphene-like par-
ticles of various sizes (both single-layer and few-layer) and small amorphous carbon
nanoparticles. Morphology of the observed nanoparticles was revealed to depend on the
temperature and heating mode used for the TEGs obtaining. Figures 5, 6 and 7 show
representative TEM images of carbon nanoparticles, obtained by TEGs exfoliation in
tert-butanol, induced by ultrasound.

According to TEM data, the dispersion based on TEG, obtained at 900 °C in the
linear (TEGL900) and thermal shock (TEGTs900) modes, contained predominantly few-
layer graphenes. The planar dimensions of the observed particles varied in the range of
1–20 μm, and the thickness of the particles, ranged from 2 to 10 layers. Figures 5 and 6
show typical TEM images of the obtained particles. The electron diffraction patterns of
the selected areas (SAED) indicate the crystalline nature of the particles and the presence
of several disordered layers.

Exfoliation of the TEGTs900 sample in tert-butanol via sonication leads to the gen-
eration of the few-layer graphenes with planar dimensions up to 6 μm (Fig. 5). Formed
amorphous nanoparticles in this case were of small quantity.

Fig. 5 Representative TEM images of carbon nanoparticles obtained in tert-butanol by sonication
of the TEGTs900 sample and corresponding SAED patterns

Exfoliation of the TEGL900 sample in tert-butanol via sonication also leads to gen-
eration the few-layer graphenes with planar dimensions up to 20 μm (Fig. 6, a, b). The
presence of a fraction of amorphous particles up to 100 nm in size (Fig. 6, c) was also
revealed in the dispersion. Thus, changing the heating regime from thermal shock to
linear, on the one hand, contributes to an increase in the planar dimensions of the gener-
ated few-layer graphenes, but, on the other hand, leads to an increase in the number of
amorphous particles formed in the dispersion.
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Fig. 6 Representative TEM images of carbon nanoparticles obtained in tert-butanol by sonication
of the TEGL900 sample and corresponding SAED patterns

The temperature, used to obtain TEG sample, affects themorphology of the nanopar-
ticles, generated during TEG exfoliation in tert-butanol. During exfoliation under the
same conditions (frequency and power of sonication, duration of exposure, medium) for
TEG, obtained at a lower temperature (TEGTs500), the formation of few-layer graphenes
with a large number of layers in a package was expected. However, the TEM analysis
of dispersion, based on TEGTs500, showed the presence of few-layer graphenes with
a thickness from 2 to 10 layers and with planar dimensions up to 5 μm. The SAED
pattern of the particle in Fig. 7, a gives clear reflections of the hexagonal structure, while
the intensity of the reflections of the outer circle is greater than the inner one, which is
typical for two-layer particles.

In addition to reducing the planar sizes of nanoparticles, the dispersion also contained
a significant quantity of defragmented planes and small amorphous carbon nanoparticles
with sizes up to 100 nm (Fig. 7, d), characterized by the absence of any reflections in the
electron diffraction pattern. The resulting particles were also characterized by a large
number of visually observed surface defects. An enlarged particle fragment in Fig. 7, b,
with more than three layers (on the SAED pattern the intensities of reflections of the
inner and outer circles are equal) demonstrates a large number of upper layer defects
(dashed square). However, the discussed particle is crystalline, since the SAED pattern
of this fragment has a clear hexagonal structure, the reflections of which correspond to
the luminosity region in the dark field mode, as can be seen from Fig. 7, c.

Since the exfoliation of graphite via sonication involves formation of surface defects
(kinks, bends) [18], the presence of small amorphous particles in the dispersion can be
caused by the destruction of nanoparticles with a large number of surface defects. The
appearance of oxygen-containing groups on the surface due to partial oxidation also
contributes to the destruction of nanoparticles with the formation of small polyaromatic
fragments [19]. The difference in particle morphology may be due to the peculiarities
of the change in the structure at the microlevel during the formation of TEG, which is
used as a source of carbon nanoparticles. The authors of [6], when studying dispersions
of TEG in isopropanol by the TEM method, showed that the microstructure of TEG,
obtained at 1000 °C, is characterized by the presence of narrow graphene packets with
layers of turbostratic carbon at the boundaries, while the TEG, obtained at a lower
temperature (600 °C), contains fairly large areas of amorphous carbon. Apparently, in
our case, the appearance of a significant number of amorphous carbon particles in the
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Fig. 7 Representative TEM images in bright (a, b, d) and dark (c) field modes of carbon nanopar-
ticles, obtained in tert-butanol by sonication of the TEGTs500 sample, and corresponding SAED
patterns. On the SAED (b), the circle indicates the reflex, used to obtain the image (c) in the dark
field mode

dispersion on the base of TEGTs500 sample can also be due to the presence of amorphous
carbon regions in the structure of TEG, obtained at 500 °C.

Thus, in accordance with the results of the TEM analysis, it was shown that the
obtained dispersions, regardless of the conditions for obtaining the TEG sample, con-
tained predominantly few-layer graphenes. However, lowering the processing tempera-
ture of the initial GNCC and changing the processing mode from thermal shock to linear
heating led to an increase in the content of small aromatic and amorphous nanoparticles
in the system.

4 Conclusion

The structure of TEGs, based on graphite nitrate cointercalation compound with car-
boxylic acids, is pre-organized for the formation of few-layer graphene particles. The
presence of few-layer graphenes in the exfoliation products of TEG samples, based on
graphite nitrate cointercalation compound with formic and acetic acids in tert-butanol
medium, has been established by the transmission electron microscopy method. It was
shown that varying the temperature as well as heating mode of TEG obtaining makes it
possible to regulate a degree of formed amorphous nanoparticles. Exfoliation of TEG,
obtained at 900 °C in thermal sock heating mode, leads to generation of the few-
layer graphenes. Formed amorphous nanoparticles in this case were of small account.
Descent of TEG obtaining temperature contributes to a significant increase in amor-
phous nanoparticles fraction, formed during TEG exfoliation in tert-butanol. Changing
the heating regime from thermal shock to linear, on the one hand, contributes to an
increase in the planar dimensions of the generated few-layer graphenes, but, on the other
hand, leads to an increase in the number of amorphous particles, formed in the dispersion.
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The presented results revealed that TEGs, based on graphite nitrate cointercalation
compoundwith carboxylic acids, are a promising source of carbon nanoparticles. Exfoli-
ation of TEGs in liquid media by sonication can be simple and effective route for carbon
nanoparticles, obtaining under mild conditions.
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