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Abstract It has recently been reported that coal tar pitch (CTP) can be utilised as raw material for the production of
graphene nanocapsules (GNCs) because it is formed by a great quantity of aromatic organic compounds (which promote
the rearrangement of double bonds by a process of polymerisation). Due to the importance of graphene and the search for a
non-expensive methodology to produce it, this work used CTP to synthesise GNCs using an in situ activation technique at
low temperatures and evaluating the effect of the working temperature on the formation of such nanostructures. In other
words, analysing the form of the particle as the temperature rises from 600 to 900 °C. As result of the experimentation,
powders were obtained and analysed by the techniques of X-Ray Diffraction, Raman Spectroscopy and Microscopy,
employing Field Emission Scanning Electron Microscopy by normal mode as well as by Scanning Transmission Electron
Microscopy and a High-Resolution Scanning Electron Microscopy. The results show that working with temperatures
between 800 and 850 °C promotes the production of GNCs, considering that their size reduces as the working temperature
rises.
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1 Introduction nitrogenous compounds from coal tar as alkaline fusion

(with potassium hydroxide) (Zhang et al. 2017). The dis-

Coal tar is a valuable chemical material from which
compounds that contain nitrogen are mainly separated,
such as indole, carbazole, pyridine and quinoline, however,
more than 500 chemicals have been identified. There are
non-catalytic processes that allow the separation of

< A. E. Garcia-Castillo
adriana_eloisagc @hotmail.com

D. M. Puente-Siller
dmpuentes @ gan.com.mx

J. A. Lopez-Corpus
jalopezc @gan.com.mx

A. Perea-Garduiio

aperea@gan.com.mx

Department of Research and Development, Altos Hornos de
México, S. A. B. de C. V, Prolongacion Juarez, S/N, La
Loma, 25770 Monclova, Coahuila, Mexico

@ Springer

tillation residue, which is obtained during the refinement of
the industrial coal tar with an output between 50% and 55%
of the weight, in relation to the crude tar, is called coal tar
pitch (CTP) (Zander 1995).

Coal tar pitch (CTP) is a material with high aromaticity
which is defined as the relation of present carbon in the
aromatic compounds with respect to total carbon. It has
been concluded that the high molecular weight portion of
the pitch is principally a mixture of heterocyclic systems
instead of a mixture of polycyclic aromatic hydrocarbons
(PAH), it has been estimated that the high molecular
weight heterocyclic portion of the pitch amounts to
approximately 10%—15% of the weight in relation with the
complete pitch (Zander 1995). In other words, CTPs are
made of compounds of aromatic nature which are suscep-
tible to be transformed, by controlled thermal processes, in
graphite or graphite-like structures, which turn CTPs into
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excellent precursors of carbon materials. The chemical-
structural complexity of CTPs gives way for variations in
the operational conditions of these processes (named car-
bonisation) to generate materials with different structures
and properties (Granada 2011).

The pyrolysis of CTP involves the dehydrogenative
polymerisation of the aromatic units, which occurs with the
simultaneous distillation of light compounds, leading to the
formation of bigger plane macromolecules. The CTP
compounds with low molecular weight have an important
role in the pyrolysis process because they are eliminated or
partially incorporated into the CTPs systems, depending on
experimental conditions (Bermejo et al. 1995).

The array of carbon materials that present mixtures of
the three types of hybridisation include numerous materials
with practical interest, named carbon forms, and with the
exception of diamond-type amorphous carbon, they present
a predominant proportion of carbon atoms in hybridisation
spz. Because of this, it is a known fact that the structure of
graphite widely dominates the discussions regarding sci-
ence and technology of carbon materials. In this context, it
is common to consider the majority of carbon forms (CTP,
activated carbon, pyrolytic carbon, type glass carbon, coke,
carbon fibres, carbonaceous mesophase, carbon blacks) as
related with the graphite structure that is formed as refer-
ence to the maximum grade of structural perfection, having
been established as criteria for being able to consider the
carbon material as graphite (or more precisely, graphitic
material), that within itself the graphenes are arranged in
parallel between them in a three-dimensional (3D) crys-
talline network (Tascon 2007).

1.1 Graphene: definition, properties
and applications

According to Rodriguez-Gonzalez and Vasilievna-Khar-
issova (2008), graphene is a bidimensional nanometric
structure of atoms with strong cohesion in a uniform sur-
face, slightly flat, with rippling of an atom of similar
thickness and appearance to a honeycomb. This material
can have one or up to ten overlapping layers and its
properties are a function of its dimensionality, thus, it can
be classified in three types: monolayer, double-layer and
those which are between 3 to 10 layers, called multilayer.

Graphene stands out due to its good electrical, structural,
impermeable, physical, chemical and thermic conductivity
properties (consequence of its network’s structure) and
therefore, can be applied to a great variety of sectors (Al-
colea-Sanchez 2013). In other words, it can be utilised in
the development or improvement of technology (Saldivar-
Larré 2014).

The preparation of nanoparticles of graphene (GNs)
includes methods such as epitaxial growth, arc discharge,

graphene oxide chemical reduction, thermal exfoliation of
graphene compounds, liquid-phase exfoliation and chemi-
cal vapour deposition. Nevertheless, there are difficulties
because of being a small-scale preparation and due to
complex processes or elevated costs, which restrict the
wide applications of GNs. Therefore, it is necessary to
produce a simple method to create GNs for industrial use.
As a solution, CTP can be thought as a cheap organic
material which results from tar and can be used to produce
GNs (by a pyrolysis process), considering that the mor-
phology of CTP is a primary factor of the microstructure of
the resulting carbon material (Xu et al. 2014). Depending
on the composition of coal tar (determined by the process
used to produce coke) and the conditions of distillation,
two distinct types of CTP can be commercialised: binder
and impregnating pitches (Fernandez-Garcia et al. 2017).
On the other hand, besides GNs, graphene can be found
as nanocapsules (GNCs) which have a multilayer 3D
structure and can be produced at low temperatures (Yoon
et al. 2012). Particularly, 3D graphene structures can be
produced in various substrates as nanoparticles, non-metal
porous structures, metal foams (Olszowska et al. 2017).
Molecules of polycyclic aromatic compounds can be
found in CTP, which by using a metal oxide agent and
in situ activation agent, are used as base for the construc-
tion of the 3D interconnected networks of graphene.
Therefore, CTP can be treated to form a great quantity of
active polycyclic radicals that act as a construction block
and make its polymerisation and aromatisation possible,
favouring an interconnected 3D polymer that will trans-
form into GNCs once it is thermally treated (He et al.
2017a). This route can become a general synthetic way to
synthesise other 3D graphene materials (He et al. 2017b).
There is great interest in the analysis of the synthesis
process of GNCs. For example, Yoon et al. (2012), used
nanoparticles of nickel as substrate in the formation of
these materials, employing a technique of polyol carburi-
sation and afterwards, giving thermal treatment to the
synthesised particles. The authors analysed the solids by
XRD and Transmission Electron Microscope (TEM)
in situ, which gave them the opportunity to study the
synthesis as time went by. On the other hand, Olszowska
et al. (2017) elaborated an extensive revision about 3D
nanostructured graphene, which considered nanoshells,
encapsulates, foams among others and employing the
hydrothermal method and chemical vapour deposition.
However, an analysis of the evolution of nanoparticles as
the working temperature increases to undertake a thermo-
synthesis with in situ activation has not been found up to
today.
Due to the latter, the objective of this research is to
analyse the synthesis process for the procurement of GCNs
based on the reported technique by He et al. (2017b),
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varying the working temperature from 600 to 900 °C in
order to study the process of the particle’s transformation,
as it is described in Sect. 2

2 Materials and methods

The technique reported by He et al. (2017b), is to crush and
mix 4.2 g CTP, 16.8 g nano-ZnO and 6.0 g KOH in solid
state. The pulverised mixture was transferred to a corun-
dum pot, which was placed in a horizontal tubular oven and
heated up to 150 °C at a rate of 5 °C/min with a residence
time of 30 min. Subsequently, it was heated to 800 °C for
1 hin a stream of nitrogen with a flow rate of 60 mL/min.

In the present work, all of the used reagents were ana-
lytical grade; 1.6 g CTP (-100#), 6.4 g nano-ZnO (Sig-
maAldrich) and 2.8 g KOH (Fagal.ab) were pulverised and
mixed together. The mixture was transferred to an alumina
crucible and was introduced into a horizontal oven. Since
the beginning of the experiment, there was a nitrogen flow
of 60 mL/min and each test was submitted to two heating
ramps (varying the final temperature according to the
experiment in progress). The analysed temperatures were
600, 700, 800, 850 and 900 °C. The initial heating cycle
consisted in the increase of temperature up to 150 °C at a
rate of 10 °C/min with a residence time of 30 min. The
second ramp achieved the working temperature at the same
rate as the first, however, the time of residence was of 1 h.
Once the experiment was finalised, the obtained solids
were washed with hydrochloric acid (2 M) and rinsed using
distilled water. Lastly, they were left to dry in a drying
stove for 24 h at 110 °C.

2.1 Analysis

CTP and the obtained solids were analysed for character-
isation. Table 1 shows the analysis for each sample.

It is important to note that besides what is described in
Table 1, the ash content in the CTP was determined using
the norm ASTM-D2415-98. Also, the rest of the analysis

Table 1 Analysis for tar and CTP samples

were determined by IP: ASTM-D92-18; SP: ASTM-D36-
14/D36M-09; IT: ASTM-D4312-95a; 1Q: ASTM-D2318-
98 and CV: ASTM-D4715-98.

The details of the performed analysis are described next.
The TGA was analysed using a TA INSTRUMENTS SDT
Q600 V20.9 Build 20. A heating rate of 10 °C/min was
used to increase the temperature from 25 to 1000 °C in a
nitrogen atmosphere; the XRD was carried out in a Pana-
litical XpertPro diffractometer equipped with a cobalt tube.
The scan was done from 0 to 110° employing High Score
Plus software to identify the phases. For the GC/MS
analysis, a Shimadzu CGMS-QP2010 SE was used, the
column Rxi-5Sil MS was of 30 m and 0.25 mm of interior
diametre, with a temperature of the ion source of 200 °C
and the interface temperature was 280 °C. In the
microstructure analysis a FEI microscope, Scios model,
was utilised. The images were taken in STEM and normal
modes, additionally, a FESEM model 7800 Prime from
JEOL was used. Lastly, the Raman Spectrometry was
carried out in an Oriba confocal microscope Xplora model
with target at 10 and 50x, Gratin 600, 25% to 50% energy

and a working range between 100 to 4000 cm ™"

3 Results and discussions

The CTP sample has a 2.48% of ash, therefore, its carbon
content is considerably high (97.52%). In regard to the
characterisation of the sample, it was determined that its
ignition and softening points are 250 and 109.8 °C,
respectively. It has a 42.8% of toluene insoluble and 20.8%
of quinoline insoluble components. Moreover, it has a
coking value of 61.3%.

On the other hand, it was possible to identify the com-
ponents in the CTP by GC/MS. The results show the
presence of compounds such as acenaphtene, anthracene,
4H- cyclopenta[def]phenanthrene, 11H-benzo[b]fluorene,
benzo[ghi] fluoranthene, benzo(b)carbazole, benzo(a)an-
thracene-7-carbonitrile, 9H-ciclopenta[a]pyrene, ciclohex-
anepropanoic acid, 2-propenyl ester; cycloheptale]l,2-

Sample Analysis

TGA/DSC* XRD* GC/MS* IP* SpP* IT* 1Q* Cv* M* RS*
CTP Y Y Y Y Y Y Y Y Y Y
Synthesised solids N Y N N N N N N Y Y

*TGA/DSC thermal gravimetric analysis/differential scanning calorimetry; XRD X-ray diffraction; GC/MS gas chromatography/mass spec-
trometry; /P ignition point; SP softening point; /7 insoluble in toluene; /Q insoluble in quinoline; CV coking value; M microstructure analysis
(STEM scanning transmission electron microscopy (FEI); FESEM field emission scanning electron microscopy); RS: Raman spectroscopy; Y
indicates samples being undertaken analysis, N indicates sample not being undertaken analysis
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oxazine, ciclohexanecarboxamida, N-furfuryl,
benzo[c]phenanthrene, benzo[e]acefenantrilene,
benzo[j]fluoranthene, benzo[ghi]perylene, benzo[a]an-

thracene, pyrene, triphenylene and naphthalene, among
others in very low percentages.

Figure 1 shows the results of TGA/DSC analysis, where
the phase changes related to the polymerisation of the
sample can be seen, as well as the loss of components. This
figure shows some interesting information. At low tem-
peratures (close to 50 °C), a phase change exists that can
be related to the polymerisation of the sample. This prob-
ably corresponds to the physical changes derived from the
fusion process. In other words, CTP has a softening point at
109.8 °C, however, the heat absorption has to start earlier
and it is precisely this fact which is being referred to on the
observed energy consumption at 50 °C. In the other hand,
after an increase in the heat flow, a constant reduction of it
begins, which can be associated with an evaporation of the
sample. In connection to this, the resulting curve of the
TGA analysis can be seen, in which a loss of weight exists
starting at 300 °C. This transformation can be related to the
evaporation of phases that make the sample. It is important
to mention that this phenomenon matches with the phase
change presented in the DSC curve. Another interesting
point is that starting at approximately 550 °C, there is not a
significant loss in mass, by which it could be understood
that this condition favours the polymerisation process to
form desired GNCs. Said mass loss at temperatures lower
than 550 °C can be reinforced by analysing the compo-
nents of CTP, where the presence of aromatic compounds
with boiling points below 550 °C is disclosed.

Therefore, it could be said that during the synthesis
process of GNCs, initially, a loss in humidity and the
softening of the pitch is triggered and at temperatures
above 600 °C, the process of polymerisation is promoted.
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-0.002

-0.003

Heat flow (W/g)
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-0.006 T T T T 30
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Fig. 1 TGA/DSC results for CTP

The results collected from the chemical analyses per-
formed to the synthesised powders at different tempera-
tures are described next. It is worth mentioning that each
sample was washed and rinsed in the same way. Similarly,
the drying temperature and time were exactly the same,
consequently, the difference in the results is due to the
characteristics of each solid.

The results from XRD pertinent to the synthesised solids
at different temperatures are shown in Fig. 2. As it can be
seen, a comparison between the crystallinity of CTP
without heat treatment and the synthesised solids at dif-
ferent temperatures is done. In the mentioned image, it can
be observed that at 600 and 700 °C it is not possible to
remove all of the zinc oxide, while in the case of the
treatments at 800 and 850 °C, a particle with low crys-
tallinity can be seen as reported by He et al. (2017b) with a
very different diffraction pattern to that displayed by the
CTP before beginning with the experimentation (which can
be viewed in Fig. 2). Lastly, in the case of the particle
synthesised at 900 °C, it can be noted it is not a crystalline
particle, nevertheless, it does present defined diffraction
patterns, slightly shifted in relation to the solids at 600 and
700 °C. It is believed that this behaviour is clearly linked
with the working temperature, under which the nanocap-
sule is not as permeable and it hampers the washing with
acid for the removal of zinc oxide.

Figures 3 and 4 show the results of RS analysis done to
samples which were treated at 600 and 700 °C (as evidence
of the low zinc oxide removal at lower temperatures). Such
analysis were done using different focuses on the same
sample. Furthermore, in both cases it initiates with the
presence of vibrations in the zone of inorganic compounds
and even though both samples also exhibit the corre-
sponding vibration of bands G and D of a graphene
material, in the greater wavelengths there are considerably
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Fig. 2 XRD results for CTP sample and obtained solids at different
working temperatures
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Fig. 4 RS results for a sample of solids obtained at 700 °C

high vibrations (especially in the case of particles synthe-
sised at 600 °C), which can lead to believe that there is still
a great quantity of organic compounds that did not modify
their structure to form GNCs. These figures also reference
the heterogeneity of the samples.

Figure 5 is found to be in the same context, where a
comparison between synthesised particles and the initial
material (pitch) is done. As it can be seen, the pitch does
not show vibrations in the zone of inorganics, however, it
does present them in the zone of double carbon bond as
well as in the rest of the organic compounds. The vibra-
tions are so intense that those obtained in the synthesised
material cannot be completely identified, therefore, a close-
up of the zone with least intensity is shown in Fig. 6 in
order to analyse the process of synthesis at different tem-
peratures. As it can be observed, all of the solids have
vibrations in bands D and G (& 1326-1592 cmfl), how-
ever, they have different intensities and not all meet with
the vibration of band 2D, which is the necessary vibration

@ Springer
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Fig. 5 RS results for a sample of CTP and solids obtained at different
working temperatures
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Fig. 6 Comparison of RS results for samples of solids obtained at
different working temperatures

for the identification of a graphene material (He et al.
2017b) and which was found in this study at approximately
2660 cm™~'. In the case of the synthesis carried out at
600 °C and as mentioned before, there is presence of
organic and inorganic compounds, however, when working
at 700 °C, the three characteristic vibrations of graphene
can be found (without putting aside the presence of inor-
ganic material shown in Fig. 4), additionally, such vibra-
tions are intensified with the increase of temperature up to
800 and 850 °C as these samples have a better band defi-
nition and greater intensity than the rest of the working
temperatures. Furthermore, said vibrations match with the
reports by He et al. (2017b). The latter proposes that as
temperature increases, it is possible to obtain a more
defined graphene material, whose bands contain greater
vibrations in the characteristic wavelengths, although, this
does not present when working at 900 °C as bands D and G
can barely been seen in the sample and band 2D is not there
(at least not at a noticeable intensity to be compared with
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Fig. 7 2D and D + G bands obtained from RS results for a sample of
solids obtained at different working temperatures

the rest of the solids), nevertheless, it contains inorganic
materials (vibration in low wavelengths). Considering that
all samples were processed under the same conditions
(washing, rinsing and drying), it can be said that as a
consequence of the working temperature, it was not pos-
sible to completely wash the microstructure of the obtained
particle or that the polymerisation of organic compounds
did not happen as expected, diminishing the quality of the
particle.

On the other hand, Fig. 7 specifically shows the zone
between 2000 and 4000 cm™' in order to thoroughly
analyse the vibrations in this wavelength. The presence of a

spike activated by defects called D + G can be seen in the
figure, which are visible near the 2900 cm! (Jibrael and
Mohammed 2016) and that are presented in this case under
the wavelength of 2899 cm™ !, in solids treated between
600 and 850 °C.

It has been mentioned earlier that when comparing the
RS results of the particle synthesised at 900 °C with the
others, it was not possible to clearly observe the vibrations
which correspond to a graphene material, however, if
Fig. 8 is observed, it is possible to see that when working at
900 °C the synthesised solids can have vibrations in the
bands which are characteristic of those found in graphene
(with intensities much lower than the obtained at 800 and
850 °C). In Fig. 8§, the results of the mathematical decon-
volution analysis done to the patterns at 800, 850 and
900 °C are shown. This data analysis was done using
Origin 9.0 software. It is noteworthy that the results of the
synthesised solids are not presented. This is because the
working temperature proposed in the literature starts at
800 °C and furthermore, due to the heterogeneity of the
sample, a high error range is considered in the analysis of
the Raman pattern (due to the significative presence of
inorganic material, which can be observed in Figs. 3 and
4).

According to Silva-Molina (2016), the analysis of the
obtained experimental results of bands G and 2D, after
deconvolution of Raman patterns, were correlated to the
number of layers of graphene material. In other words, the
ratio of intensities of band 2D with respect to band G

18
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Fig. 8 Comparative of RS results for the sample of solids obtained at temperatures of 800, 850 and 900 °C and analysed mathematically for

deconvolution of the curves
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indicate that if the values are much lower than 2, the sys-
tem is multilayer. For values near 2 the ratio of intensities
of bands I(2D)/I(G) is associated to a two-layer graphene
material and for values of 2 and higher, it corresponds to a
single layer material. Therefore, when analysing Fig. 8, it
is possible to note two important aspects: first, all ratios
I(2D)/I(G) are lower to 2, corresponding to a multilayer
material and second, as temperature increases, the ratio
1(2D)/1(G) also increases, which suggests that the increase
of temperature is beneficial as it promotes the obtention of
graphene material of lesser layers and in consequence,
purer. In fact, the difficulty to eliminate inorganic residue
could be related to the lower number of layers, as it would

be more selective in allowing the permeability of the
particle.

In Fig. 9, it is possible to observe the results of the
microstructure analysis carried out for both, the initial
working sample (CTP) as well as the solids obtained at
different working temperatures. It is noteworthy to mention
that the shown images were selected in order to provide the
most information as possible of the acquired particles.

Figure 9(a) and (b) picture the pitch from which the
synthesis process was done. Both pictures make a com-
parison between normal and STEM modes from the
microscope used. As it can be seen, in the particle is a
dense solid with no porosities nor any indication of being
an agglomerate, which differs when analysing Fig. 9(c) and

Fig. 9 a, b Initial CTP sample at a 40,000 x in normal and STEM mode, respectively; ¢ obtained solids at 600 °C, 40,000x normal mode;
d obtained solids at 600 °C, 160,000x STEM mode; e obtained solids at 700 °C, 40,000 x normal mode; f obtained solids at 700 °C, 100,000 x
STEM mode; g obtained solids at 800 °C, 40,000x normal mode; h obtained solids at 800 °C, 100,000x STEM mode; i obtained solids at
850 °C, 40,000x normal mode; j obtained solids at 850 °C, 200,000x STEM mode; k obtained solids at 900 °C, 40,000x normal mode;

1 obtained solids at 900 °C, 160,000x STEM mode
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Fig. 10 Micrographs corresponding to obtained particles from synthesis at a 800 °C using FESEM at 300,000 ; b 850 °C and ¢ 900 °C utilising

FEI 400,000 and 300,000x respectively

(d), where the synthesised solids at 600 °C are shown and
where it is demonstrated that the particle, initially solid and
without porosity, now has some kind of lumps, indicating
the formation of GNCs. In fact, when comparing both
images the STEM mode has a zone of the porous particle
and another completely solid. In the other hand, the solids
collected at 700 °C show dispersed particles and after
analysing them under STEM mode, they reveal a more
defined presence of nanometric capsules (Fig. e, f).
However, when the solids at 800 (Fig. 9g) and 850 °C
(Fig. 9i), it is possible to see well defined GNCs whose
differences are in the size of the obtained particles, which
can be confirmed by comparing the STEM images at both
temperatures. At 800 °C there are particle sizes ranging
from 200 and 500 nm (Fig. Sh) whereas at 850 °C the
particle size varies between 20 and 40 nm in diameter
(Fig. 9j). When increasing the temperature to 900 °C,
particles smaller than 100 nm are also obtained, as well as
agglomerates between 200 and 300 nm (Fig. 9k, 1). The
presence of such agglomerates can be confirmed with the
analysis of Fig. 10, which also shows the formation of
spherical particles comprised of nanometric particles. This
phenomenon can be seen at 800, 850 and 900 °C, whose
micrographs correspond to Fig. 10(a)—(c) respectively. For
informative purposes, in Fig. 10(a), a particle with a
diametre of 174 nm and comprised by particles of smaller
size (approximately from 7 to 17 nm) can be seen; in
Fig. 10(b) and (c), it can be confirmed that at higher tem-
peratures the phenomenon of agglomeration also presents
itself.

4 Conclusions

(1) The analysis of the treated particles at 600 and
700 °C present difficulty in the removal of impuri-
ties, showing a crystalline behaviour in XRD. The
microstructure analysis indicates that the formation
of GNC:s is not complete. The presence of inorganic
material is observed in the results of Raman
Spectroscopy.

(2) The particles with the best characteristics (when
compared to literature) correspond to those treated at
800 and 850 °C, analysed by XRD, Raman Spec-
trometry and microstructure analysis (spherical par-
ticles of nanometric size).

(3) At 900 °C, it is possible to obtain a solid morpho-
logically similar to those obtained and 800 and
850 °C. However, according to the experimental
results, a significant quantity of synthesised material
is not obtained.

(4) In the analysis of Raman patterns by mathematical
deconvolution, it can be shown that the ratio /(2D)/
I(G) has an increase as the working temperature
rises. However, after analysing the results, it can be
said that working with temperatures between 800
and 850 °C continues to be the recommended
temperature for a process applicable for industry
(after a major study).

(5) It was confirmed that an agglomeration phenomenon
appears when the particles are synthesised at tem-
peratures ranging from 800 to 900 °C.
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