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Abstract: Graphene-polypyrrole (GP) nanocomposites were synthesized by a wet-way protocol using
a graphite bisulfate (GBS) precursor. Consequently, GBS, a type of graphite intercalation compound,
was prepared in the presence of concentrated sulfuric acid in the presence of a potassium periodate
oxidizer. Three different types of graphite precursor with particle sizes of <50 µm, ≥150, ≤830 µm,
and ≤2000 µm were used for this purpose. It was found that in the Raman spectra of GBS samples,
the characteristic D band, which is caused by defects in the graphene layer, disappears. Therefore, the
proposed synthesis protocol of GBS could be considered as a prospective intermediate stage in the
preparation of graphene with low defect concentration. In contrast to alkali metal intercalation, the
intercalation process involving anions with a relatively complex structure (e.g., HSO4

−), which has
been much less studied and requires further research. On the basis of the results obtained, structural
models of graphite intercalation compounds as well as GP nanocomposites were discussed. The most
relevant areas of application for GP nanocomposites, including energy storage and (bio)sensing, were
considered. This work contributes to the development of cost-effective, scalable, and highly efficient
intercalation methods, which still remain a significant challenge.

Keywords: graphite intercalation compounds; graphite bisulfate; exfoliated graphite; graphene-
polypyrrole nanocomposites; structural analysis

1. Introduction

Graphene-based materials comprise a wide and diverse class. They originates from
graphite, including graphene itself, graphene oxide, reduced graphene oxide, exfoliated
graphene flakes, graphene nanoplatelets, and chemically functionalized versions of all
these. In graphene technology, the preparation of graphene with low/controllable defect
concentration is among the most important trends today. However, the production of
graphene is primarily facilitated by high temperature processes [1–3]. The high temperature
process is prone to defect formation. The solution to the problem could be the use of wet
synthesis methods, though wet-chemical preparation of graphene of the same quality has
been challenging up until now. In principle, if using a wet synthesis protocol, one could not
only reduce the defect concentration but also introduce preferred functional groups at the
same time. With chemical modification, graphene can become more functional, enabling
more scalable applications in medicine, energy storage, nanotechnology, electronics, and
other fields [4–9]. The conventional wet synthesis protocol of graphene includes intercalation,
oxidation into graphene oxide, delamination, and subsequent reduction. A ruptured
carbon lattice is usually the result of these consecutive operations [10]. Graphene quality
can be improved by both reducing the number of sequential steps and understanding the
underlying mechanisms. By eliminating oxidation and subsequent reduction from the
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preparation protocol of graphene, the number of sequential steps can be reduced. It has
been reported that single-layer graphene flakes can be obtained from graphene intercalation
compounds directly by spontaneous, mechanical, electrochemical, microwave, or liquid
phase exfoliation [11–15]. The prevailing opinion is that graphene prepared in this way has
the best ratio of quality, purity, production costs, scalability, and yield [16].

The graphite intercalation compound with sulfuric acid—graphite bisulfate—was
one of the first graphite intercalation compounds synthesized by C. B. Brodie in 1855 [17].
Its formula is written as C24

+ · HSO4
− · 2 H2SO4; nevertheless, it represents the phase

of maximal saturation, where a single layer of graphene is regularly altered with H2SO4
molecules and HSO4

− ions (also known as the phase of stage 1). In the general case,
the number of graphene layers, n, sandwiched between the two layers of intercalant is
referred to as the stage number, and the corresponding GBS phase is called stage n GBS.
Despite the fact that GBS was discovered long ago, it remains one of the least studied
and poorly understood among graphite intercalation compounds. This is determined in
large part by the fact that sulfuric acid does not spontaneously intercalate into graphite,
as the reaction has a positive Gibbs free energy [18]. The Daumas–Herold model can be
used to understand phase coexistence and stage transition in GBS [19]. Although the
model explains the coexistence of GBS stages with n > 1, it does not always fit well with
the experimental data [20]. The process of GBS formation is initiated by oxidation of
graphite and leads to charge redistribution in the system. A surface charge transfer effect
can control the redistribution of charges. Among low-dimensional materials, because of
their high fraction of surface atoms, this phenomenon was originally demonstrated for
conductive polymers [21]. Since graphene (as well as graphene intercalation compounds)
is a representative 2D material, it interacts strongly with different dopants (halogens, alkali
metals, oxygen-containing anions) [22]. A substantial change in its Fermi level and charge
density is observed as a result. Surface charge transfer enables graphene and graphene
intercalation compounds to be exploited for semiconducting 2D materials [23,24]. However,
doping remains unclear in its mechanistic details despite its broad functional tunability and
application possibilities. Due to the intertwined roles of oxygen, water, and substrates, this
is particularly relevant for oxygen-mediated hole doping [25–28]. It should be noted that
the formation of GBS is strongly dependent on the surface charge transfer effect; therefore,
the role of the oxidant in the intercalation reaction is significant [29].

In this work, structural models of GBS compounds and carbon nanostructures derived
from them were discussed. For this purpose, the GBS compounds were chemically syn-
thesized using a KIO4 oxidizer and three different graphite precursors with grain sizes
of <50 µm, ≥150, ≤830 µm, and ≤2000 µm. The effect of precursor grain size and chemi-
cal constitution on defect concentration and phase constitution in prepared samples was
evaluated. All samples obtained were annealed at 800 ◦C or microwave treated to obtain
exfoliated graphite (EG), which was further modified with conductive polymer polypyrrole
(PPy). The Raman spectra of GBS, EG, and composite samples with PPy were analysed
to reveal the defect concentration. A relatively low defect concentration was found for
EG samples, whereas the defect band completely disappeared in GBS samples. Thus, the
proposed synthesis protocol could be considered as a prospective intermediate stage in
the preparation of graphene with a low defect concentration. The applications of prepared
samples in energy storage and biosensing devices were also considered.

2. Materials and Methods
2.1. Materials

All reagents were used without further purification. Extra pure fine graphite powder
(<50 µm, ≥99.5%) was purchased from Merck KGaA (Darmstadt, Germany), synthetic
graphite powder (≥150, ≤830 µm, 99.9%), natural graphite flakes (≤2000 µm, 99.9%),
and Nafion (5%) were purchased from Alfa Aesar (Kandel, Germany), Na2SO4 (≥99%)
was obtained from Eurochemicals, KIO4 (99.8%), H2SO4 (98%) and pyrrole (≥98%) were
purchased from Sigma-Aldrich (Darmstadt, Germany), (NH4)2S2O8 (98%) from Lach-
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Ner (Neratovice, Czech Republic), and HCl (37%) and KBr (≥99.5%) from Carl Roth
(Karlsruhe, Germany).

2.2. Synthesis of GBS Products

For GBS synthesis, three different graphite precursors with different particle sizes
(<50 µm, ≥150, ≤830 µm and ≤2000 µm) denoted as Gr_1, Gr_2 and Gr_3, respectively,
were used. In this work, the oxidizing mixture was prepared in a 50 mL Erlenmeyer flask
with a ground glass joint by adding 0.1 g of a KIO4 oxidizer to 15 mL of conc. H2SO4 at
constant swirling. When the oxidizer dissolved, 0.25 g of graphite was slowly added to the
mixture. The swirling procedure was continued for 1.5 h. Three synthesized samples were
denoted as GBS_1, GBS_2, and GBS_3.

To achieve liquid phase exfoliation, the GBS_1, GBS_2, and GBS_3 samples were mixed
with anhydrous Na2SO4. For this purpose, 2 mL of the GBS reaction mixture was added to
8 mL of H2SO4 and 5 g of Na2SO4. The mixture was left to stir for 3 days.

2.3. Thermal Treatment of GBS Samples

In order to obtain thermally exfoliated graphite (EG), 6 GBS samples (without and
with liquid phase exfoliation) were annealed under thermal shock conditions. Samples
were placed into ceramic combustion boats, which were inserted into a quartz glass tube.
The tube was sealed and placed in a tubular furnace (SNOL 0.4/1250, Utena, Lithuania)
preheated to 800 ◦C. The samples were heat treated under argon flow (80 mL·min−1) until
the sulfuric acid had stopped evaporating. Then, the tube was taken out of the furnace and
cooled up to room temperature. The annealed products were washed with deionized water
and dried at room temperature. The obtained EG products were denoted as EG_1, EG_2,
EG_3, and EG_1_Na, EG_2_Na, EG_3_Na.

2.4. Microwave Treatment of GBS Samples

Furthermore, the GBS_1, GBS_2, and GBS_3 samples were subjected to direct mi-
crowave irradiation using a domestic microwave oven (Electrolux, 800 W EMS20405X,
Stockholm, Sweden) for 1 min. During the treatment, the samples were placed in a capped
weighting bottle with a ground glass joint. The obtained EG products were denoted as
EG_1_MW, EG_2_MW, and EG_3_MW.

2.5. Synthesis of Graphene-Polypyrrole (GP) Nanocomposites

For the synthesis of GP nanocomposites by a wet-way protocol, EG_1, EG_2, and EG_3
samples were used. For this purpose, a 10% pyrrole solution in 1.0 M HCl, an EG sample,
and (NH4)2S2O8 were mixed and ground in an agate mortar for 30 min. The ratio of pyrrole,
EG, and (NH4)2S2O8 used was 1:2:20 by weight, respectively. The samples obtained were
purified by dialysis in a tube and kept in a drying oven at a temperature of 40 ◦C until the
water evaporated. Resultant samples were denoted as GP_1, GP_2, and GP_3.

2.6. Characterization

Optical microscopy images were acquired using an optical microscope (BX51 Olym-
pus, Tokyo, Japan) at a magnification of 50x. Raman spectroscopy was performed using
a Renishaw inVia spectrometer (Wotton-under-Edge, UK) equipped with an optical mi-
croscope at a magnification of 20×, a CCD camera, an objective numerical aperture of
0.40, and 1800 grooves mm−1 grating. The laser excitation wavelength was 532 nm, the
beam was focussed to an area of 2 µm2, and the integration time was 100 s. To analyse the
changes in characteristic peaks, the Raman bands were fitted with a pseudo-Voigt function
(a linear combination of Gaussian and Lorentzian functions) [30]. XRD measurements were
performed in the 2θ range 10–45◦ with a Rigaku diffractometer (Miniflex II, Neu-Isenburg,
Germany) (Cu Kα radiation with a graphite monochromator). The interplanar spacing d of
the samples was calculated using Bragg’s equation [31]. The crystallite size L was calculated
by the Debye–Scherrer equation [32]. XPS analysis was performed using a Kratos analytical
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spectrometer (Axis Supra, Manchester, UK) equipped with a monochromatized Al Kα X-ray
source (hν = 1486.69 eV, 15 kV, 25 mA). The spectra were acquired with an electron analyzer
pass energy of 20 eV and calibrated using the C 1s peak at 284.6 eV. Core-level peaks were
analysed using a nonlinear Shirley-type background subtraction, and the calculation of the
elemental composition was performed on the basis of Scofield’s relative sensitivity factors.
SEM micrographs were obtained with the scanning electron microscope (Hitachi SU-70,
Tokyo, Japan) at an accelerating voltage of 10.0 kV and magnification of 50,000×.

2.7. Electrochemical Measurements

Electrochemical analysis of the synthesized materials was performed using a glassy
carbon electrode (GCE) (PalmSens BV, Houten, The Netherlands) modified with EG and
GP samples. For this purpose, GCE was first polished with alumina powder (0.05 µm,
Kemet, Kent, UK), rinsed with deionized water, ultrasonicated with deionized water, and
then with ethanol. For the construction of the modified electrodes EG/GCE and GP/GCE,
1.0 mg of synthesized carbon material was dispersed in 1.0 mL of 0.05% Nafion (Alfa Aesar,
Kandel, Germany) solution by sonicating the mixture in an ultrasonic bath for 30 min. In
total, 10 µL of the suspension obtained was drop cast onto the polished surface of the GCE.
The prepared electrodes were dried in air at room temperature.

Characterization of the electrodes was performed using cyclic voltammetry (CV).
CV measurements were performed at room temperature using a CompactStat potentio-
stat/galvanostat (Ivium Technologies, Eindhoven, The Netherlands). All electrochemical
measurements were run in the three-electrode system. A platinum wire, Ag/AgCl bare
or EG/GCE, and GP/GCE (diameter of 3.0 mm) were used as the counter, reference, and
working electrodes, respectively. CV curves were recorded in the potential range of −1.0 to
+1.0 V (vs Ag/AgCl) and at a scan rate of 100 mV·s−1 in 0.1 M phosphate buffer solution
(PBS) at a pH of 7.0.

3. Results

Precursors, or synthesized and heat-treated GBS products, were characterized using
optical and SEM microscopy, Raman spectroscopy, and XPS and XRD analysis. GBS itself
is not stable in air, therefore, SEM, XPS, and XRD measurements were only applied to
those GBS products that were either subjected to the MW treatment or annealed at higher
temperatures, i.e., samples in which H2SO4 was removed.

3.1. Optical Spectroscopy and SEM Characterization

The optical micrographs of the GBS samples are presented in Figure 1.
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It is known that stage 1 and stage 2 GBS phases are coloured. Stage 1 GBS is char-
acterized by a deep blue colour, and stage 2 GBS particles are white, whereas mixed
stage zones (they are also called intermediate phases) can be identified by their iridescent
colours [33]. Optical microscopy pictures of GBS confirmed successful intercalation using
all three graphite precursors (Figure 1). Both blue and white particles of various sizes as
well as blurred iridescent areas (Figure 1b,c) can be observed. In GBS_1 (Figure 1a), the
proportion of bluish particles is the highest. Optical micrographs of the GBS_2 and GBS_3
compounds (Figure 1b,c) show the presence of larger grains of both white and blue colours,
as well as iridescent zones in smaller particles. The obtained results are in good agreement
with those published by Dimiev et al. [33]. Thus, we can assume that the use of graphite
precursor composed of smaller particles is preferable for obtaining a stage 1 GBS, where
the intercalant is interposed between each graphene layer and can be represented by the
formula C24

+·HSO4
−·2H2SO4 [34].

SEM micrographs were used to assess the structure of the EG and GP samples and
compare it with that of pristine graphite (Figure 2). The graphite precursors (Figure 2a–c)
can be characterized by the lamellar structure and flat surfaces with regular edges. The EG
samples after heating also retain their likewise lamellar structure; however, the edges of the
layers are less regular and more jagged (Figure 2d–i). When analysing the SEM micrographs,
one can see an increase in morphological changes along the direction (Gr_1, Gr_2, Gr_3)
< (EG_1, EG_2, EG_3) ≤ (EG_1_MW, EG_2_MW, EG_3_MW) < (EG_1_Na, EG_2_Na,
EG_3_Na) < (GP_1, GP_2, GP_3), which also depend on the particle size. The phenomenon
of partial delamination is typical for the EG and EG_MW samples (Figure 2d–i), whereas
the splitting of the basal graphene planes can be seen in the micrographs of the EG_Na
samples (Figure 2j–l). During the procedures of thermal shock and microwave treatment,
the molecules of H2SO4 evaporate and expand the graphite structure. In the case of
microwave treatment, the edges of the basal planes are more jagged, presumably due to the
presence of oxygen in the reaction zone. The EG_Na samples are obtained using the liquid
phase exfoliation protocol (see Section 2.2), when Na2SO4 is added to the reaction mixture.
NaHSO4 formed in the solution of H2SO4 is eutectic at room temperature and is suitable as
an ionic liquid for exfoliation [35]. Yao et al. found NaHSO4 as an efficient exfoliation agent
for covalent organic frameworks, which are morphologically similar to graphene [36]. SEM
micrographs (Figure 2j–l) show that the procedure of liquid exfoliation in the eutectic of
the H2SO4–NaHSO4 matrix is effective to reduce the particle size; however, the process of
particle size reduction occurs not by exfoliation, but by splitting of the basal planes. The
morphology of GP samples obtained by mechanochemical synthesis of GBS products with
pyrrole is significantly different from the other samples of pristine graphite and other EG
products (Figure 2m–o). An obvious layered structure is no longer visible. It is replaced by
smaller particles of various sizes and individual sheets. Furthermore, in the micrographs
of the GP samples round, regular-shaped particles can be seen, indicating the presence of
the formed PPy. Similar morphology was reported by Wu and co-authors [37]. Therefore, it
can be argued that the core–shell nanocomposite structure, where the EG nanoparticles are
covered with a PPy shell, was obtained during the mechanochemical synthesis procedure.
In our future research, we are planning to apply the TEM technique for more detailed
examination of the composite structure.
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3.2. XRD Analysis

More detailed analysis of the structure of pristine graphite, EG, and nanocomposite
GP samples was performed using the XRD technique. The obtained XRD patterns are
shown in Figure 3. The values of the peak positions, the interplanar spacing d002 and
the crystallite size L are presented in Table 1. Both pristine graphite as well as EG and
nanocomposite samples exhibit a characteristic diffraction peak for the (002) plane. Therefore,
we can conclude that original graphitic structure was maintained during the procedure
of exfoliation or nanocomposite formation [38]. More precisely, the shift of the XRD peak
and d002 values determined using Bragg’s equation is presented in Table 1. The interplanar
distance of all pristine graphite samples equals 0.336 nm; meanwhile, the crystallite size
varies from 31 to 68 nm. The pristine graphite sample Gr_3 with the largest particle size
(≤2000 µm) is characterized by larger crystallites, whereas the other two samples with
smaller particle sizes (150–800 µm and <50 µm) are characterized by the crystallites of
almost the same size. Thermal exfoliation of all GBS samples prepared from three different
pristine graphite samples results in a slight increase in interplanar spacing. The most
pronounced increase is for EG_1—the sample prepared from the pristine graphite with the
smallest particle size. Meantime, for EG_3, the sample obtained from Gr_3 with the largest
particle size, this increase is insignificant. This result is comparable to that previously
obtained from optical microscopy; the amount of stage 1 GBS is found to be the highest in
GBS_1, which is prepared from Gr_1. Therefore, the small particle size of Gr_1 is beneficial
for the preparation of GBS stage 1, which in turn is the most suitable for efficient thermal
exfoliation. In the case of EG_3, it is possible that part of pristine graphite did not exfoliate
and retained the original graphitic structure [38]. Analysis of the XRD data shows a slight
increase in d002 spacing equally for all three EG_MW samples. The crystallite size L is
significantly reduced after MW exfoliation; it is the most significant in the case of EG_3_MW,
which is obtained from Gr_3 with the largest particle size. Presumably, the disintegration
of the basal plane of graphene should be more intense in the case of MW exfoliation in
comparison with that of thermal exfoliation.
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Table 1. Data obtained from XRD analysis (positions, interplanar spacing d002, and crystallite size),
and Raman spectra (ID/IG ratio).

Sample 2θ (deg) d002 (nm) L (nm) ID/IG

Gr_1 26.54 0.336 31.29 0.297
Gr_2 26.52 0.336 33.80 0.104
Gr_3 26.50 0.336 62.87 0.028
EG_1 26.38 0.338 20.54 0.185
EG_2 26.45 0.337 40.21 0.114
EG_3 26.52 0.336 39.09 0.093

EG_1_MW 26.43 0.337 23.68 0.259
EG_2_MW 26.46 0.337 24.10 0.114
EG_3_MW 26.42 0.337 16.97 0.118
EG_1_Na 26.81 0.332 24.03 0.196
EG_2_Na 26.74 0.333 36.92 0.100
EG_3_Na 26.76 0.333 44.18 0.065

GP_1 26.41 0.337 26.35 0.580
GP_2 26.46 0.337 36.42 0.483
GP_3 26.45 0.337 32.32 0.504

As a conclusion, one can expect that it is better to use thermal shock than MW exfoliation
to obtain graphene layers with less defect concentration. The liquid phase exfoliation in the
melt of NaHSO4 results in the contraction of the interplanar distance. Some authors (e.g., A.J.
Cooper et al.) attribute this phenomenon to planes narrowing as a result of neighbouring
planes separating [39]. Together with the results of the SEM micrographs (Figure 2j–l), one
could suggest that the number of defects after liquid exfoliation in the melt of NaHSO4
should be higher in comparison with that obtained after thermal exfoliation. For this reason,
thermally exfoliated samples were further used for the preparation of nanocomposites
with PPy. The procedure of mechanochemical synthesis affects the structure of GP samples.
The interplanar distance d002 of all three GP samples converges to the value of 0.337 nm;
this may be the effect of the PPy coverage on the EG particles. The crystallite size L either
remains the same or is slightly reduced after the procedure of mechanochemical synthesis.

3.3. Raman Spectroscopy Analysis

Raman spectroscopy was used to assess the amount of stacked graphene layers,
defectiveness of precursors and GBS products, and the precise staging indices of intercalated
products [40–43]. Raman spectra in G (1500–1700 cm−1) and 2D (2500–2900 cm−1) band
frequencies are provided in Figure 4. Continuous Raman spectra running from 1200 cm−1

to 3200 cm−1 are shown in the Supplementary Information file (Figure S1).
One can notice the presence of three characteristic bands in almost all pristine and

synthesized samples: D, G and 2D (Figure S1). The D band at about 1350 cm−1 is caused
by defects in the graphene layer (A1g symmetry mode), the G band at about 1581 cm−1

is designated to the first order scattering of the E2g mode that arises from the sp2 bonded
carbon, and the 2D mode at approximately 2709 cm−1 is an overtone of the D band.
The 2D band is Raman-allowed and defects or disorders are not required to activate
this mode [40,42–48]. In addition to the already mentioned bands, at 1620 cm−1, a low
intensity mode D′ can be seen as a shoulder at the high-frequency side of the G peak in
the Raman spectra of some samples (Gr_1, EG_1, EG_MW_1, EG_1_Na, and EG_2_Na; see
Figure 4a,c,d,e). This band can appear when accidentally spread impurities interact with
extended graphene phonon modes [49]. Therefore, one can suggest that impurities present
in the pristine graphite with the smallest particle size Gr_1 have a significant impact on
defect formation and remain noticeable in exfoliated GBS products.

The Raman spectra of the synthesized GBS samples are shown in Figure 4b and
Figure S1b. Compared with graphite, the shift of the G peak towards the higher wavenum-
bers can be seen. This shift, which indicates the process of graphite intercalation, occurs
when the graphene layers are charged with intercalant molecules [33,50]. Another attribute
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observed in the Raman spectra of the GBS samples is the splitting of the G band. The
splitting occurs when the charged graphite layers adjacent to the intercalated layers are
differentiated from those uncharged next to the empty galleries [51]. Peaks G1 at about 1630
cm−1 and G2 at about 1619 cm−1 represent stage 1 and stage 2 GBS phases, respectively [20].
A comparison of the intensities of the G1 and G2 peaks, evaluated by the fit procedure,
was used to quantify the different intercalation phases in the GBS samples [52]. The GBS_2
sample contains more than half of stage 2 compounds (62.47%), and GBS_3 was composed
of the majority of stage 2 phases (84.42%). However, Raman analysis reveals that the GBS_1
sample contains an almost pure GBS phase of stage 1, which is characterized by an apparent
peak at 1630 cm−1. From that, one can assume that the particle size of pristine graphite is
substantial in determining the constitution of GBS phases of various staging indices.
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Heated microwave treated samples (Figure 4c–e and Figure S1c–e) show the only one
G peak at approximately 1581 cm−1. Together with the XRD data, this supports the idea that
the elements of the graphite structure are restored after the exfoliation procedure [53]. The
Raman spectra of nanocomposite GP samples (Figure 4f and Figure S1f) are very different
from those previously discussed, yet, they coincide with those reported by the other authors,
where composites of graphitic materials with PPy were examined [54]. In the range of
900–1700 cm−1, new appeared peaks can be seen. Although some peaks overlap, the
existence of D, G, and 2D bands in the GP spectrum is observed at approximately 1352 cm−1,
1585 cm−1, and 2705 cm−1, respectively. Furthermore, some broad peaks at approximately
1410 cm−1 (C–N stretching), 1056 cm−1, and 987 cm−1 (C–H ring deformation vibration)
are associated with the characteristics of PPy [55].

The ID/IG ratio (ratio of the intensity of the D peak and the G peak) is an important
Raman spectra parameter, which is used as an indicator of the defect concentration in
graphene-like materials. The values of ID/IG determined for pristine graphite, EG, and
nanocomposite samples are presented in Table 1. Comparing the obtained results with
the data of other authors, it can be concluded that the EG samples are characterized by
a low concentration of defects [56]. Comparing pristine graphite samples, the lowest
concentration of defects is found in Gr_3 with the largest particle and crystallite size. In
general, a pronounced inverse correlation can be observed between the ID/IG ratio and
crystallite size in each group of thermally exfoliated samples, whereas MW exfoliated
and GP nanocomposite samples show no correlation between these two parameters. The
MW exfoliated samples can be characterized by a lower crystallite size, whereas the GP
samples—by a higher ID/IG ratio. Therefore, the MW exfoliation and mechanochemical
synthesis can be considered as the procedures affecting the structure of the GBS products
in the most significant results.

A characteristic feature emerges in the Raman spectra of the GBS samples—the absence
of the D band (Figure S1b). However, the low-intensity 2D band, which is an overtone of
the D band, remains in the Raman spectra of the GBS_2 and GBS_3 samples. Apparently,
the use of KIO4 oxidizer during the preparation of GBS reduces the defect concentration
in a graphene layer. Therefore, the proposed synthesis protocol could be considered
as a prospective intermediate stage in the preparation of graphene with a low defect
concentration. The disappearance of the D band in graphite intercalation compounds is
rather rarely mentioned by the other authors. Hardwick and co-authors observed this
phenomenon during formation of the Li intercalation compound [57], and they attributed
it either to the change in stacking order (from ABAB to AAAA) during the intercalant
formation, or to solid interphase formation on the surface of crystallites. Dimiev et al. [20]
also reported the phenomenon of D band disappearance during the synthesis of GBS. The
main conclusion of their work was that the D band disappears in the Raman spectra of GBS
consisting of pure stage 1 or stage 2, whereas in the transition stages this band appears.
Considering our results (see Figure 4b), we can suggest that using a KIO4 oxidizer, the
pure GBS of stage 1 was synthesized from the Gr_1 precursor with the smallest particle
size. Precursors Gr_2 and Gr_3, composed of larger graphite particles, yield the mixture
of stage 1 and stage 2. Furthermore, we plan for a more detailed investigation of GBS
samples and their Raman spectra, which would allow for a more detailed explanation of
the phenomenon of disappearance of the D band.

The values of FWHM(2D) (full width at half maximum of the 2D band) can be used
to identify the number of layers in graphene-like material [26,46]. It was determined that
the FWHM(2D) value of a single layer graphene is approximately 30 cm−1. When the
number of stacked graphene layers increases, the values of FWHM(2D) also increases [20].
In addition, the shape of the 2D band can help to distinguish few-layer graphene from
multilayer. Monolayer graphene has a single 2D component, bilayer graphene can be fitted
into four components, and the 2D band of the multilayer graphene can be decomposed into
two components. The calculated FWHM(2D) values of the synthesized samples (Figure 4)
exceed 60 cm−1 and can be best fitted with two components, indicating that the materials
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obtained in this work have a multilayer structure. Different from the other samples, the 2D
band is not visible in the Raman spectra of GBS_1. The other Raman data show that GBS_1
consists of a rather pure stage 1 phase. As the 2D peak is very sensitive to the stacking
order of the graphite material along the c-axis, the decrease in the 2D band may occur due
to the breaking of the mentioned stacking order [58]. The disappearance of the 2D band is
an additional argument for the existing of AAAA stacking order in the GBS stage 1 phase.

3.4. XPS Analysis

Pristine graphite and EG and nanocomposite GP samples were analysed using XPS.
Data about surface elemental composition of all analysed samples are summarised in Figure 5.
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determined by XPS analysis.

It should be noted that the difference in elemental composition is evident beginning
from the pristine graphite samples although they are composed mostly of carbon but
also contain traces of oxygen and nitrogen. The relatively high nitrogen content in the
Gr_2 sample (0.33%) could be attributed to its synthetic nature. This precursor sample also
contains the highest amount of oxygen. High resolution spectra in the C 1s region show that
the oxygen is present in both graphite precursor samples as well as in GBS products in the
form of functional groups attached to the edges of the graphene basal planes (see Figure S2).
The signals of the C–O, C–O–C, C=O, and COOR groups are found in different proportions
in all samples analysed. The intercalation procedure with subsequent both thermal and
MW exfoliation, in principle, does not change the oxygen content in the analysed samples.
On the contrary, the procedure of liquid phase exfoliation in the melt of NaHSO4 results in
a significant increase in the oxygen content. This increase is inversely proportional to the
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particle size. Presumably, it occurs due to the reaction between graphite particles and the
remains of the KIO4 oxidizer in GBS samples during the exfoliation procedure. Another
result to be noted is the increase in the oxygen content in the nanocomposite GP samples.
One can suggest that the reason for this increase is the presence of the (NH4)2S2O8 oxidizer
during the mechanochemical reaction.

Some samples (EG_MW, EG_Na and GP) contain traces of sulfur. MW-treated samples
can contain traces of H2SO4 not removed, whereas NaHSO4-treated samples can contain
traces of Na2SO4. The source of sulfur in nanocomposite GP samples should be the
(NH4)2S2O8 oxidizer present in the mechanochemical reaction.

The nitrogen content is significantly increased in the EG nanocomposite samples,
which is a consequence of PPy shell formation on the surface of the EG core. The highest
concentration of N is found in GP_2 (5.12%), whereas the lowest—in GP_3 (3.15%). The
most probable explanation of this should be the highest concentration of oxygen and
nitrogen in the pristine Gr_2, which is beneficial for the formation of PPy.

The high-resolution spectra in the N 1s region of the nanocomposite GP samples are
presented in Figure 6.
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Deconvolution of N 1s shows two nitrogen functional groups in the GP samples. The
peak at around 400.0 eV is assigned to pyrrolic-N and the peak at around 402.0 eV belongs
to graphitic-N. Pyrrolic-N refers to nitrogen atoms that are bonded to two carbon atoms
and contribute to the π-system with two p-electrons. Graphitic-N refers to nitrogen atoms
incorporated into graphene [59–61]. In this study, the pyrrolic-N has the most intense
peak for all GP samples. It is evident that the main part of nitrogen in nanocomposite GP
samples should be derived from PPy. Graphitic-N either may be found in pristine graphite
samples (Gr_2) or can be formed near the graphitic core in the PPy shell. Huang et al.
reported that graphitic-N contributes more effectively to catalytic activity [62]. Taking into
account the data in Figure 6d, one can suggest that the GP_2 sample should provide the
best electrocatalytic performance.

3.5. Electrochemical Study

The electrochemical study of synthesized EG, EG_MW, EG_Na, and nanocomposite
GP samples was performed using CV. It is a standard technique for the characterization of
the capacitive behaviour of cathode or anode materials [63]. CV at bare GCE is presented in
Figure S3, whereas CVs obtained using modified GCEs are shown in Figure 7. A reduction
of the oxy-species is observed at −0.8 V at bare GCE. GCEs modified with EG, EG_MW,
and EG_Na samples showed a weak electrocatalytic response (Figure 7a–c), i.e., peak
potential is observed at almost the same position as an unmodified electrode. Thereby,
they are unsuitable as effective electrode materials. In Figure 7d, representing the CVs at
nanocomposite GP samples, a cathodic peak at around –0.36 V and a new anodic peak at
ca. –0.18 V are observed.

Therefore, the nanocomposite GP samples with a core–shell structure have much
better electrocatalytic activity in comparison with those without a PPy shell. As seen, the
most pronounced cathodic and anodic peaks are obtained using the GP_2 sample. As
mentioned, this sample contains the highest amount of graphitic-N. The cathodic and
anodic peaks appear due to the electron transfer associated with functional groups present
on the surface and the incorporation of N atoms into graphene layers, since it could
have provided the formation of active sites suitable for electrochemical events [64,65].
In addition, an increase in the electrochemical performance of GCE after modification
with GP_1, GP_2, and GP_3 samples could be caused by good electrical conductivity
acquired after the wet synthesis with the conducting polymer PPy. Thus, electrochemical
investigations demonstrated that GP nanocomposites could be prospective for energy
storage and/or biosensing.
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4. Conclusions

The graphite bisulfate intercalation compound was prepared from three graphite pre-
cursors with different grain sizes using the KIO4 oxidising agent to assist the intercalation.
The intercalation compounds obtained were further annealed, subjected to microwave
irradiation, or stirred in the NaHSO4 melt to achieve the delamination/exfoliation effect. The
heat-treated samples were used for the preparation of nanocomposites with polypyrrole by
a wet synthesis protocol via a mechanochemical reaction. It was found that the particle
size of the graphite precursor is substantial in determining the constitution of GBS phases
of various staging indices; the smaller particles are beneficial for the formation of the
stage 1 phase, whereas the larger particles result in the formation of the mixture of stage
1 and stage 2. The characteristic D band, which is caused by defects in the graphene layer,
disappears in all Raman spectra of the GBS samples. Apparently, the use of the KIO4
oxidizer during the preparation of GBS reduces the defect concentration in a graphene
layer. Thus, the proposed synthesis protocol could be considered as a prospective inter-
mediate stage in the preparation of graphene with a low defect concentration. Therefore,
this work contributes to the development of cost-effective, scalable, and highly efficient
intercalation methods, which remain a significant challenge. Furthermore, the obtained
results suggest that there was a structural change during the GBS formation reaction; the
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stacking order should change from ABAB to AAAA. In addition to Raman spectroscopy,
SEM, XRD, and XPS data demonstrate that the exfoliation of GBS using thermal shock,
microwave irradiation, or liquid phase delamination leads to a more defective structure
than that of pristine graphite. It was established that the nanocomposites prepared from
exfoliated graphene and polypyrrole have a core–shell structure, where the particle core
is composed of exfoliated graphene covered by a polypyrrole shell. The electrochemical
investigation of exfoliated samples and nanocomposites showed that the nanocomposite
samples exhibit cathodic and anodic peaks and electrocatalytic properties. Among the
samples of pristine graphite, the graphite containing the highest amount of graphitic-N
has the highest electrocatalytic efficiency. Therefore, synthesized nanocomposites could be
prospective materials for energy storage and/or biosensing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12121793/s1, Figure S1. Raman spectra of graphite (a), GBS
products (b), EG products (c), EG_MW products (d), EG_Na products (e), and EG samples modified
with PPy (f). Figure S2. C 1s XPS spectra of pristine graphite, EG, and nanocomposite GP samples.
Figure S3. CV at bare GCE.
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40. Trusovas, R.; Ratautas, K.; Račiukaitis, G.; Niaura, G. Graphene layer formation in pinewood by nanosecond and picosecond
laser irradiation. Appl. Surf. Sci. 2019, 471, 154–161. [CrossRef]

41. Seiler, S.; Halbig, C.E.; Grote, F.; Rietsch, P.; Börrnert, F.; Kaiser, U.; Meyer, B.; Eigler, S. Effect of friction on oxidative graphite
intercalation and high-quality graphene formation. Nat. Commun. 2018, 9, 836. [CrossRef] [PubMed]

42. Ferrari, A.C.; Robertson, J. Raman spectroscopy of amorphous, nanostructured, diamond-like carbon, and nanodiamond. Philos.
Trans. R. Soc. 2004, 362, 2477–2512. [CrossRef] [PubMed]

43. ChacónChac, J.C.; Wirtz, L.; Pichler, T. Raman spectroscopy of graphite intercalation compounds: Charge transfer, strain, and
electron-phonon coupling in graphene layers. Phys. Status Solidi B 2014, 251, 2337–2355. [CrossRef]
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