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Abstract Exfoliated graphite (EG) was modified by a two-
stage process consisting of electrochemical oxidation follow-
ed by the thermal treatment. Within the former one, the pro-
cess of re-intercalation of H2SO4 into the EG by linear sweep
voltammetry was carried out. Thus, obtained re-intercalated
EG underwent heat treatment at 800 °C in order to synthesize
re-exfoliated EG (re-EG). The electrochemical features of the
re-EG were examined in the model process of phenol
electrooxidation carried out by cyclic voltammetry technique
in alkaline solution with and without phenol addition. Taking
into account the anodic charges as a main criterion of electro-
chemical activity, it was found that the modification of EG
caused over twofold improvement of its electrochemical ac-
tivity. This behavior is related with the changes within the
chemical composition of modified EG surface and on much
smaller scale with the modification of its structure. The degree
of electrochemical activity improvement depends on the con-
ditions under which the processes of re-intercalation and re-
exfoliation were performed. The results of Fourier-transform
infrared spectroscopy (FTIR) and X-ray photoelectron spec-
troscopy (XPS) analysis supported by the data of the
Brunauer-Emmett-Teller (BET) surface area and scanning
electron microscope (SEM) observations allow an under-
standing of the physicochemical properties of re-exfoliated
EG and enhancement of its electrochemical activity.
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Introduction

The exfoliation of graphite intercalated compounds (GICs)
may lead to the formation of exfoliated graphites (EGs). As
a result of this process, the crystal structure of graphite may be
significantly changed. The graphene layers are separated and
partially deformed; in consequence, the volume of graphite
flakes significantly increases along the c-axis, even 300 times
as compared to the starting material. The level of graphite
expansion depends on many factors; among them, the type
of GIC used for exfoliation and employed method should be
recognized as the most important. The processes of exfoliation
are commonly realized by thermal [1], chemical [2], or elec-
trochemical method [3]. EG has interesting physicochemical
features, such as high specific surface area, developed porous
structure, low density, high concentration of edges and surface
defects, high thermal and chemical stability, and high adsorp-
tion capacity. The above mentioned properties of EG enable
its application in many technical fields, for example in flexible
graphite foil production [4], as an oil sorbent [5] and plastic
filler [6]. Exfoliated graphite is also used as a catalyst support
[7], electrodematerial in fuel cells [8], supercapacitors [9], and
for hydrogen sorption [10]. The features of EG can be easily
modified by oxidation of its surface using chemical [11], ther-
mal [12, 13], or electrochemical methods [14]. As a result of
those modifications, new oxygen functional groups can be
created on EG surface increasing the electrochemical activity
in oxidation processes.

From the literature data, it is known that EG can be also re-
intercalated leading to the formation re-intercalated exfoliated
graphite (re-inEG). This process is commonly performed by
chemical treatment of the previously formed exfoliated graph-
ite [15–17]. During the re-intercalation, the intercalate pene-
trates through the free spaces between more or less deformed
graphene layers of EG giving re-inEG. Thus, formed re-inEG
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undergoes re-exfoliation by heat treatment to be transformed
into the re-exfoliated exfoliated graphite (re-exEG). The final
product of this two-step modification can be recognized as an
intermediate product of the process of graphene-sheets prep-
aration [16]. The re-inEG being the product of chemical re-
intercalation of sulphuric acid into the EG was rapidly re-
exfoliated by heat treatment in 800–900 °C thus forming re-
exEG. Within the final step, the suspension of re-exEG in N,
N-dimethylformamide (DMF) was ultrasonicated to form
graphene-sheets [16]. From our previous work, it is known
that the electrochemical activity of re-exEG synthesized on
the way of chemical re-intercalation of sulfuric acid into the
EG followed by thermal re-exfoliation was significantly
higher compared to the pristine EG [15]. This effect was
reached due to increased concentration of the surface oxygen
functional groups as well as a development of the specific
surface area. Tanaike and co-workers [17] have studied the
multiply process of bromine intercalation. For this purpose,
graphite was treated with bromine vapors yielding Br-GIC;
within the subsequent step, the obtained compound underwent
exfoliation. The both processes were carried out in vacuum.
After the sixth exfoliation, volume of the gathered re-exEG
was 250 times higher as compared to the started graphite.

Electrochemical activity of re-exEG can be examined, for
example, in the model process of phenol electrooxidation.
Phenol can be completely oxidized to the final products, water
and CO2, by electrochemical methods [13, 18–21]. A variety
of soluble intermediates such as benzoquinone, hydroqui-
none, fumaric, and maleic acids are formed during the process
of phenol electrooxidation. It should be emphasized that dur-
ing the phenol oxidation, the unwanted behavior associated
with the oligomeric film formation is also taking place. Be-
cause of its features such as poor solubility, low electrical
conductivity, and insufficient electrochemical activity, oligo-
meric products inhibit the phenol oxidation; in consequence,
the formation of the final products is difficult to reach [18–21].

The aim of the present work was to study the process of
two-step modification of exfoliated graphite leading to the
formation of re-exfoliated EG. The physicochemical proper-
ties of re-exfoliated EG were studied by Brunauer-Emmett-
Teller (BET), X-ray photoelectron spectroscopy (XPS), and
Fourier-transform infrared spectroscopy (FTIR) analysis,
whereas its electrochemical properties were investigated in
the model process of phenol electrooxidation realized by cy-
clic voltammetry method.

Experimental

Procedure of EG modification

EG being the product of thermal exfoliation of graphite inter-
calation compound with sulfuric acid (H2SO4-GIC) was

prepared by two-stage synthesis. Within the first one, the
graphite intercalation compound with sulfuric acid (H2SO4-
GIC) was prepared on the way of anodic oxidation of graphite
powder (ranging in diameter from 32 to 71 μm) realized by
galvanostatic method in 18 M H2SO4. During the next step,
H2SO4-GIC was thermally exfoliated in a muffle furnace at
the temperature of 800 °C in air for 4 min giving exfoliated
graphite. Such prepared EG was subjected to the two-stage
modification composed of re-intercalation and re-exfoliation
processes. Within the first step, EG underwent re-intercalation
by anodic oxidation in 18 M H2SO4 using two potential
ranges 0.675 and 1.2 V. The process was performed by linear
sweep voltammetry (LSV) with a scan rate equal to
0.1 mV s−1. Electrochemical re-intercalation was carried out
in a three-electrode system with EG as a working electrode
and Hg/Hg2SO4/1MH2SO4 (0.674 V vs. NHE) as a reference
electrode. Platinum wire was playing a role of counter elec-
trode. The mass of working electrode was equal to 400 mg. In
order to facilitate the penetration of electrolyte through the
structure of EG, before the starting the re-intercalation pro-
cess, EG was ultrasonicated for 10 min. During the second
step of modification, previously formed re-intercalated EG
was heat treated at the temperature of 800 °C for 4 min in
air yielding re-exfoliated EG being the final product of aimed
modification. Depending on upper potential of the re-
intercalation process, the synthesized samples were denoted
as re-EG0.675 and re-EG1.2.

To give the answer if the re-intercalation and re-exfoliation
of EG can be recognized as useful methods enabling multiple
improving of EG activity, the modification operations were
two times repeated. Each modification repetition consists of
re-intercalation and re-exfoliation processes carried under
above mentioned conditions. The obtained samples were de-
noted as 2re-EG0.675, 2re-EG1.2 (after the second re-exfoli-
ation), and 2re-EG0.675, 2re-EG1.2 (after the third re-
exfoliation).

Material analysis

The changes within the specific surface area of EG due to its
two-step modification were determined from the N2 adsorp-
tion isotherms measured at 77 K with ASAP 2010 apparatus.
Morphological properties of re-exfoliated EG were studied by
scanning electron microscopy (SEM) with a S-3400N Hitachi
microscope using acceleration voltage of electron beam ad-
justed to 15 keV. The chemical composition of re-EG surface
was investigated by XPS and FTIR analysis. XPS spectra
were recorded with an ESCALAB 210 spectrometer using
non-monochromatized Al Kα radiation (1486.6 eV) operated
at 15 kV. The binding energy scale was corrected by referring
to the graphitic peak at 284.5 eV. FTIR measurements were
done with a BRUKER model 113 V IR spectrometer using
KBr technique.
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Electrochemical activity

Electrochemical activity of the re-exfoliated EG was studied
in 0.1 M phenol solution in 0.5 M KOH by cyclic voltamm-
etry method. The process of phenol electrooxidation was con-
ducted within the potential range from the rest potential of
electrode (ER) to 0.8 V with a scan rate equal to 0.1 mV s−1.
Besides the XPS and FTIR analysis, the oxidation stage of re-
exfoliated EG was also examined by electrochemical method.
In this case, the cyclic voltammetry measurements were car-
ried out in 0.5 M KOH solution within the potential range
−0.95↔ 0.8 V using a scan rate equal to 0.1 mV s−1. In order
to reveal the reduction reactions arising from the functional
groups originally exhibited on the electrode surface, the mea-
surements were started from ER towards the less positive po-
tentials. The electrochemical investigations were carried out in
the three-electrode system composed of re-EG as a powder
type working electrode and Hg/HgO/0.5 M KOH (0.117 V
vs. NHE) as a reference electrode. The details of electrode
preparation as well as the construction of electrochemical cell
can be found in our previous works [11, 13, 15, 21]. In each
measurement, the mass of re-EG electrode was equal to
30 mg. All electrochemical investigations were realized using
AUTOLAB potentiostat-galvanostat (PGSTAT30 model).

Results and discussion

Modification of EG

The two-stage modification of EG leading to the formation of
re-exfoliated EG was composed of two processes: re-
intercalation and re-exfoliation. The former process com-
prises anodic oxidation of EG in 18 M H2SO4. Voltammetric
curve depicting the process of EG re-intercalation is shown in
Fig. 1. As can be seen, the curve can be divided into two
parts. Within the first one, the asymmetric wave with

numbers of peaks is observed in the potential range of 0.2–
0.675 V. The appearing peaks most likely illustrate filling
with intercalate of successive spaces between the damaged
graphene layers of EG. The second part of the regarded curve
observed between the potentials 0.675 and 1.0 V comprises
the huge anodic peak probably associated with the
overoxidation of re-intercalated EG. In order to explain the
influence of the oxidation stage of re-intercalated EG on the
properties of final product (re-exfoliated EG), during the sec-
ond part of modification were selected two samples of re-
intercalated EG which were prepared using the upper poten-
tial of 0.675 and 1.2 V. Within the final part of the investi-
gated modification, the previously formed re-intercalated
EGs underwent thermal exfoliation yielding re-exfoliated
EGs (re-EG0.675 and re-EG1.2).

The measurements of specific surface area and SEM
observations of re-exfoliated EG

The calculation of specific surface area of the re-exfoliated
EGs has partially confirmed our expectations associated with
the modification of EG structure. However, for re-EG0.675
(sample obtained through the re-intercalation with the
finishing potential equal to 0.675 V), BET surface slightly
decreased (29.1 m2 g−1) as compared to the original EG
(30.5 m2 g−1). On the other hand, the BET surface area for
sample re-EG1.2 increased to 33.5 m2 g−1. Almost 10 % in-
crease in specific surface area of EG due its two-step modifi-
cation indicates that the re-introduction of intercalate into the
damaged graphitic structure followed by its thermal decom-
position and evaporation insignificantly change the porous
structure of re-exfoliated EG.

The upper potential of re-intercalation enables the forma-
tion of the re-intercalated EG of a higher concentration of
intercalate. Therefore, it can be assumed that higher amount
of intercalate undergoes transformation due to re-exfoliation
process; in consequence, the most pronouncedmodification of
EG structure occurs. The abovementioned assumption agrees
with the comparison of BET surface area of both investigated
samples (re-EG0.675 and re-EG1.2).

SEM micrographs for original EG and EG after its two-
step modification are shown in Fig. 2. As can be seen, the
images are very similar, and there is no significant difference
between the morphology of original EG (Fig. 2a) and sample
EG0.675 (Fig. 2b). On the other hand, some differences can
be found by comparing the micrograph for original EG
(Fig. 2a) and for sample prepared through the re-
intercalation process performed up to the potential of 1.2 V
(sample re-EG1.2) (Fig. 2c). It seems that due to re-
exfoliation process, the surface of re-EG1.2 is enriched in
defects and edges. These observations coincide with the
structural changes of the investigated samples.Fig. 1 Voltammetric curve recorded during the re-intercalation process
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XPS measurements

Deconvoluted XPS spectra of O 1s and C 1s regions recorded
for original EG are shown in Fig. 3, whereas for modified EG
are depicted in Fig. 4. The chemical composition of EG sur-
face gathered from the XPS analysis is given in Table 1. The
total amount of surface oxygen considerably increases due to
EG modification (Table 2). Peak A on the O 1s spectra is the
only signal which intensity significantly decreased due to two-
stage modification of EG (Figs. 3b, 4a, c). This peak most
likely corresponds to the chemisorbed water or oxygen on
the surface of EG [22]. As can be seen from Table 1, the
two-step modification of EG resulted in significant increment
in concentration of C=O bonds pertaining to ester (peak C)
and carboxyl groups (peak D) [22]. The concentration of the
ester groups is of about 120% for re-EG0.675 and 75% for re-

EG1.2 higher as compared to the original EG. While an in-
crease in carboxylic groups concentration is more pro-
nounced, it should be emphasized that the amount of C–O
bonds (peak B) [24, 25] also significantly increased due to
two-step modification. The abovementioned observations are
consistent with results of C 1s analysis (Fig. 4b, d). By com-
paring to the original EG (Fig. 3b), the intensity of peak C
associated with C=O bonds in carbonyl groups as well as peak
D assigned to C–O bonds slightly increased for modified sam-
ples (Fig. 4b, d) [22–25]. New peak at 289.3 eV (peak B) can
be observed on C 1s spectra for re-EG0.675 and re-EG1.2

Fig. 2 SEM micrographs of original EG (a), re-EG0.675 (b), and re-
EG1.2 (c)

Fig. 3 O 1s and C 1s XPS spectra for original EG
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samples (Fig. 4b, d). Most likely, this peak corresponds to
C=O bonds in carboxyl or ester groups [22, 24, 25], which
are probably created on EG surface during the re-exfoliation
process. In contrast, the concentration of graphitic carbon
(peak E) as well as π-π* satellite (peak A) significantly de-
creased due to modification EG (Table 1) [24, 25].

A comparison of Cox/Cgr ratios of carbon atoms in different
oxide groups (peaks B, C, and D) and graphitic carbon (peaks
A and E) for modified samples re-EG1.2 (0.213) and re-
EG0.675 (0.197) and original EG (0.428) shows that the oxi-
dation degree of re-EG surface is considerable increased duo to
its two-step modification. The analysis of C 1s spectra indicates
that the surface of re-EG1.2 is much more enriched in bonds
between C and O atoms as compared to re-EG0.675 (Table 1).

FTIR measurements

FTIR analysis provides an additional information on the
changes within the chemical composition of EG surface due
to its two-step modification. Figure 5 shows FTIR spectra
recorded before (sample EG) and after (samples re-EG0.675
and re-EG1.2). For modified samples, one can observe new
bands appearing at 1725, 1580, and 1120 cm−. According to
the literature data, band at 1725 cm−1 can be assigned to the
stretching vibrations of C=O bonds, whereas the signal at
1580 cm−1 likely corresponds to the aromatic rings coupled
to carbonyl groups [23]. The broad band within the frequency
range of 1150–1050 cm−1 is associated with the appearance of
C–O–C and C–O bonds [23]. New bonds observed on FTIR

Fig. 4 O1s and C 1sXPS spectra
for re-exfoliated samples EG:
EG0.675V (a, c) and EG1.2V (b,
d)
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spectra for modified EG confirms that the surface of EG is
significantly modified duo to its two-stage treatment.

The difference in XPS and FTIR results for the two types of
re-EG indicates that the amount of intercalate which is intro-
duced into the EG structure during the re-intercalation process
partially influences on the amount of oxygen functionalities
created during the process of EG re-exfoliation.

Electrochemical measurements of modified EG
in the electrolyte free of phenol

An additional information on chemical composition of EG
due to its modification is provided from the electrochemical
measurements performed in electrolyte free of phenol. Cyclic
voltammograms recorded in 0.5 M KOH for samples re-
EG0.675 and re-EG1.2 are shown in Figs. 6 and 7, respective-
ly. To observe the effects arising from the reduction reaction of
oxygen functional groups originally present on EG surface,

the measurements were started from the rest potential of elec-
trode (ER) towards the less positive potentials. Instantly after
starting the measurement, cathodic peaks associated with the
reduction reactions of surface functionalities can be observed.
Their intensities as well as the positions are dependent on the
type of electrode. For sample re-EG0.675 (Fig. 6), three ca-
thodic peaks appear at the potentials of −0.21, −0.36, and
−0.52 V. In the case of sample re-EG1.2 (Fig. 7), the first
cathodic peak is less pronounced and shifted towards the less
negative potentials (−0.16 V) as compared to the sample re-
EG0.675 (Fig. 6). Besides the mentioned peak, the rest of
cathodic effects recorded during the first cycle for sample re-
EG1.2 are significantly more intensive then that noted for
sample re-EG0.675 (Fig. 6). Taking into account the assump-
tion that the intensity of cathodic peaks are in coincidence
with the concentration of the surface functionalities, the esti-
mation of oxidation stage of examined samples can be possi-
ble to perform. Basing on the abovementioned assumption, it
can be stated that the oxidation level of re-EG1.2 surface is

Fig. 5 FTIR spectra for original EG and for modified EG

Fig. 6 Cyclic voltammograms for re-EG 0.675 recorded in 0.5 M solu-
tion of KOH. Scan rate 0.1 mV s−1. Potential range −0.95↔ 0.8 V

Fig. 7 Cyclic voltammograms for re-EG1.2 recorded in 0.5 M solution
of KOH. Scan rate 0.1 mV s−1. Potential range −0.95↔ 0.8 V

Fig. 8 Cyclic voltammograms for original EG recorded in 0.1 M phenol
in 0.5 M KOH. Scan rate 0.1 mV s−1. Potential range ER ↔ 0.8 V
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much higher than the surface of re-EG0.675. This conclusion
is consistent with the results gained from the XPS analysis.

Electrochemical oxidation of phenol on modified EG

The CVs depicting the process of electrochemical oxidation of
0.1 M of phenol dissolved in 0.5 M KOH on the electrode
made of original EG are shown in Fig. 8. For the first cycle, a
small prepeak appears at the potential of 0.18 V, whereas at
around 0.38 V, one can observe a huge anodic peak
representing reaction of phenol oxidation. Electrochemical
activity of EG dramatically declines after the first cycle of
the conducted process. For the second cycle, the charge of
anodic peak ascribed to the phenol oxidation is of 42 % lower
as compared to the first cycle (Table 2). The huge decrease in
electrochemical activity is caused by the appearance of an
oligomeric film covering the surface of the electrode [11, 13,
15]. The oligomer layer being the product of incomplete oxi-
dation of phenol hinders an access of electrolyte into the active
surface of EG electrode thus results in inhibition of the con-
ducted process (Table 2).

Figures 9 and 10 present CVs recorded during the electro-
chemical oxidation of phenol on re-exfoliated EG prepared
through the process of re-intercalation of H2SO4 into the EG
performed up to the potential of 0.675 and 1.2 V, respectively.
To emphasize the difference in electrochemical activity dem-
onstrated by the investigated samples during the first cycle of
phenol electrooxidation, the additional comparison of voltam-
mograms is shown in Fig. 11.

As shown in Table 1, the re-exfoliation process has a major
impact on the activity of the EG towards the process of phenol
electrooxidation. For the first cycle, the charge of anodic peak
associated with the phenol oxidation on electrode made of re-
EG0.675 (Fig. 9) is almost 1.8 times higher than that for orig-
inal EG (Fig. 8). For the consecutive cycles of phenol oxida-
tion, the electrochemical activity of re-exfoliated EG is still
considerably higher compared to the starting EG. Taking into
account the fact that the specific surface area of the sample re-
EG0.675 is closed to the BET surface area calculated for the
original EG, it is plausible that the increased concentration of
oxygen functional groups for modified EG is responsible for
the improvement of its electrochemical activity. Surprisingly,
sample re-EG1.2 (Fig. 10) exhibits slightly lower

Table 1 XPS results: surface composition of original EG and modified EG

Spectrum Peak/assignment EG re-EG0.675 re-EG1.2

eV at.% Total content/at.% eV at.% Total content/at.% eV at.% Total content/at.%

O 1s A occluded
CO or CO2

534.7 1.30 3.35 535.5 0.50 4.84 535.5 0.88 4.64

B O–C 533.4 1.16 533.9 1.37 534.1 1.26

C O=C
ester

532.1 0.80 532.6 1.79 533.0 1.42

D O=C
carboxyl

530.4 0.09 531.5 1.18 531.3 1.08

C 1s A π–π* transition 290.7 6.56 96.65 291.3 3.30 95.16 291.2 3.52 95.36
B C=O

carboxyl
289.3 3.89 289.3 3.66

C C=O
carbonyl

287.3 8.27 287.2 8.97 287.3 9.85

D C–O 285.9 20.70 285.6 23.30 285.7 25.85

E C–C 284.6 61.12 284.4 55.70 284.4 52.48

Table 2 Charges of phenol
oxidation peak for original and
modified EG

Sample Anodic peak charge density/As g−1

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycles 1–4

EG Figure 8 516.94 300.23 279.94 254.86 1351.97

re-EG0.675 Figure 9 926.92 414.84 394.01 374.27 2110.04

re-EG1.2 Figure10 852.43 394.41 383.70 368.94 1999.48

2re-EG0.675 733.72 330.80 307.47 267.68 1639.67

2re-EG1.2 833.11 582.33 526.20 463.74 2405.38

3re-EG0.675 638.98 423.55 310.03 260.80 1633.36

3re-EG1.2 911.33 517.95 454.63 417.63 2301.54
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electrochemical activity than this observed for sample re-EG
0.675 (Fig. 9). Charge of phenol oxidation peak is for re-EG 1.2
of around 9 % lower as compared to the sample re-EG 0.675
(Table 2). It should be emphasized that on cycling, the discrep-
ancy in electrochemical activity is less pronounced.

Electrochemical oxidation of phenol on themulti-modified
EG

To acquire information if the re-exfoliation of EG can be rec-
ognized as useful method enabling multiple increasing of EG
activity, the modification operations were two times repeated.
Each modification repetition consists of re-intercalation
followed by the re-exfoliation carried out under previously
applied conditions. The obtained samples were denoted as
2re-EG0.675, 2re-EG1.2 (after the second re-exfoliation)
and 2re-EG0.675, 2re-EG1.2 (after the third re-exfoliation).
The obtained CVs are not presented, whereas the charge den-
sities of phenol oxidation peaks are given in Table 2.

From the data shown in Table 2, it is clear that the electro-
chemical activity of double and triple modified exfoliated
graphite is still considerably higher compared to the starting
material. However, the level as well as the stability of electro-
chemical activity of the multi-modified EG depends on the
upper potential applied during the re-intercalation process.
For the first cycle, the charge densities associated with the peak
of phenol oxidation for all modified samples dominate over the
charge density calculated for original EG. It is worth to note that
the described difference in charge density is markedly reduced
on cycling. Such tendency can be observed for the sample
which was modified through the process of re-intercalation
performed up to the potential of 0.675 V. The charges calculat-
ed for the forth cycle for samples 2re-EG0.675 and 3re-
EG0.675 are very closed to this for original EG. On the other
hand, the charges for samples prepared by the re-intercalation
occurred up to the potential of 1.2 V (2re-EG1.2 and 3re-
EG1.2) are still significantly higher compared to the starting
material. By comparing the charge densities of the phenol ox-
idation peak for EG after the single re-exfoliation (re-EG0.675
and re-EG1.2) with that noted after the second (2re-EG0.675
and 2re-EG1.2) and third (3re-EG0.675 and 3re-EG1.2) re-
exfoliation processes, it is seen that the repetition of the modi-
fication has a different influence on the electrochemical activity
of both types of EG electrodes. In the case of EG prepared by
the re-intercalation performed up to the potential 0.675 V, the
electrochemical activity decreased with numbers of re-
exfoliation cycles, whereas the regarded activity for the samples
synthesized through the re-intercalation up to 1.2 V insignifi-
cantly increased. It should be emphasized that there is no line-
arity in the abovementioned increase in peak charges. The scale
of activity improvement strongly depends on the numbers of
modification repetitions as well as on the cycle of phenol
electrooxidation. Such a discrepancy in stability of electro-
chemical properties demonstrated by the multiple modified
EG during the process of phenol electrooxidation likely is

Fig. 9 Cyclic voltammograms for sample re-EG0.675 recorded in 0.1 M
phenol in 0.5 MKOH. Scan rate 0.1 mV s−1. Potential range: ER↔ 0.8 V

Fig. 10 Cyclic voltammograms for sample re-EG1.2 recorded in 0.1 M
phenol in 0.5 M KOH. Scan rate 0.1 mV s−1. Potential range ER ↔ 0.8 V

Fig. 11 The comparison of voltammograms for original EG, re-EG0.675
and EG1.2 recorded during the first cycle in 0.1 M phenol in 0.5 M KOH
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related with the invasive character of re-intercalation and re-
exfoliation processes. It can be assumed that due to the repeti-
tive intercalation of sulfuric acid into the EG and subsequent
thermal exfoliation, graphitic structure can be partially dam-
aged influencing on reduction of not only its electrochemical
but also its mechanical stability.

Conclusions

The obtained results indicate that the two-step modification of
exfoliated graphite (EG) composed of its electrochemical oxi-
dation in concentrated H2SO4 followed by the heat treatment in
air leads to the formation of re-exfoliated EG. Electrochemical
activity of EG towards the process of phenol electrooxidation
has been considerably improved due to its two-step modifica-
tion. Current charges associated with the phenol oxidation peak
are for re-exfoliated EG of about twice higher as compared to
the starting EG. The results of XPS and FTIR analysis indicate
that the observed improvement of electrochemical activity is
caused by the changes in chemical composition of EG surface.
During the aimed modification, the formation of surface oxy-
gen functionalities containing C–O as well as C=O bonds oc-
curs. The O/C atomic ratio, indicating the degree of surface
oxidation, calculated from the XPS spectra for modified EG
is significantly higher as compared to the original EG. The
oxidation level of the re-exfoliated EG depends on the upper
potential applied during the of re-intercalation process. It was
assumed that anodic oxidation of EG in 18 M H2SO4 per-
formed up to the potential 1.2 V leads to the overoxidation of
EG. In consequence, the amount of C–O and C=O bonds in-
creased. Moreover, the SEM observation and BET surface cal-
culation for re-exfoliated EG have revealed that the re-
exfoliation process induced some morphological changes as
well as modification of EG structure. The latter effect is illus-
trated by the 10 % developing of its BET surface area. The
repetitions of the re-intercalation and re-exfoliation processes
result only insignificant improvement of EG electrochemical
activity for the sample prepared by re-intercalation performed
up to the potential 1.2 V.
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