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a b s t r a c t

The presented paper deals with the cyclic electrochemical oxidation of phenol occurring in alkaline solu-
tion on the electrode made of expanded graphite (EG). Passive oligomer layer produced on the electrode
surface during the first cycle of phenol oxidation brings about a dramatic decrease in electrochemical
activity of the EG anode in the subsequent cycles. It was shown that electrode spent during three cycles

◦

eywords:
henol electrooxidation
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arbon–carbon composite
hermal regeneration
hermal analysis

of phenol oxidation could be thermally regenerated at 400 C to such an extent that its original electroac-
tivity is significantly exceeded. The time of heat treatment exerts a strong influence on the properties of
regenerated graphite. The increase in electrochemical activity of expanded graphite electrode after the
regeneration process is attributed to enhanced activity of carbon–carbon composite formed due to car-
bonization of oligomer film covering the surface of exhausted graphite. The physicochemical features of
the oligomer/EG composite were studied using electrochemical technique, scanning electron microscopy,

hotoe
-ray photoelectron spectroscopy thermal analysis, X-ray p

. Introduction

Electrochemical oxidation of phenol seems to be effective and
ttractive method from the economical point of view of removal of
henolic compounds from waste water [1,2]. The decrease in the
eaction efficiency of phenol oxidation with time is a key disad-
antage of all electrochemical methods reported in the literature
1–14]. For this reason, after some time of reaction the exhausted

aterial (adsorbents, electrodes) must be replaced for new one. It
s obvious that in the case of periodic process the restoration of
he original activity for spent material is cheaper than the use of
fresh one. Because of this, much effort is made to find out new
aterials and methods enabling multiple use of material in phe-

ol oxidation. The main drawback of electrooxidation of phenol is
n inactivation of electrode material by passive layer composed of
olymer products of phenol oxidation. The problem of the elec-
rode inactivation has been reported for many types of electrodes,
.g., platinum [3–5], platinum/gold [6], carbon fiber [7], glassy car-
on [8] and nickel modified glassy carbon electrode [9]. Using the
ethod of cyclic voltammetry the authors of papers [3–9] have
bserved a dramatic decrease in electrochemical activity after the
rst oxidation run. This phenomenon has also been observed by us

or exfoliated graphite (EG) based electrode [12–14]. From the above
he conclusion can be drawn that there are two parallel targets

∗ Corresponding author. Tel.: +48 61 665 3641; fax: +48 61 665 2571.
E-mail address: jan.skowronski@put.poznan.pl (J.M. Skowroński).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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lectron spectroscopy (XPS) and BET measurements.
© 2009 Elsevier B.V. All rights reserved.

in electrooxidation of phenol: searching for a new anode material
representing both a high oxidative activity and resistance against
inactivation for a long time as well as attempting to find an easy
method for regeneration of exhausted electrode material allowing
the reduction of the process costs.

When graphite intercalation compound (GIC), in which interca-
late is inserted between the carbon layers of graphite, is exposed to
heat, an abrupt evaporation or decomposition of intercalate occurs
simultaneously even in a hundred times expansion of graphite
along the c-axis. The material generated in this way is named
expanded graphite (EG) [15–17]. As compared to the host graphite,
EG is characterized by much more developed surface area, higher
adsorption capability, a higher resistance against the heat and flame
and a low density. These properties of EG made possible its appli-
cation as sorbents of heavy oils and other heavy hydrocarbons from
waste water [18,19], high temperature gaskets, seals, packings, fire
extinguisher agents, thermal insulators and composite filler [15].

Most of papers reporting carbon materials deal with removal of
phenol with active carbons (ACs), which, in general, indicate a high
adsorptive capability [20–27]. The release of phenol from porous
structure of ACs is preferably performed using thermal methods
[20–23,25,27]. During the heat treatment of carbon material, on
increasing temperature a removal of adsorbed organic compounds

proceeds effectively according to the following steps: evaporation
of water, thermal desorption of volatile compounds, pyrolysis and
the formation of carbon char (carbonization).

In the present work we report on the thermal enhancement of
electrochemical activity of expanded graphite, previously coated

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:jan.skowronski@put.poznan.pl
dx.doi.org/10.1016/j.cej.2009.05.009
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y oligomer products of phenol electrooxidation. The removal of
henol from alkaline solution is realized on electrochemical way,
hereas thermal treatment is applied to regenerate EG coated by

ligomer product of phenol oxidation. Thermal conversion of such
n oligomer film into carbon/carbon composite (C/C composite)
lectrode, of activity significantly exceeding that of the original
G electrode, is shown for the first time. The criterion of electro-
hemical activity of EG electrode is the anodic charge associated
ith phenol oxidation. In such a way the usefulness of electrode

or removal of phenol from waste water can be preliminarily esti-
ated [6,8]. Electrooxidation of phenol is carried out in alkaline

olution using cyclic voltammetry technique. Electrochemical mea-
urements were complemented by SEM, XPS, TG and DTA analyses.

. Experimental

.1. Preparation of expanded graphite

Expanded graphite used as the electrode material was prepared

y thermal decomposition of graphite intercalation compound with
ulphuric acid (H2SO4–GIC) at 800 ◦C for 5 min. A scanning elec-
ron micrographs of expanded graphite and thermally modified
xhausted EG are presented in Fig. 1. H2SO4–GIC was prepared by
nodic oxidation of graphite in 18 M H2SO4, according to the proce-

Fig. 1. SEM micrographs recorded for original EG (a and b),
ineering Journal 152 (2009) 464–470 465

dure described earlier [28]. The synthesized H2SO4–GIC was rinsed
with water and subjected to decomposition. The specific surface
area and average pore diameter of expanded graphite (before and
after electrochemical and thermal treatments) were determined
from the isotherms obtained by N2 adsorption at 77 K. The attained
data are given in Table 1.

2.2. Preparation of electrode and electrochemical measurements

The cyclic voltammetry measurements with a scan rate
0.1 mV s−1 were performed in the potential range from the rest
potential of electrode (ER) to 0.8 V using 0.5 M aqueous solution
of KOH containing 0.1 M phenol. Similar to experiments reported
in [3–6], a relatively high concentration of phenol was used to
avoid the influence of the change in phenol concentration at the
electrode/electrolyte interface on the kinetics of electrochemical
process upon cycling. Because preliminary experiments showed
that for a chosen concentration of phenol stirring the solution had
no effect on the character of voltammograms recorded during three

cycles, further measurements were performed in stationary elec-
trolyte. After starting the measurements, the potential was swept
from ER in the positive direction. All the potentials on the presented
voltammograms are referred to the Hg/HgO/0.5 M KOH electrode.
In each case the mass of working electrode was equal to 30 mg.

exhausted EG after regeneration at 400 ◦C for 3 h (c).
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Table 1
Specific surface area and average pore diameter of investigated samples.

Original EG EG after 1 cycle of Exhausted EG after
regeneration at 400 ◦C for 2 h

Exhausted EG after
regeneration at 400 ◦C for 3 h

S 21.8 20.4
A 10.4 11.7
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The process of phenol electrooxidation on EG electrodes starts
from the transformation of phenol ions into phenoxy radicals. Dur-
ing the subsequent oxidation phenoxy radicals can be transformed
into the quinonic compounds, such as hydroquinone and benzo-
phenol oxidation

urface area (m2 g−1) 30.9 7.5
verage pore diameter (nm) 9.0 9.2

he powder type working electrodes were prepared according to
he following procedure. Expanded graphite was placed in a pocket

ade of porous polymer material, in which graphite rod (5 mm
n diameter), playing a role of current collector, was beforehand
nserted. A similar graphite rod was used as a counter electrode.
he reference Hg/HgO/0.5 M KOH electrode was connected to the
olution under investigation by a Luggin capillary. Before start-
ng measurements the working electrode was equilibrated at an
pened circuit for 1 h. After the electrochemical process of phenol
xidation, EG sample was taken out from the electrolytic cell and
insed with distilled water and air-dried. Electrochemical measure-

ents were performed using AUTOLAB potentiostat–galvanostat
model PGSTAT 30). Phenol used as reagent was purchased from
ACHEMA (puriss. >99.5 wt.%).

.3. Thermal regeneration

Thermal regeneration of exhausted EG was carried out in muffle
urnace at temperature 400 ◦C in air. The process of regeneration
tarted after EG was inserted into cold furnace and sample was kept
t a chosen temperature for 2 and 3 h.

.4. XPS and TG analysis

The changes in the chemical composition of the regenerated
raphite surface were determined with an X-ray photoelectron
pectroscopy (XPS) (ESCALAB 210 spectrometer; VG Scientific,
ast Grinstead, UK) using a non-monochromatized Al K� radi-
tion (1486.6 eV). The attained XPS spectra were analyzed
y performing Shirley-type background subtraction and using
aussian–Lorentzian mix function of 70:30% ratio. The binding
nergy scale was corrected by referring to the graphitic peak at
84.5 eV.

Thermogravimetric analysis (TG) and differential thermal anal-
sis (DTA) were done in air at a rate of 5 ◦C min−1 using a Setaram
GA 92 apparatus.

. Results and discussion

.1. Electrochemical oxidation of phenol on original EG

Fig. 2 presents cyclic voltammograms recorded in 0.1 M solu-
ion of phenol in 0.5 M KOH for the original EG. A large anodic
eak corresponding to phenol oxidation is observed at the poten-
ial around 0.43 V for the first cycle. As seen from this figure, anodic
harge decreases steeply after the first oxidation cycle. This feature
as been related to the loss of electrochemical activity due to the

ormation of thin layer of passive oligomer film on the EG surface
uring the first oxidation cycle [10] (anodic charges measured dur-

ng electrochemical phenol oxidation are given in Fig. 3). Such an
xplanation is consistent with the fact that no reduction peak is
ecorded after the polarization direction is reversed. It is known
hat one of the possible pathway of phenol electrooxidation can

roceeds according to the formation of passive polymer products,
hich makes electrode inactive [3–10]. The evidence for the forma-

ion of passive layer on the EG particles is given in Table 1, where a
our-fold decrease in BET surface area is shown for EG after one cycle
f phenol oxidation. An average pore diameter changed insignifi-
Fig. 2. Cyclic voltammograms recorded in 0.1 M phenol in 0.5 M KOH for original EG.
Potential range: ER ↔ 0.8 V, ER = −0.64 mV, scan rate: 0.1 mV s−1.

cantly. It suggests that the oligomer film almost tightly coating the
EG surface is itself porous. However, the volume of pores of this film
contributing to the BET surface is considerably lower than that of
the original EG. The presence of non-conductive layer on EG sur-
face, responsible for a decrease in BET surface area, accounts for
the worsening of electrochemical activity in the second cycle. On
the other hand, the increase in BET surface area after the regener-
ation of exhausted EG to values not attaining that for the original
EG might be elucidated in terms of closing micro- and mesopores
in graphite flakes by oligomer layer.
Fig. 3. Comparison of anodic charges recorded during electrochemical phenol oxi-
dation for original and modified EG anodes. Original EG (1), Exhausted EG after
regeneration at 400 ◦C for 2 h (2), Exhausted EG after regeneration at 400 ◦C for 3 h
(3).
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uinone, followed by the further oxidation to carboxylic acids and
nally to CO2 and water. As an alternative route, phenoxy radicals
ndergo coupling reactions which initiate the process of polymer-

zation. The regarded process has a multi-step character, and results
n the formation of a variety of compounds of different structures.
epending on the type and number of substitutes in aromatic ring
f phenol molecule, among the possible products of the phenoxy
adicals coupling reactions can considered polymer radicals, ether
nd quinine-like oligomeric compounds, polyphenol derivatives.
he particular description of the mechanisms of oligomer forma-
ion during the phenol or/and its derivatives electrooxidation are
eported in the literature [4,29].

A considerable decrease of anodic peak at 0.43 V during the for-
ard scanning and the growth of anodic current at potentials higher

han 0.55 V during the backward scanning, both noted in the second
nd third cycle (see Fig. 2), allow us to assume that electrochemical
roperties of EG are markedly altered after the first cycle of phenol
xidation. The current loop formed over 0.55 V may be attributed
o the consecutive reactions of phenol oxidation as well as to the
xidation reaction of oligomer products formed on the EG surface
uring the first cycle of phenol oxidation. The latter presumption is
orroborated by the fact that the charges recorded in the potential
ange of the loop are considerably higher for the second and third
ycle as compared to that noted for the first cycle.

.2. Electrochemical oxidation of phenol on regenerated EG

The presence of inactive oligomer film on the surface of graphite
lectrode, bringing about an abrupt decrease in electrochemical
ctivity in subsequent steps of phenol oxidation, implied the need
or the regeneration of exhausted electrode.

.2.1. Electrochemical oxidation of phenol on EG regenerated at
00 ◦C for 2 h

Fig. 4 shows cyclic voltammograms recorded in the phenol-
ontaining electrolyte for EG regenerated at 400 ◦C for 2 h. Before
hermal regeneration the EG anode was subjected to three cycles
n the process of phenol oxidation (ER ↔ 0.8 V). From comparison
f CV curves presented in Figs. 2 and 4 one can see that the kinet-
cs of phenol oxidation changes significantly after the regeneration
f exhausted electrode. Thermally treated graphite exhibits higher
lectrochemical activity than as compared to the original graphite.
nodic charge calculated for the first cycle of phenol oxidation on

egenerated electrode is about 32% higher than that for the orig-

ig. 4. Cyclic voltammograms recorded in 0.1 M phenol in 0.5 M KOH for exhausted
G after regeneration at 400 ◦C for 2 h. Potential range: ER ↔ 0.8 V, ER = −0.51 mV,
can rate 0.1 mV s−1.
ineering Journal 152 (2009) 464–470 467

inal EG (see Fig. 3). The enhancement of electrochemical activity
after the process of regeneration is also observed for the subse-
quent cycles. The peak charge for the third cycle of regenerated
sample significantly exceeds the charge calculated for the second
cycle of the original EG. Moreover, the current loop in the potential
range 0.55–0.8 V still observed for the third cycle of the original EG
(see Fig. 2), disappears completely for regenerated EG (Fig. 4). This
observation indicates that during heat treatment of EG/oligomer
composite at 400 ◦C for 2 h the decomposition of oligomer film
occurs with simultaneous chemical as well as physical modification
of the EG surface. It is likely that such a modification results in the
changes in both porosity and chemical composition due to simulta-
neous oxidation of exfoliated graphite substrate and the formation
of carbon film onto the EG surface during carbonization of oligomer
film. This assumption agrees with the results of thermal analysis. As
can be seen from thermogravimetry (TG) and differential thermal
analysis (DTA), expanded graphite is thermally resistant in air up to
650 ◦C where its burning-up starts to give a large exothermic peak
at 780 ◦C (Fig. 5a). For expanded graphite coated by the product of
phenol oxidation three exothermic peaks at 297, 384 and 460 ◦C are
noted on DTA curve in the temperature range 20–500 ◦C, whereas
burning-up starts at about 530 ◦C (Fig. 5b). These effects, coincident
with three slopes of the weight loss on TG curve, are indicative of
a three-step decomposition/carbonization process of EG/oligomer
composite. The reaction of thermal decomposition/oxidation of EG
coated with the products of anodic oxidation of phenol suggests
that the oligomer coating is composed of multiple layer of different
thermal stability (Fig. 5b). It seems plausible that the thin oligomer
film produced at lower potentials directly onto the graphite sur-
face (a small anodic peak noted at about 0.25 V on CV curve; Fig. 2)
differs in the chemical and porous structure from the outer one
formed at higher potentials onto the inner oligomer substrate. The
outer layer protecting the inner one against oxidative action of air
during the TG/DTA measurements is formed at higher potentials
(a large anodic peak with the maximum about 0.45 V in Fig. 2).
The larger peak can be attributed to a thicker layer. Based on such
an assumption it is likely that a higher exothermic peak recorded
at 297 ◦C on the DTA curve arises form the oxidation of the outer
layer with a high porosity due to the effect of overoxidation occur-
ring at potentials higher than 0.55 V, whereas a smaller exothermic
peak observed at higher temperature (460 ◦C) corresponds to the
oxidation of the inner oligomer film firmly attached to the EG sur-
face. At this stage of investigation the origin of a trace exotherm
at 384 ◦C is difficult for explanation, but the contribution of inter-
mediate products of phenol oxidation encapsulated in the oligomer
matrix is worthy of considering in the future. When the oxidation of
the inner oligomer film occurs the EG surface is locally burnt result-
ing in the development of porosity, especially at the edge regions of
the EG fakes. The EG surface with a high porosity may resemble that
of activated carbons. In consequence, the susceptibility to burning
increases. Accordingly, the main exothermic peak related to burn-
ing the EG/oligomer composite is shifted over 180 ◦C towards lower
temperature as compared to that for the original EG. Based on the
TG and DTA data it is reasonable to point out that carbon prod-
uct deposited onto the EG surface undergoes subsequent oxidation
upon treatment in air atmosphere. The regeneration temperature
of 400 ◦C is justified by these results and is in agreement with data
reported elsewhere for activated carbons covered with adsorbed
phenolic compounds [20,23,24,26].

3.2.2. Electrochemical oxidation of phenol on EG regenerated at

400 ◦C for 3 h

To reveal the influence of the regeneration time on the enhance-
ment of electrochemical activity of regenerated EG towards phenol
oxidation, the operation time was expanded from 2 to 3 h. Fig. 6
shows cyclic voltammograms recorded in phenol containing elec-
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ig. 5. TG and DTA curves recorded for original EG (a), original EG coated by the pr
tmosphere, heating rate: 5 ◦C min−1.

rolyte for EG regenerated for 3 h. From comparison of Figs. 4 and 6
t is clear that the anodic charge associated with phenol oxidation
ncreases considerably as the regeneration time is 1 h prolonged.
or the first cycle of phenol oxidation, anodic charge of exhausted
G after heat treatment for 3 h becomes 68% higher than that for
he original EG and is about 28% higher than that for the EG regen-
rated during 2 h (see Fig. 3). The improvement of electrochemical
ctivity of graphite electrode regenerated for 3 h is also noted for
he subsequent cycles. The anodic charge measured for the second
ycle of EG regenerated for 3 h is significantly higher than that for
he respective cycle of sample regenerated for 2 h, and also exceeds
he charge for the first cycle of the original graphite. Moreover, elec-
rochemical activity measured in the third cycle for EG regenerated
or 3 h is nearly equal to that estimated for the first cycle of the
riginal EG. This result proves that the EG electrode obtained after
h of regeneration is attractive material from the point of view of
long-term electrooxidation of phenol.

The increase in electrochemical activity of expanded graphite
lectrode attained for a longer time of regeneration may be
ttributed to enhanced activity of C/C composite formed due to

he process of carbonization of oligomer film coating the surface
f exhausted graphite. The above suggestion is supported by SEM
icrographs recorded for EG before and after the regeneration for
h (Fig. 1b and c). Under a high magnification it was possible to
bserve that a very smooth surface of the original graphite (Fig. 1b)

ig. 6. Cyclic voltammograms recorded in 0.1 M phenol in 0.5 M KOH for exhausted
G after regeneration at 400 ◦C for 3 h. Potential range: ER ↔ 0.8 V, ER = −0.25 mV,
can rate 0.1 mV s−1.
of phenol oxidation during 3 cycles (b). Sample weight: (a) 3.2 mg, (b) 4.2 mg. Air

changed to a spotted-surface of the regenerated graphite. This effect
may be related to porous carbon layer existing on the expanded
graphite substrate. It is reasonable to assume that during the pro-
cess of regeneration, starting at a room temperature, oligomer layer
undergoes the first exothermic conversion, accompanied by weight
loss, at about 300 ◦C. After furnace attains 400 ◦C further weight
loss of carbonized product takes place due to its reaction with air.
It seems likely that during a rapid rise of temperature in the first
stage of the process, a thin layer of oligomer present on basal planes
of flakes is torn followed by its coalescence into carbonized beads
of different size. They cover a dusty-like surface of graphite flakes,
whereas the flake edges grow thicker due to more oligomer there
deposited. It is worthy of noting that after three cycles of phenol
oxidation the weight increase of 58.2%, resulting from the produced
oligomer film on the EG electrode, was estimated. During the subse-
quent heat treatment of EG/oligomer composite in air at 400 ◦C, its
weight decreased due to carbonization of oligomer and after 3 h of
regeneration the weight loss was equal to 31.9%. In consequence, the
resulting weight of the product was 7.7% higher as compared to that
of the starting sample of exfoliated graphite, and this number can be
related to carbon layer coating EG substrate. The existence of pas-
sive layer onto exhausted EG, which undergoes transformation to
carbon coating, is confirmed by TG curves displayed in Fig. 5. In con-
trast to negligible weight loss of the original EG (Fig. 5a), the weight
loss of EG coated by the product of phenol oxidation equals 11.9%,
when measured in dynamic conditions in the temperature range
20–400 ◦C (Fig. 5b). According to the afore-proposed mechanism of
regeneration, during carbonization of EG/oligomer, the EG surface is
coated by porous carbon film with many cracks through which the
EG surface is disclosed. Due to carbonization of the EG/oligomer, the
EG surface is coated by porous carbon film of developed surface area
and increased average pore diameter resulting from oxidative treat-
ment increased. It might explain why surface area of C/C composite
is distinctly higher than that of exhausted EG, but not as high as that
of the original EG (Table 1). In the light of this, an enhanced activ-
ity of C/C composite produced owing to the regeneration process
may be attributed to both the structural and chemical properties
of carbon film and disclosed surface of graphite substrate. At this
point it is reasonable to note that an average pore diameter, grow-
ing up significantly after regenerating exhausted EG, can make the
transport of phenol molecules to active sites easier (see Table 1).
3.3. XPS measurements

In order to estimate the contribution of carbonized oligomer
film to the improvement of electrochemical activity of regener-
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Fig. 7. XPS O 1s spectra for original EG (a), O 1s spectra for regenerate

ted EG, the XPS measurements for the original and regenerated
G sample were performed Fig. 7(a and b) presents deconvoluted
pectra of O1s, whereas Fig. 7(c and d) displays deconvoluted spec-
ra of C1s. The comparison of spectra C1s and O1s recorded for
riginal EG and for regenerated EG/oligomer gives evidence of
ualitative differences in the surface composition. The most pro-
ounced difference from the point of view of enhancement of
lectrochemical activity is related to the surface oxygen concen-
ration. Total oxygen content for regenerated sample (5.02 at.%) is
ver twice higher as compared to the original graphite (2.28 at.%).
ased on the O1s/C1s atomic ratio calculated from the decon-
oluted XPS spectra of both investigated samples, which can be
pplied to estimate the degree of oxidation, it can be pointed out
hat EG/C composite displays considerably higher degree of sur-
ace oxidation. The O1s/C1s atomic ratio for the EG/C sample was
etermined to be 0.055, whereas for the original EG was amounted
.024.

The O1s spectrum for heat treated EG/oligomer shows that oxy-
en atoms are bounded with carbon in two different forms, i.e., C O
nd C–O, which correspond to peak at binding energies of 532.7 eV
peak A) and 534.3 eV (peak B), respectively (Fig. 7b) [30,31]. It
hould be noted that the former bond is dominant. The O1s spec-
rum of the original EG (Fig. 7a) comprises three peaks at 532.0 eV
peak A), 533.4 eV (peak B) and 534.8 eV (peak C), which are prob-
bly associated with oxygen representing C O, C–O species and
dsorbed water, respectively [30–33]. The discrepancy in binding
nergies between the composite EG/C and pristine EG may sug-

ests that O atoms attached to C atoms represent different oxygen
ontaining functional groups.

Comparative analysis of C1s spectra recorded for the original EG
nd regenerated EG/oligomer provides additional information on
hemical nature of the investigated surfaces. Generally, the signals
b), C 1s spectra for original EG (c), C 1s spectra for regenerated EG (d).

in both deconvoluted C1s spectra could be divided onto two differ-
ent parts. One of them represents C atoms pertaining to the graphite
skeleton, i.e., graphitic peak at 284.5 eV (peak A) and the satellite at
290.9 eV (peak E), assigned to the � electrons delocalized within the
aromatic structure of carbon [30–33]. The former effect is observed
on both considered C1s spectra, whereas the latter signal appears
only in the spectrum for the original EG. The second part of consid-
ered C1s spectra, with exception of binding energy peak at 283.5
and 282.8 eV (peaks B), corresponds to carbon atoms bounded with
oxygen atoms representing surface functional groups. It is worth to
note that in comparison with the original graphite, the C1s spec-
trum for regenerated EG/oligomer (Fig. 7d) consists of two new
signals with binding energies of 287.5 eV (peak F) and 289.4 eV
(peak G). These binding energy peaks can be identified as car-
bonyl and carboxylic or ester groups, respectively [30–32,34]. It
cannot be excluded that the latter functionalities, especially car-
bonyl groups, are also present in the XPS spectrum for the original
EG but at binding energy of 288.5 eV [34]. Another two pairs of
peaks 286.3–286.4 eV (peaks C) and 285.0–285.5 eV (peaks B) of
C–O species pertaining to the different functional groups, i.e., ether,
alcohol, phenolic, metoxy, are common for both investigated sam-
ples [30–36].

Significantly lower concentration of graphitic carbon
(55.36 at.%) for heat treated sample, as compared to the origi-
nal EG (63.01 at.%), as well as the lack of signal arising from the
� electrons in the aromatic structure associated with markedly
higher contents of C ascribed to the functional groups (36.2 and

31.5 at.%), suggest that the regenerated EG is coated with the layer
of non-graphitic carbon material. The above assumption leads to
the conclusion that during heat treatment of EG/oligomer, simulta-
neously with the carbonization of oligomer, the formation process
of oxygen functional group occurs, which probably accounts for the
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mprovement of electrochemical activity in the process of phenol
xidation.

. Conclusions

Because oligomer products formed onto the electrode surface
uring the process of phenol oxidation in alkaline solution resulted

n the decrease in electrochemical activity of electrode, the regen-
ration of electrode material was performed in this work. Using the
oltammetric method it was shown that graphite electrode spent
uring three cycles of phenol oxidation can be thermally regener-
ted to such an extent that its original electroactivity is significantly
xceeded owing to the formation of a new material: carbon/carbon
omposite composed of EG substrate and the surface carbon film.
he SEM analysis suggesting the formation of such a composite
as supported by the results of XPS measurements. Compared to

he original EG, the C1 s spectrum for heat treated EG/oligomer
isplayed lower content of the surface graphitic carbon with simul-
aneous increase of carbon atoms representing functional groups.
his comparison allows the evidence of the existence of non-
raphitic carbon layer on the surface of regenerated EG. On the
ther hand, an enrichment of the surface of regenerated compos-

te material with surface oxygen group was proven by O1s spectra.
aking this into account, the surface oxygen functional groups may
e recognized as a main factor responsible for the improvement of
lectrochemical activity of a new C/C composite material in the pro-
ess of phenol electrooxidation. The time of heat treatment exerts
strong influence on the properties of regenerated graphite. The

ighest electrochemical activity was noted after the regeneration
rocess carried out for 3 h. In this case, the regeneration efficiencies
f 168% and 193% were reached for the first cycle and the total three
ycles of phenol oxidation, respectively.
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