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ABSTRACT

A simple method with low-cost chemical reagents ethanol and hydrazine hydrate was used to mod-
ify graphite felt as the cathode for electro-Fenton (EF) application, using p-nitrophenol (p-Np) as the
model pollutant. Characterized by scanning electron microscope, contact angle, Raman spectrum and
X-ray photoelectron spectroscopy, the morphology and surface physicochemical properties after mod-
ification were observed considerably changed. After modification, some nanoparticles and oxygen and
nitrogen-containing functional groups appeared on the cathode surface, which greatly improved the sur-
face hydrophilic property and the electrocatalytic activity for oxygen reduction reaction. The effects led
to the hydrogen peroxide accumulation on the modified cathode markedly increased to 175.8 mgL-1,
while that on the unmodified one was only 67.5 mgL-!. p-Np of initial 50mgL-! could be completely
removed by EF using the modified cathode, and the mineralization ratio reached 51.4%, more than 2 times
of the pristine one. After 10 cycles, the mineralization ratio of the modified cathode was still above 45%,
suggesting that the modification method can provide an effective approach to improve EF performance,
and thus benefits to promote its environmental applications.

1. Introduction

H, 0, concentration, thus an ideal cathode with high production of
H,0, is vital and becomes one major concern in this area.

As an environmentally friendly electrochemical technology,
electro-Fenton (EF) process is a promising and efficient method
for degradation of refractory pollutants in aquatic environment
[1,2]. Due to the continuous in-situ electrochemical generation of
hydrogen peroxide from oxygen reduction reaction (ORR) (eq.1),

0y +2H* +2¢” - Hy0, 1)

This process can eliminate the limits of acquisition, shipment
and storage of H,0,, and further produces powerful oxidant -OH
with the addition of iron catalyst (eq. 2),

H,0, + Fe?t — Fe3* +.OH + OH™ (2)

Theoretically the performance of the effective destruction of
pollutants in EF system is substantially dependent on the generated
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Carbonaceous materials are the most widely used cathodes
account for the merits such as no toxicity, good stability, conduc-
tivity and chemical resistance [1]. Till now, graphite [3], reticulated
vitreous carbon [4], activate carbon fiber [5], carbon sponge 6], car-
bon/graphite felt [7,8] and carbon/PTFE composite electrode [9,10]
have been reported in EF system. Among all these materials, car-
bon/graphite felt has outstanding advantages such as high specific
surface area, good mechanical integrity, commercial availability
and efficient cathodic regeneration of Fe2* (eq. 3) [8,11], which
make it an attractive cathode material for EF process.

Fe3t 4 e — Fe?t (3)

To further improve the electrocatalytic activity of these carbona-
ceous materials, various attempts such as plasma pretreatment
have been made for a more efficient H,0, production [12-15]. The
surface area, surface functional groups and degree of graphitization
vary with the different modified processes. Chemical modification
is an efficient way to improve the electrochemical activity of car-
bonaceous electrodes by changing their surface physicochemical



and catalytic properties [16]. Previous literatures indicated that
the oxygen-containing functional groups could induce a higher
electrical conductivity and electrocatalytic activity by improv-
ing the hydrophilicity of the carbon surface [13,17,18]. And in
nitrogen doped carbons, the strong electron donor behavior of
N could improve the electron transfer rate of the carbons dur-
ing electrocatalysis and the ORR activity [14,19,20]. Therefore,
the introduction of the oxygen- or nitrogen-containing functional
groups into carbonaceous materials would be an efficient way to
promote the cathodic reduction of H,0,, and thus improve the
electrochemical performance of EF system. In our previous work,
a simple and efficient chemical modification method with low-
cost chemical reagents ethanol and hydrazine was firstly used to
modify graphite felt, and after parameters optimization the yield
of Hy0, could be significantly increased by 160% compared with
the unmodified one [21].

The objective of this work was to further validate its feasibility
in activity and stability, and more importantly, to disclose why the
electrochemical activity could be greatly improved by observation
the changes on physicochemical and electrochemical surface prop-
erties. The performance of the modified electrodes was evaluated
by the H,0, production and the degradation efficiency of organic
pollutant in EF system, using p-nitrophenol (p-Np) as the model
target. To further enlighten the possible modification mechanism
for cathode material, the morphology and surface physicochemi-
cal properties were characterized by scanning electron microscope
(SEM), contact angle, Raman spectrum and X-ray photoelectron
spectroscopy (XPS), and the electrochemical responses toward ORR
were measured by cyclic voltammetry.

2. Experimental
2.1. Chemical modification of cathode

All chemicals used were analytical grade and used without
further purification, except as noted in this study. The commer-
cial graphite felt (Shanghai Qijie Carbon Material Co., LTD) with a
specific surface area of about 0.6 m? g~! was degreased in an ultra-
sonic bath with acetone and deionized water in sequence, dried
at 80°C for 24h, and then heated at 150°C for 2h. These pre-
treated materials were marked as CF. The pretreated graphite felts
were separately immersed in 100 mL reagent solution: (A) abso-
lute ethanol (CoHsOH), or (B) a mixture composed of ethanol and
hydrazine hydrate (N,H4-H,0) with the volume ratio of 90/10, and
after refluxing at 60°C for 6h in a water bath, the graphite felts
were heated in the enclosed glass dish at 150°C for 2 h, respec-
tively. These modified samples were marked as CF-A and CF-B,
respectively.

2.2. Electrode characterization

For a morphology characterization of graphite felt cathode, a
field-emission scanning electron microscopy (FE-SEM, LEO1530VP)
was used. The contact angle of water on the material surface was
examined by a contact angle meter (OCA15, Dataphysics). The
surface elemental composition of the as-prepared samples was
determined by XPS (Perkin-Elmer, a RBD upgraded PHI-5000C
ESCA system, Physical Electronics, USA) with Mg Ka radiation
(hv=1253.6eV). Binding energies were calibrated by using the
containment carbon (C1s=284.8 eV). The Raman spectrum of the
samples was recorded by Raman microscope system (Renishaw,
System 2000) with Ar ion laser (A =514 nm), and the diameter of
the laser spot on the sample surface was 1 wm for the fully focused
laser beam. Electrochemical measurements were carried out with a
CHI660D electrochemical workstation (CH Instruments, Chenhua,

Shanghai, China) in a three-electrode cell system at a scan rate of
10 mV-s~—! at ambient temperature, using the prepared cathode
(5cm x 2cm x 0.5cm) as the working electrode, a platinum wire
as counter electrode and a saturated calomel electrode (SCE) as the
reference electrode.

2.3. Electrochemical generation of H,05

The H,0, electro-generation experiments were performed in
a 0.13 L undivided three-electrode cell using CHI660D electro-
chemical workstation as stated above. The distance between the
working electrode and counter electrode was 3.5 cm. Prior to the
electrolysis, oxygen (96% purity) was bubbled through a small aer-
ator near the cathode in the 0.05M Na,S04 aqueous solutions for
10min, and then oxygen bubbled at a constant flow rate of 0.4
L min~! was reduced at a desired potential of -0.65V (vs. SCE)
on the working electrode for 120 min, with a constant magnetic
stirring of 300 rpm. The electro-generated concentration of H,0,
was monitored by UV-vis spectrophotometer (UV759, Shanghai
instrument analysis instrument Co., LTD) using the potassium tita-
nium (IV) oxalate method [21]. The current efficiency (CE) of H,0,
production, defined as the ratio of the electricity consumed by
the electrode reaction of interest over the total electricity passed
through the circuit, was calculated by eq. 4 [22]:

nFCHZOZV
B

/ 1de

0

CE x 100% (4)

Where n is the number of electrons transferred for oxygen
reduction to H, 0, Fis the Faraday constant (96 486 C mol~1), Ch,0,
is the concentration of HyO, (molL-1), Vis the bulk volume (L), I is
the current (A), and t is the time (s).

2.4. Degradation of p-Np in EF system

The EF process was carried out in the same apparatus under
similar operational parameters above, except the solution compo-
sition. The initial concentration of p-Np was 50mgL~!, and still,
0.05M Na,SO4 was added as the supporting electrolyte. The pH
was adjusted to 3 by concentrated H,SO4, which was regarded as
the optimum value in EF system. In addition, 0.2 mM Fe3* (fer-
ric nitrate) was used as the catalyst instead of Fe?* due to the
cathodic electro-regeneration of Fe2* [11]. The concentration of p-
Np samples taken at an interval of 20 min was detected by high
performance liquid chromatograph (HPLC, FL2200) with UV detec-
tor wavelength at 318 nm. The mobile phase was composed of
chromatographically pure methanol and 0.1% H3PO4 (v/v) at 40/60.
The separation was performed at 35 °C using a TMAQ-18 column
(b4.6 mm x 250 mm, 5 wm) at a flow rate of 1.0 mL min—!. The total
organic carbon (TOC) of the samples was determined by a TOC
analyzer (Analytikjena multi N/C 3100).

3. Results and Discussion
3.1. Morphology and properties of the cathode

Fig. 1a-c show the SEM images of samples CF, CF-A and CF-B,
respectively. It was observed that the graphite felt was composed
of an entangled network of carbon microfilaments with diame-
ters around 15 pwm, which owned large specific surface areas. After
chemical modification with absolute ethanol, many nanoscale par-
ticles and clusters, with an average diameter of 500 nm, appeared
on the surface of the fibers (Fig. 1b and 1c). Since there was no
involvement of other substances during preparation, the deposition



Fig. 1. SEM images and contact angles of CF (a, d), CF-A (b, e) and CF-B (c, f).

could mostly be composed of carbon, which was confirmed by the
following Raman and XPS studies. The transformation from ethanol
to carbon nanoparticles mostly occurred during the heating pro-
cess (150 °C), and the filament-wound structure of the graphite felts
rendered the ethanol vapor to be kept within the samples, which
made it possible for the nanoparticles forming or depositing on the
fiber surface. It was also noticed that the deposition on the surface
of CF-B was far less than that of CF-A, which might be induced by the
presence of hydrazine hydrate, suggesting a possibility for control-
lable deposition process of carbon nanoparticles on the supports.
The deposits can increase the gas-liquid contact interface in the
modified samples, which is considered as one of the contributions
to improve the catalytic performance.

In addition, Fig. 1d-f shows the contact angles of the sample CF,
CF-A and CF-B, respectively. The better surface hydrophilic property
of the modified samples was obtained, and the contact angles of CF,
CF-A and CF-B were 141°, 123° and 110°, respectively. The results
showed that the addition of hydrazine hydrate could weaken the
hydrophobic property of the graphite felt more effectively as com-
pared with absolute ethanol. The balance between hydrophobicity
and hydrophilicity is very crucial to H, O, production, especially for
cathode without gas diffusion layer, because the dissolved oxygen
needs to diffuse along with the electrolyte to the cathode surface,
even the active sites [23]. For highly hydrophobic graphite felt, the
improved hydrophilic surfaces could promote the electron trans-
port and the mass transfer between the cathode and electrolyte,
resulting in the improvement of the electrochemical performance.

3.2. Raman analysis

Fig. 2 shows the representative Raman spectra of CF, CF-A and
CF-B, and each sample exhibits remarkable characteristic peaks for
carbonaceous material. For CF, the peak at around 1350cm~! cor-
responding to the D band was attributed to vibrations of carbon

——CF-B
——CF-A
——CF

Mm
I N N

1 1 1
1000 1200 1400 1600 1800 2000

Intensity / a.u.

Raman shift / cm™

Fig. 2. Raman spectra of CF, CF-A and CF-B.



Fig. 3. SEM images of (a) CF, (b) CF-A and (c) CF-B only after refluxing treatment. Before analysis, CF-A and CF-B were rinsed in deionized water and then dried in air.

atoms with dangling bonds in plane terminations, which was typi-
cal for disordered graphite, and another peak at around 1595 cm ™!
corresponding to the G band was ascribed to an E; vibration mode
of sp2-bonded carbon atoms in a 2D hexagonal lattice [24]. For
CF-A, no shift occurred for the D and G bands as compared with
CF, while for CF-B, the G band shifted down to around 1580cm™1,
which could be due to the nitrogen doping introduced by hydrazine
hydrate [25]. The intensity ratio between the D band and G band
(Ip/Ig) of CF-A was 1.05, which was similar with CF (Ip/Ig=1.07),
suggesting that modification in absolute ethanol system had little
influence on the integral graphitic degree of the material surface.
However, a remarkable decrease of Ip/Ig value (about 0.65) was
found in CF-B, indicating that the presence of hydrazine hydrate
was favorable to improve the graphitic degree of the sample
surface, which could promote the electron transportation in the
cathode.

3.3. XPS analysis

The surface elements and functional groups of graphite felts
before and after modification were studied by XPS analysis. The ele-
mental compositions are listed in Table 1, and it can be seen that not
only C and O elements but also Si element were observed in all the
samples. The Si element could come from the material itself or the
contaminations of instrument oil and glassware, since there was
little change in Si element content before and after modification, it
was barely considered as the major factor influencing the electro-
chemical performance of the samples. N element was only detected
in CF-B due to the addition of hydrazine hydrate during modifica-
tion. Since the data in Table 1 was collected over several regions
of the electrodes, it suggested that the modification was effective
and well-proportioned. It was also observed that the values of the

Table 1
The elemental compositions of CF, CF-A and CF-B.

Sample  Concentration (at.%)

Carbon (C1s)  Oxygen (O1s)  Nitrogen (N1s)  Silicon (Si2p3)
CF 91.70+£0.74 7.46 +£0.54 ND 0.84+0.10
CF-A 93.18+£0.94 6.01+0.91 ND 0.81+0.04
CF-B 86.59+0.47 11.98 +£0.60 0.56+0.05 0.87+0.12

2 not detected

ratio between O and C (O/C) changed in different samples. For CF,
the O/C was 0.081, which slightly decreased to 0.064 in CF-A due
to the increase of carbon content by the deposition of carbon nano-
particles on the surface, while obviously increased to 0.138 in CF-B.
It can be seen from Fig. 3 that the etching and corroding behaviors
of hydrazine hydrate occurred on the surface of carbon materials
after refluxing treatment, since the basal planes of the graphite can
be attacked by molecular oxygen only at their periphery or at defect
sites such as edge planes and vacancies [26], it might contribute to
the increase of the O/C by inducing more oxygen-containing func-
tional groups formation on the etched surface during heating in
air.

Surface nitrogen-containing groups in CF-B were identified by
deconvolution of the high-resolution XPS spectrum of N1s region
(see Fig. 4a). The maximum peak centered at 401.1 eV was assigned
to quaternary nitrogen, which was known as the ‘graphitic nitro-
gen’ species [27,28]. The weaker peaks centered at 398.4eV and
404.8 eV could be attributed to pyridinic nitrogen and different
N-oxide species, respectively [16,29,30]. The lone electron pairs
of nitrogen atoms could form a delocalized conjugated system
with the sp2-hybridized carbon frame-works, which resulted in
a great improvement of electrocatalytic performance toward the
ORR [20,28].

Fig. 4b shows the C1s spectrums of samples CF, CF-A and CF-
B. For CF, the curve-fitting of C1s spectrum displayed three binding
energy (BE) peaks corresponding to sp2 carbons (-C = C-,-C-C- or -C-
H, BE=284.6 eV), carbon coordinated to a single oxygen in hydroxyl
groups or ethers (-C-OH, -C-O-R, BE=286.2eV), and carboxyl or
ester groups (-COOH or -COOR, BE=289.2eV) [16,31]. Compared
to CF, the binding energy of the second peak corresponding to the
groups such as -C-OH or -C-O-R in CF-A and CF-B decreased to
285.8 eV, which indicated that more hydroxyl groups instead of
ethers existed on the surface of cathodes after modification, induc-
ing an improved hydrophilicity. The other shoulder peak of CF-B
at 287.2 eV was attributed to carbonyl, quinone groups or carbon-
nitrogen single bond (>C=0, -C-N) [16,32], and the surface quinone
species could behave as surface active sites to promote the H,0-,
electro-generation as follow [18,33]:

>C=04+e" —>>C=0" (5)

>C=O_+02—>>C=O+02_ (6)
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20,7 +H;0 - 0 +HO,™ +OH™ (7)
0,” +HyO+e~ — HO,™ +OH™ (8)

The surface oxygen in the form of acidic functional groups (i.e. -
COOH, -COH, -CO0-,R-0OH, >C=0) can provide hydrophilic property
to the modified surface to yield readily accessible dissolved oxygen,
and it can also behave as surface-active sites favorable to accelerate
electrochemical reactions [17]. Besides, the dominant peak in CF-
B was shifted to a lower binding energy of 284.2 eV, indicating a
more orderly graphitic structure, which could also be confirmed by
Raman study.

Based on the forementioned characterization results, a possi-
ble chemical modification process can be illustrated in Fig. 5. Two
processing stages refluxing and heating were carried out succes-
sively. The surface of the graphite felt maintained integrity after

refluxing treatment in the absolute ethanol condition, but were cor-
roded and etched in the mixture solution of ethanol and hydrazine
hydrate (Fig. 3). The degree of graphitization for the samples was
barely changed in this processing stage (Fig. 2). For CF-A, the reagent
liquid film adsorbed on the fibers might undergo a hydrothermal
carbonization-like reaction to form carbon nano-particles with
stronger hydrophilicity on the surface during the heating process.
For CF-B, hydrazine hydrate introduced the nitrogen doping and
restrained the carbonization to some extent, and then the oxidation
occurred at the etched surface to increase the oxygen-containing
functional groups during the heating process (Fig. 4). The higher
graphitic degree and O/C in CF-B indicated a partial reconstruction
of the surface structures.

3.4. Electrocatalytic performance

To investigate the effects of such a chemical modification on
electrocatalytic activity of cathodes toward ORR, cyclic voltam-
metry was carried out on CF, CF-A and CF-B, as shown in Fig. 6.
It could be seen that standard voltammograms with total irre-
versibility were obtained for all samples, and the modified cathodes
exhibited stronger current responses for ORR and more negative
hydrogen evolution potentials than the original one. It can be seen
from eqs.1 and 9 that the ORR was a proton-consuming process,
which could compete with the H; evolution reaction at the cathode,
as aresult, the improved ORR process after modification, especially
for those occurred at the less negative potentials, could effectively
inhibit the H, production. In addition, the ORR tended to be trig-
gered at less negative potentials after modification, whichindicated
a much faster electron transfer kinetics for ORR on the modified
cathodes [28]. For CF, there was a single broad peak with potential
range from -0.3 to -0.8 V, mainly attributed to the H,0, production
reaction (eq. 1). Whereas for CF-A and CF-B, two obvious oxy-
gen reduction peaks at around -0.45V, -1.3V and -0.55V, -1.0V
were observed, corresponding to the two-electron transfer process
towards ORR (i.e. H,0, electrochemical generation, eq.1) and also
the higher number electron transfer processes for oxygen molecule
(e.g. Hy0 electrochemical generation, eq. 9), successively [4,10].

0, +4H' +4e~ — 2H,0 (9)

Compared to CF-A, the current density of CF-B was much higher,
which indicated that CF-B had a better electrocatalytic activity for
oxygen reduction than CF-A. These results can be explained from
the change of the surface chemistry after different chemical modi-
fication by XPS and Raman analysis above.

To further investigate the effects of chemical modification on
electrocatalytic activity of H,O, production, the experiments were
performed at a constant potential of -0.65V vs. SCE in order to
avoid the other competitive ORR processes at cathodes as much
as possible. Fig. 7 shows the concentration and current efficien-
cies of H,0, electrochemical generation on different cathodes. The
accumulations of H,O, at CF, CF-A and CF-B after 120 min were
67.5, 109.8 and 175.8 mg/L, respectively. The increased yields of
H, 0, for CF-A and CF-B could be induced by the increased current
responses for ORR after modification, which indicated the posi-
tive effects of chemical modification on H,0, production under the
given conditions. The current efficiencies of CF, CF-A and CF-B, as
shown in the insert Fig. 7, were 89.7%, 84.9% and 80.8%, respec-
tively, indicating a decline in current efficiency after modification.
It was observed from cyclic voltammetry that the chemical modi-
fication not only encouraged the two-electron transfer process for
H, 0, electrochemical generation but also promoted the side reac-
tion of H,0, decomposition (eq. 10), resulting in a drop of current
efficiency for the modified electrodes CF-A and CF-B. In addition,
the increased current responses in the modified systems simul-
taneously promoted the parasitic reactions at anode (eqgs. 11 and
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12) in an undivided cell, especially for CF-B, which also induced a
decrease of the current efficiency [34].

Hy05 4+ 2H* +2e~— 2H,0 (10)
H,0,— HOy- + HT +e~ (11)
HO,- — Opgy+H' +e~ (12)

The electrocatalytic performance of the CF, CF-A and CF-B in EF
system was evaluated by the degradation of p-Np in Fig. 8. It can be
seen that the electrocatalytic activity increased after chemical mod-
ification. For CF, CF-A and CF-B, the degradation efficiencies of p-Np
were 6.6%, 58.3% and 78.7% after 20 min, respectively. The remark-
able improvement in the initial stage might be encouraged by the
increased current responses which could promote the production
of H,0, and the reduction of ferric ions, increasing the amount of
-OH, as is shown in Fig. 9. The tendency of mineralization ratios in
Figure 8b was consistent with the evolution of p-Np in Fig. 8a, and
the TOC removal ratios were 22.2%, 31.7 and 51.4% for CF, CF-A and
CF-B, respectively. These results showed that the modified cathodes
could efficiently promote the degradation efficiency of the pollut-
ants as compared with the unmodified one. The CF-B possessed
the highest electrocatalytic activity in EF system, which could be
ascribed to the remarkable advantage of the surface structures and
properties after modification as mentioned above. Since the stabil-
ity ofelectrodes is important for their practical application, the used

25

2.0 —\\.x_

j/mA cm?

1.5

Time /s

Fig. 9. Current-time curves of the CF, CF-A and CF-B.

CF-B cathode was cleaned with deionized water and then reused
for degradation of p-Np under the same conditions. It could be seen
from Fig. 8 that there was a slight decrease in degradation of p-Np
when the second use of CF-B, but after that the decontamination
ability of recycling cathode reached the steady state, and the min-
eralization ratio after 10 cycles was still above 45%, indicating that
the modified electrodes was stable and reusable.

4. Conclusions

We reported a simple method to modify graphite felt using
low-cost chemical reagents ethanol and hydrazine hydrate to
increase their electrocatalytic performance in electro-Fenton sys-
tem. Carbon nanoparticles were formed on the surface of the
microfilaments after ethanol modification. Oxygen and nitrogen-
containing functional groups obviously increased in the presence of
hydrazine hydrate. The stronger hydrophilicity and faster electron
transportation were obtained in modified samples, which could
efficiently improve the electrocatalytic activity for ORR process. The
modified electrodes resulted in obviously increased H, 0, accumu-
lation and enhanced p-Np degradation efficiency in EF system as
compared with the unmodified one. And the modified electrodes
were stable and reusable, indicating that the reported chemical
modification is a promising cathode modification alternative to
improve the efficiency for EF system.

Acknowledgements

This work was partially supported by Natural Science Foun-
dation of China (no. 51178225 and 21273120) and 863 program
(2013AA065901 and 2013AA06A205), Fund for the Doctoral Pro-
gram of Higher Education of China (20110031110025), and the
Fundamental Research Funds for the Central Universities.

References

[1] E.Brillas, L. Sirés, M.A. Oturan, Electro-Fenton process and related electrochem-
ical technologies based on Fenton’s reaction chemistry, Chem. Rev. 109 (2009)
6570.

[2] A.Oonnittan, M.E.T.Sillanpdd, Water treatment by electro-Fenton process, Curr.
Org. Chem. 16 (2012) 2060.

[3] C.T. Wang, ]J.L. Hu, W.L. Chou, Y.M. Kuo, Removal of color from real dyeing
wastewater by electro-Fenton technology using a three-dimensional graphite
cathode, J. Hazard. Mater. 152 (2008) 601.

[4] A.Alvarez-Gallegos, D. Pletcher, The removal of low level organics via hydrogen
peroxide formed in a reticulated vitreous carbon cathode cell, Part 1. The elec-
trosynthesis of hydrogen peroxide in aqueous acidic solutions, Electrochim.
Acta 44 (1998) 853.



[5] A. Wang, J. Qu, H. Liu, J. Ru, Mineralization of an azo dye Acid Red 14 by
photoelectro-Fenton process using an activated carbon fiber cathode, Appl.
Catal. B-Environ. 84 (2008) 393.

[6] A. Ozcan, Y. Sahin, A. Savas Koparal, M.A. Oturan, Carbon sponge as a new
cathode material for the electro-Fenton process: Comparison with carbon felt
cathode and application to degradation of synthetic dye basic blue 3 in aqueous
medium, J. Electroanal. Chem. 616 (2008) 71.

[7] M. Zhou, Q. Tan, Q. Wang, Y. Jiao, N. Oturan, M.A. Oturan, Degradation of organ-
ics in reverse osmosis concentrate by electro-Fenton process, . Hazard. Mater.
215-216 (2012) 287.

[8] M. Panizza, M.A. Oturan, Degradation of Alizarin Red by electro-Fenton process
using a graphite-felt cathode, Electrochim. Acta 56 (2011) 7084.

[9] E.Brillas, M.A. Bafios, S. Camps, C. Airas, P.-L. Cobot, ].A. Garrido, R.M. Rodriguez,
Catalytic effect of Fe?*, Cu?* and UVA light on the electrochemical degradation
of nitrobenzene using an oxygen-diffusion cathode, New. ]J. Chem. 28 (2004)
314.

[10] M.H. Zhou, Q.H. Yu, L.C. Lei, Electro-Fenton method for the removal of methyl
red in an efficient electrochemical system, Sep. Purif. Technol. 57 (2007) 380.

[11] N. Oturan, M. Hamza, S. Ammar, R. Abdelhédi, M.A. Oturan, Oxida-
tion/mineralization of 2-Nitrophenol in aqueous medium by electrochemical
advanced oxidation processes using Pt/carbon-felt and BDD/carbon-felt cells,
]J. Electroanal. Chem. 661 (2011) 66.

[12] G. Zhang, F. Yang, M. Gao, L. Liu, Electrocatalytic behavior of the bare
and anthraquinonedisuldonate/polypyrrole composite film modified graphite
cathodes in the electro-Fenton system, J. Phys. Chem. C 112 (2008) 8957.

[13] X.Zhang, L. Lei, B. Xia, Y. Zhang, J. Fu, Oxidization of carbon nanotubes through
hydroxyl radical induced by pulsed O, plasma and its application for O, reduc-
tion in electro-Fenton, Electrochim. Acta 54 (2009) 2810.

[14] X.Zhang,].Fu, Y. Zhang, L. Lei, A nitrogen functionalized carbon nanotube cath-
ode for highly efficient electrocatalytic generation of H,0; in electro-Fenton
system, Sep. Purif. Technol. 64 (2008) 116.

[15] M.H.M.T. Assumpgdo, A. Moraes, R.F.B. De Souza, I. Gaubeur, R.T.S. Oliveira,
V.S. Antonin, G.R.P. Malpass, R.S. Rocha, M.L. Calegaro, M.R.V. Lanza, M.C. San-
tos, Low content cerium oxide nanoparticles on carbon for hydrogen peroxide
electrosynthesis, Appl. Catal. A-Gen. 411-412 (2012) 1.

[16] W.Shen, Z.Li, Y. Liu, Surface chemical functional groups modification of porous
carbon, Recent Patents on Chem. Eng. 1 (2008) 27.

[17] Y.V. Basova, H. Hatori, Y. Yamada, K. Miyashita, Effect of oxidation-reduction
surface treatment on the electrochemical behavior of PAN-based carbon fibers,
Electrochem. Commun. 1 (1999) 540.

[18] K. Tammeveski, K. Kontturi, R.J. Nichols, RJ. Potter, D.J. Schiffrin, Surface redox
catalysis for O, reduction on quinone-modified glassy carbon electrodes, J.
Electroanal. Chem. 515 (2001) 101.

[19] J. Ozaki, N. Kimura, T. Anahara, A. Oya, Preparation and oxygen reduction activ-
ity of BN-doped carbons, Carbon 45 (2007) 1847.

[20] N. Alexeyeva, E. Shulga, V. Kisand, I. Kink, K. Tammeveski, Electroreduction of
oxygen on nitrogen-doped carbon nanotube modified glassy carbon electrodes
in acid and alkaline solutions, J. Electroanal. Chem. 648 (2010) 169.

[21] L.Zhou, Z.X. Hu, C. Zhang, Z.H. Bi, T. Jin, M.H. Zhou, Electro-generation of hydro-
gen peroxide for electro-Fenton system by oxygen reduction using chemically
modified graphite felt cathode, Sep. Purif. Technol. 111 (2013) 131.

[22] Z. Qiang, ].H. Chang, C.P. Huang, Electrochemical generation of hydrogen per-
oxide from dissolved oxygen in acidic solutions, Water Res. 36 (2002) 85.

[23] Y. Sheng, S. Song, X. Wang, L. Song, C. Wang, H. Sun, X. Niu, Electrogeneration
of hydrogen peroxide on a novel highly effective acetylene black-PTFE cathode
with PTFE film, Electrochim. Acta 56 (2011) 8651.

[24] M. Zheng, Y. Liu, Y. Xiao, Y. Zhu, Q. Guan, D. Yuan, J. Zhang, An easy catalyst-
free hydrothermal method to prepare monodisperse carbon microspheres on
alarge scale, J. Phys. Chem. C 113 (2009) 8455.

[25] LS. Panchakarla, A., Govindaraj, C.N.R., Rao, Nitrogen- and Boron- doped
double-walled carbon nanotues, ACS Nano 1 (2007) 494.

[26] S. Kundun, Y. Wang, W. Xia, M. Muhler, Thermal stability and reducibility of
oxygen-containing functional groups on multiwalled carbon nanotubes sur-
face, J. Phys. Chem. C 112 (2008) 16869.

[27] S.H.Liu, S.C. Chen, W.H. Sie, Heat-treated platinum nanoparticles embedded in
nitrogen-doped ordered mesoporous carbons: Synthesis, characterization and
their electrocatalytic properties toward methanol-tolerant oxygen reduction,
Int. J. Hydrogen Energ. 36 (2011) 15060.

[28] Z.H. Sheng, L. Shao, ].J. Chen, W.J. Bao, F.B. Wang, X.H. Xia, Catalyst-free sythe-
sis of nitrogen-doped graphene via thermal annealing graphite oxide with
melamin and its excellent electrocatalysis, ACS Nano 5 (2011) 4350.

[29] S.H. Liu, M.T. Wu, Y.H. Lai, C.C. Chiang, N. Yu, S.B. Liu, Fabrication and elec-
trocatalytic performance of highly stable and active platinum nanoparticles
supported on nitrogen-doped ordered mesoporous carbons for oxygen reduc-
tion reaction, J. Mater. Chem. 21 (2011) 12489.

[30] N. Gavrilov, L.A. Pasti, M. Vujkovi¢, J. Travas-Sejdic, G. Cirié-Marjanovi¢, S.V.
Mentus, High-performance charge storage by N-containing nanostructured
carbon derived from polyaniline, Carbon 50 (2012) 3915.

[31] B. Khare, P. Wilhite, B. Tran, E. Teixeira, K. Fresquez, D.N. Mvondo, C.
Bauschlicher, ]. Meyyappan, M. Meyyappan, Founctionalization of carbon nano-
tubes via nitrogen glow discharge, J. Phys. Chem. B 109 (2005) 23466.

[32] T.LT. Okpalugo, P. Papakonstantinou, H. Murphy, J. McLaughlin, N.M.D. Brown,
High resolution XPS characterization of chemical functionalised MWCNTSs and
SWCNTs, Carbon 43 (2005) 153.

[33] A.Sarapuuy, K. Vaik, D.J. Schiffrin, K. Tammeveski, Electrochemical reduction of
oxygen on anthraquinone-modified glassy carbon electrodes in alkaline solu-
tion, J. Electroanal. Chem. 541 (2003) 23.

[34] L Sirés, J.A. Garrido, R.M. Rodriguez, E. Brillas, N. Oturan, M.A. Oturan, Cat-
alytic behavior of the Fe3*[Fe?* system in the electro-Fenton degradation of
the antimicrobial chlorophene, Appl. Catal. B-Environ. 72 (2007) 382.



