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Abstract: We developed free-standing nitrogen-doped carbon nanofiber (CNF) electrodes incorpo-
rating Co/CoOx nanoparticles (NPs) as a new cathode material for removing Acid Orange 7 (AO7;
a dye for wool) from wastewater by the heterogeneous electro-Fenton reaction. We produced the free-
standing N-doped CNF electrodes by electrospinning a polyacrylonitrile (PAN) and cobalt acetate
solution followed by thermal carbonation of the cobalt acetate/PAN nanofibers under a nitrogen
atmosphere. We then investigated electro-Fenton-based removal of AO7 from wastewater with the
free-standing N-doped-CNFs-Co/CoOx electrodes, in the presence or not of Fe2+ ions as a co-catalyst.
The electrochemical analysis showed the high stability of the prepared N-doped-CNF-Co/CoOx

electrodes in electrochemical oxidation experiments with excellent degradation of AO7 (20 mM) at
acidic to near neutral pH values (3 and 6). Electro-Fenton oxidation at 10 mA/cm2 direct current for
40 min using the N-doped-CNF-Co/CoOx electrodes loaded with 25 wt% of Co/CoOx NPs led to
complete AO7 solution decolorization with total organic carbon (TOC) removal values of 92.4% at
pH 3 and 93.3% at pH 6. The newly developed N-doped-CNF-Co/CoOx electrodes are an effective
alternative technique for wastewater pre-treatment before the biological treatment.

Keywords: electro-Fenton process; organic pollutants; azo dyes; wastewater treatment; carbon
nanofibers; self-supported electrodes; electrospinning

1. Introduction

Water pollution continues to be one of the greatest challenges worldwide. To date,
many different water pollutant types (i.e., inorganic, organic, and biological) have been
described [1–3]. Organic pollutants, such as fertilizers, herbicides, pesticides, dyes, and
drugs, are the source of many environmental problems [4]. Therefore, eco-friendly technol-
ogy is crucially needed to transform organic pollutants present in the water into less toxic
molecules or to completely degrade them into CO2 and H2O [5]. Traditional approaches,
such as coagulation, adsorption, chemical oxidation, chemical reduction [6], photocatalytic
oxidation [7], and enzymatic degradation [8], are widely exploited to eliminate organic
pollutants from effluents. However, they display some limitations [9], such as the need for
complementary treatments before their elimination at wastewater treatment plants. Some
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of these methods are not fully efficient and/or too expensive [10]. Fenton reaction has
been largely investigated. Fenton reaction is characterized by a high efficiency, low cost,
and relatively easy operation and maintenance for the degradation (oxidation) of many
hazardous organic pollutants (e.g., dyes, drugs, herbicides, pesticides, fertilizers) [11,12];
its implementation is hampered by the need of storing and shipping concentrated H2O2(aq)

and by the generation of Fe3+ sludge as a by-product of the electrochemical oxidation
process [10].

Fe2+
(aq) + H2O2(aq) + H+

(aq) → Fe3+
(aq) + ·OH(aq) + H2O (1)

O2 (g) + 2H+
(aq) + 2e− → H2O2 (2)

Fe3+
(aq) + e− → Fe2+

(aq) (3)

Electrochemical approaches (e.g., electrocoagulation, electrosorption, and electro-
chemical oxidation or reduction) have attracted great attention for organic pollutants
treatment [1]. These methods represent a versatile, efficient, cost-effective technology for
many industrial wastewater systems. Organic pollutants in wastewater can be electrochem-
ically degraded (oxidation) using: (i) direct electrochemical oxidation (DEO), in which
electrons are directly transferred from the electrode surface without participation of other
species or reagents; and (ii) indirect electrochemical oxidation (IEO), in which organic
pollutants are oxidized using electroactive species (·OH radicals), generated in solution or
at the electrode surface [3,13].

Electro-Fenton oxidation is an IEO process in which organic pollutants in wastewater
are degraded by ·OH radicals generated by the Fenton reaction (Equation (1)) between
electro-Fenton reagents (e.g., Fe2+ ions) and H2O2. Such H2O2 molecules are produced
by electrochemical reduction in dissolved O2 (Equation (2)), supplied by the continuous
bubbling of O2 gas at the cathode. Therefore, the electro-Fenton oxidation efficiency can be
influenced by the cathode materials (e.g., composition, morphology, crystalline structure,
specific surface area, pore size), electrolytes (e.g., electro-Fenton reagent, temperature, and
pH), reaction time, and applied voltage influence [14]. At the cathode, the electro-Fenton
reagent (Fe2+ ions) required for the electro-Fenton reaction (Equation (1)) is continuously
produced through Fe3+ reduction (Equation (3)). H2O2 and Fe2+ then allow the production
of ·OH that can oxidize (degrade) the organic pollutants in wastewater.

Graphite electrodes have been used for electro-Fenton oxidation of wastewater pol-
lutants because of their availability, high electrochemical activity, and low cost [15–17].
However, O2 (gas) poor solubility in aqueous solutions (wastewater) limits the mass trans-
fer reaction, causing a low oxidation efficiency. Therefore, many groups have tried to
develop new cathode materials that include additional electrochemically active sites with
transition metal (e.g., Fe-Cu [18], Pd-Pt [19], Pt-Au [19]), metal oxides (e.g., ZnO [20],
Fe2O3 [21], TiO2 [22], CuO [23]), and hydroxide (Fe-Co-(OH)x) [11] nanoparticles (NPs)
embedded in carbon matrixes. Metal/metal oxide NPs on the carbon electrode surface
can be used as heterogeneous catalysts for the local generation of H2O2 during the electro-
Fenton oxidation process. Graphite [24], graphenes [25], carbon nanotubes [26], carbon
nanofibers [27], carbon sponges [28], and carbon felts [14] are among the electrode materials
with good conductivity investigated for the electrochemical production of H2O2. On the
other hand, Fe3+ sludge formation, due to the production of Fe3+, and the need for acidic
pH (pH 2–4) for the electro-Fenton process can be solved by the mobilization of metal
NPs (electrocatalyst) to overcome the narrow pH range required for the homogeneous
electro-Fenton oxidation. Many groups have then investigated heterogeneous electro-
Fenton-based oxidation at almost neutral pH without adding electro-Fenton reagents (Fe2+

ions) in the solution. The interest to develop such materials for the heterogeneous electro-
Fenton process has been recently highlighted by the description of Co and/or Fe layered
double hydroxyls modified carbon felts [11,12] and zeolite modified carbon felts [29,30].
As the electrochemical stability of these electrode materials was not optimal, we decided to
test new electrode materials.
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Carbon nanofibers (CNFs) are an attractive class of electrode material showing good
adsorption, electrical conductivity, and catalysis [31,32]. CNFs exhibit great potentials in
the fields of electrocatalysis [33], batteries [34], supercapacitors [35], fuel cells [35], biosen-
sors [36–39], and biomedical applications [40]. CNF hydrophobic properties, fiber network
structure, and large surface area to volume ratio explain their high adsorption/absorption
capacity for organic pollutants [32]. Moreover, due to their excellent electrical conduc-
tivity and mechanical integrity, free-standing CNFs are attractive as stable free-standing
electrodes for H2O2 electro-generation. However, the electrocatalytic performance of free-
standing CNF electrodes is far from satisfactory and could be increased by modulating the
fiber morphology and pore structure and by incorporating electrocatalyst NPs [41]. Recent
studies have described the fabrication of CNF electrodes decorated by metal, metal oxide,
and metal hydroxide NPs using solution electrospinning, followed by post-peroxidation
in air and thermal carbonization under an inert atmosphere [42–44]. However, it is easier
to synthesize in situ the electrocatalyst NPs within the CNFs. Moreover, this approach
requires less chemicals and is more effective compared with the post-synthesis of electrocat-
alyst NPs using for instance wet chemistry techniques [45–48]. Furthermore, when using
post-synthesis approaches, the weak interaction between electrocatalyst NPs and CNF
matrix cannot prevent the electrocatalyst NPs growth/aggregation into larger particles,
thus losing their size-dependent electrocatalytic activity.

Dyes are organic pollutants that are commonly used by many water-based industries
for paper [49], pesticides [50], fertilizers [51], printing inks [52], textile finishing [53], and
drug manufacturing. For instance, azo dyes represent more than 60–70% of all dye classes
used in textile industries [54]. Azo dyes are harmful compounds that produce hazardous
by-products through hydrolysis and oxidation reactions taking place in wastewater [55].
In this study, an efficient free-standing N-doped CNF electrode loaded with Co/CoOx NPs
for AO7 removal is described. The N-doped-CNF-Co/CoOx electrodes have several advan-
tages, including large surface area and low cost, low weight, easy handling, high chemical
resistance, high thermal stability, and good conductivity. Moreover, they can combine ad-
sorption and electrochemical indirect degradation of hazardous organic compounds either
through the production of H2O2 from oxygen reduction (Equation (2)) or the electro-Fenton
process in presence of a catalyst (Equation (1)). Innovation in the present work involves
the in situ synthesis of the electrocatalyst Co/CoOx NPs into free-standing N-doped-CNF
electrodes. The N-doped-CNF-Co/CoOx electrodes were fabricated using an attractive
route that combines electrospinning of the PAN/cobalt acetate solution, thermal peroxida-
tion under air, and thermal carbonation under nitrogen atmosphere. The structural and
electrochemical characterization of the N-doped-CNF-Co/CoOx electrodes revealed that
they were very stable at almost neutral pH and presented an excellent AO7 mineralization
rate at different pH values (pH 3 and pH 6). The correlation between performance and
electrode properties (composition, crystal structure, and morphology) was investigated.
N-doping of CNFs was inspired by our work on N-doped graphitized carbon electrodes
for the removal of bio-refractory compounds [56]. N-doping leads to the reduction in
O2 adsorption/adsorption energy at the electrode surface and an improvement in the
electrocatalytic properties of the surface toward oxygen reduction reaction [57–59].

2. Experimental
2.1. Materials

N-doped-CNF-Co/CoOx electrodes were fabricated using PAN (Mwt ~150,000, Sigma-
Aldrich, St Quentin Fallavier, France), cobalt (II) acetate tetrahydrate (Co(OCOCH3)2·4H2O,
99.9%, Sigma-Aldrich), N,N-dimethylformamide (DMF, 98%, Sigma-Aldrich), and ethanol
(C2H5OH, 99%, Sigma-Aldrich). The AO7 dye was used as a model organic pollutant for
degradation experiments, without any additional purification step. The AO7 solution used
in the experiments was prepared with sulfuric acid (H2SO4, 97%, Sigma-Aldrich), sodium
hydroxide (NaOH, 98%, Sigma-Aldrich), iron (II) sulfate heptahydrate (Fe2SO4.7H2O,
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98%, Sigma-Aldrich), and anhydrous sodium sulfate (Na2SO4, 98%, Sigma-Aldrich) (all
analytical grade) and deionized water.

2.2. Fabrication of Composite Carbon Nanofiber Electrodes

To fabricate free-standing N-doped-CNF electrodes decorated with Co/CoOx NPs
(CNF, CNF-Co3, CNF-Co10, and CNF-Co20), the cobalt (II) acetate/PAN solution was
electrospun and then subject to peroxidation and thermal carbonation under a nitrogen
atmosphere. Briefly, after addition of 2 g PAN to the cobalt (II) acetate solution, the mixture
was mixed overnight until a homogeneous polymeric solution was formed. Four precursor
solutions (samples labeled as: CNF, CNF-Co3, CNF-Co10, and CNF-Co20) with different
cobalt acetate: PAN weight ratios (0%, 3%, 10%, and 20%) were prepared and transferred
to 20 mL syringes. The solutions were then electrospun through hypodermic needles
(21 G) on a drum collector covered with Al foil (tip-to-collector distance = 14 cm, applied
voltage = 25 kV, and flow rate = 1 mL/min). The as-collected nanofibers were first stabi-
lized (crosslinked) at 250 ◦C under air atmosphere for 2 h, followed by carbonization at
1000 ◦C for 1 h (heating/cooling rate = 2 ◦C·min−1 under N2 atmosphere) to obtain the
N-doped-CNF-Co/CoOx electrodes.

2.3. Characterization of Electrode Material

The crystal structures and crystallinity of the N-doped-CNF and N-doped-CNF-
Co/CoOx electrodes were investigated using X-ray powder diffraction (XRD, PANalytical
Xpert-PRO diffractometer with an accelerator detector using Cu-radiation and Ni-filtered
with a wavelength of 0.154 nm) [60]. The electrode morphology, microstructure, and size
distribution were studied using scanning electron microscopy (SEM, Hitachi S4800, Japan)
and high-resolution transmission electron microscopy (HR-TEM, JEOL ARM200F). Element
composition mapping was determined by energy-dispersive X-ray (EDX) spectroscopy
analysis using a Zeiss EVO HD15 microscope equipped with an Oxford X-MaxN EDX
detector and the HRTEM-JEOL ARM200F working at 200 eV [61]. The N-doped-CNF-
Co/CoOx electrode surface composition and binding energy were determined using X-ray
photoelectron spectroscopy (XPS, Escalab 250, Thermo Fisher Scientific, Dardilly, France).
The N-doped-CNF-Co/CoOx electrode cobalt content was assessed by atomic absorption
spectroscopy (AAnalyst 400, PerkinElmer, Villebon sur Yvette, France). To obtain Raman
spectra, a LabRam ARAMIS spectrometer (HORIBA Xplora, Montpellier, France) was
used with a diode laser delivering an exciting line at 659 nm. The spectrometer (laser
beam) was focused on a 50× objective and diffused light of 1800 lines·mm−1 grating with
acquisition at a continuous mode of 7 s, snapshot time of 15 s, and with a number of
the accumulation set to 4 times. The thermal stability and ash contents in the prepared
electrodes were determined by thermal gravimetirical anaylsis (TGA, TA Instrument,
Q5000 SA, Guyancourt Yvelines, France). The N-doped-CNF-Co/CoOx electrode magnetic
behavior was characterized using a vibrating-sample magnetometer (VSM) (MPMS-XL
SQUID VSM, Les Ulis, France) with a 7 T magnet and a magnetic field ranging from
−50 to 50 kOe and a dc magnetization option. The specific surface areas were calculated
using the Micrometric ASAP 2010 system and the Brunauer–Emmett–Teller (BET) method
(outgassing conditions; 200 ◦C for 12 h). The pore size (diameter and volume) of the
prepared electrodes was calculated with the Barrett, Joyner, and Halenda (BJH) method.

2.4. Electro-Oxidation of AO7

AO7 degradation and mineralization were tested using a two-electrode set-up in
an open undivided cell (3 × 3 × 3 cm3) under continuous magnetic stirring and at constant
current (10 mA·cm−2) supplied by a DC power supply. The cathodes were the free-
standing N-doped-CNF and N-doped-CNF-Co/CoOx electrodes, and the anode was a Pt
mesh. Before electrolysis initiation, the cathode and anode were immersed (pre-saturated)
in the AO7 solution under O2 bubbling for 15 min to prevent the experimental error
of total organic carbon (TOC) decrease due to the AO7 molecule sorption onto the N-
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doped-CNF-Co/CoOx electrodes. The AO7 solution was prepared from 0.1 mM AO7,
0.05 M Na2SO4 as a supporting electrolyte, and a temperature of 25 ◦C. The pH of the
solution was adjusted by 0.1 M NaOH or 0.1 M H2SO4 solutions. The AO7 degradation
(initial concentration of 0.1 mM) was compared in near neutral (pH 6, as raw pH) and
acidic (pH 3 adjusted with H2SO4) aqueous solutions with 0.05 M Na2SO4 as supporting
electrolyte and with/without Fe2+ as homogeneous electro-Fenton catalyst (0.2 mM from
FeSO4·7H2O). AO7 concentration during electrolysis was determined with a U-3010 UV-vis
spectrophotometer (Hitachi Co., Issy-les-Moulineaux, France) in samples (1.5 mL) collected
from the reactor at different time points. After the measurement, samples were put back
in the reactor to maintain the solution volume constant during the experiments. AO7
solution color change was determined by comparing the AO7 solution absorbance at
480 nm at baseline and after electrolysis. The AO7 solution TOC values at baseline and
after electrolysis were measured with a TOC analyzer (Shimadzu, Noisiel, France).

3. Results and Discussion

The performance of electrospun CNFs with incorporated metal/metal oxide NPs
for organic compounds removal by electro-Fenton oxidation has not been extensively
studied [27]. Here, free-standing N-doped-CNF and N-doped-CNF-Co/CoOx electrodes
were fabricated and their use for electrochemical degradation of AO7 in an aqueous solution
was tested. The production of N-doped-CNFs and N-doped-CNF-Co/CoOx electrodes
usually involves two steps: (i) thermal peroxidation (stabilization) of the as-prepared
PAN or cobalt acetate/PAN nanofibers at 250 ◦C under air atmosphere; and (ii) thermal
carbonization (pyrolysis) of the preoxidized nanofiber mat at 1000 ◦C under nitrogen
atmosphere. Importantly, during the peroxidation step, PAN undergoes cyclization and
partial dehydrogenation that make the polymer (PAN or cobalt acetate/PAN) fibers denser
and more thermally stable during the subsequent thermal carbonization step. In this second
step, the polymer (PAN or cobalt acetate/PAN) begins to pyrolyze with a considerable
release of volatile by-products. As PAN is a polymer with nitrogen (N) atoms in its chain,
it is used as N-source for CNF doping [62]. The diameter and morphology of the prepared
CNF electrodes and their electrocatalytic activity were significantly influenced by the
weight ratio of cobalt acetate to PAN. PAN thermal treatment under air (O2) led to the loss
of two H atoms from adjacent C atoms in the main chain, and consequently, to the escape
of H2O molecules and the formation of C=C double bonds. N atoms in the polymer (PAN)
chain break their nitrile (-N=C-) bonds and form new bonds with other close C atoms,
leading to a hexagonal cyclic structure. During the pyrolysis step (under N2 atmosphere),
the cyclic structure opens, carbon chains are formed, and HCN escapes. The carbon
chains form N-doped graphene nanosheets (graphitic structure with nitrogen defects), as
previously described [62]. The roles of these N atoms in the electrocatalytic reactions have
been discussed in the literature [63]. Recent studies on heat-treated Fe-based [64,65] and
Co-based [66] N-containing catalysts showed that an increase in pyrrolic N and a decrease
in pyridinic N can lead to enhanced ORR catalytic performance. The huge variation in
the reported results is explained by differences in electrode fabrication methods, reaction
precursors, electrochemical oxidation conditions, etc. [63,67]. In the next sections, the
composition, crystal structure, and morphology of free-standing N-doped-CNF and N-
doped-CNF-Co/CoOx electrode materials will be investigated using the XRD, TGA, SEM,
HR-TEM, XPS, Raman spectroscopy, and VSM and BET methods. The electrochemical
behavior of the electrodes, including the electrochemical activity towards AO7 degradation,
will be disused in detail.

3.1. Material Composition and Morphology

PAN thermal pyrolysis led to the formation of randomly distributed N-doped-CNFs
with a 3D-network structure (representative scanning electron microscopy (SEM) image
in Figure 1a). The N-doped-CNF fiber diameter increased from 300 nm to 400 nm upon
the increase in the cobalt acetate/PAN weight ratio from 3% to 20% (Figure 1b–d). The
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elemental composition (C, O, N, Co) and their distribution were further studied by EDX
element mapping of CNF-Co10 (Figure 1e). The good matching of the C, O, N, and Co
edges with the 3D nanofiber network morphology indicated that these elements were
homogeneously dispersed in the entire structure. This feature might contribute to excellent
electrochemical activity. SEM-EDX with the elemental mapping of CNF-Co10 (Figure 1e)
confirmed that the tested materials were composed of 65% carbon, 5% nitrogen, 9% oxygen,
and 21% cobalt. N-doping of CNFs can produce defects (catalytic active sites) in graphitic
CNF structures and increase the electroactivity of the material, especially toward oxygen re-
duction. Previous research indicated that electrocatalytic activity is higher in N-doped than
undoped CNFs, forming a stronger interaction with ions in the electrolytic solution [31].
However, CNF graphitization degree is not influenced by N absence or presence during
thermal pyrolysis (carbonization) at different temperatures [41].

Figure 1. Field emission scanning electron microscopy images (FESEM) of the indicated CNF
electrodes: (a) CNF; (b) CNF-Co3; (c) CNF-Co10; (d) CNF-Co20; and (e) SEM-EDX elemental
mapping of carbon, nitrogen, oxygen, and cobalt in CNF-Co10.
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To further confirm the existence of Co/CoOx NPs and their distribution in the CNF
matrix, the CNF-Co20 electrode was analyzed by HR-TEM and selected area electron
diffraction (SAED) patterns were generated. The Co/CoOx NPs appeared as white particles
that were homogeneously distributed on the CNF surface (TEM micrograph in Figure 2a).
Moreover, high magnification TEM images (Figure 2b) showed that graphitic layers covered
such Co/CoOx NPs (~15 nm). This coating may protect NPs from dissolution during
electrolysis in acidic conditions. The ambiguous lattice fringes of CNF-Co20 and the clear
diffraction rings (Figure 2c) confirmed the presence of Co/CoOx NPs and the formation of
graphitic layers with a high crystalline structure on the CNF surface. Crystalline graphitic
layers separated the Co/CoOx NPs (d-spacing = 0.33 ± 0.02 nm). The electrocatalyst
Co/CoOx NPs showed a d-spacing of about 0.20 ± 0.02 nm that corresponded to the
(1 1 1) plane of the face-cantered cubic (fcc) crystal structure of Co/CoOx nanocrystals [68].
The TEM-EDX and TEM images with the elemental mapping of CNF-Co20 are shown in
Figure 2d,e, respectively.

Figure 2. HR-TEM analysis of the CNF-Co20 electrode: (a) low magnification and (b) high magnification
TEM micrographs; (c) SAED patterns; (d) TEM with elemental mapping; and (e) TEM-EDX spectra.
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The XRD patterns of the N-doped-CNF and N-doped-CNF-Co/CoOx materials are
shown in Figure 3a. The Bragg reflection at 2θ = 25◦ corresponded to the (002) lattice planes
of hexagonal graphite (JCPDS card no. 41-1487) with an inner-layer spacing d = 0.33 nm.
This suggests that all as-obtained CNF samples possessed a low degree of graphitiza-
tion [69]. However, compared with CNF-Co3, CNF-Co10, and CNF-Co20, the (002) peak
intensity of CNFs was stronger and higher, suggesting a better crystallinity of the CNF
matrix. CNF loaded with Co/CoOx NPs exhibited three clear peaks at around 44.3◦ and
54◦ that are attributed mainly to the (111) and (200) planes of fcc crystal structures of
metallic Co (JCPDS 15-0806), respectively. This indicated that the Co/CoOx NPs were
well distributed within the CNFs. The high-resolution scan of the (111) peak at 2θ of 44◦

showed two collapsed diffraction peaks only for CNF-Co10 and CNF-Co20, but not for
CNF and CNF-Co3 (Figure 3b). These results confirmed the presence of a small amount of
CoOx that can be detected by XRD. As cobalt acetate is a thermally unstable compound,
the high cobalt acetate concentration used in the preparation of CNF-Co10 and CNF-Co20
led to (i) an increase in the amount of cobalt acetate in direct contact with air during
the peroxidation step; (ii) an increase in the degradation and oxidation of cobalt acetate
on the cobalt acetate/PAN surface to form CoOx clusters before pyrolysis of the cobalt
acetate/PAN nanofibers under nitrogen atmosphere. Previous studies [63] reported that
the existence of Co/CoOx heterojunctions significantly enhances the electrocatalytic perfor-
mance of the electrodes. The generation of metallic Co nanocrystals as a domain rather
than CoOx can be the result of the production of reducing by-products during thermal
pyrolysis at lower pressure [70]. However, it is important to emphasize that the diffraction
peaks of CNF-Co20 and CNF-Co10 appeared at smaller or larger 2-theta angles than that of
CNF-Co3, respectively, indicating higher Co/CoOx NPs content. Particularly, the increase
in peak intensity at 25◦ and 44.3◦ indicates that Co/CoOx NPs accelerate the formation of
graphitic carbon.

Figure 3. XRD profiles of the prepared free-standing electrodes: (a) survey XRD scan; (b) high-
resolution scan of 111 peak(s) around 44◦.
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The co-existence of CoOx and Co NPs and the influence of the cobalt acetate:PAN
weight ratio on the degree of CNF graphitization were assessed by Raman spectroscopy
(Figure 4a). For all tested electrodes, the typical D (disorder) peak at ~1342 cm−1 and the
G (graphite) peak at ~1578cm−1 of the graphitic layers in CNFs [71] were observed. The
D peak is not present in perfect graphite structures, because it belongs to the hybridized
vibrational mode associated with the edges and graphitic defects. The G peak may be
explained by the in-plane stretching vibration of all sp2-hybridized C-atom pairs in the
graphitic structure of CNFs. The intensity ratio (R) of the D and G peaks (ID/IG) is of-
ten proportional to the CNF graphitization extent. The R-value decreases with higher
CNF graphitization values [69]. Indeed, the R-value ranged from 1.2 (pure CNFs) to
1.1 (CNF-Co3), 0.9 (CNF-Co10), and 0.3 (CNF-Co20). This demonstrated that a graphite
layer structure was progressively formed when the cobalt acetate/PAN weight ratio was
increased from 3 to 20% [72]. Raman spectrometry also highlighted the presence of the
three typical peaks for Co3O4 at 194.1, 471.8, and 667.4 cm−1. These peaks are associ-
ated with T2g, Eg, and A1g symmetries. Co3O4 presence is explained by cobalt acetate
degradation and oxidation in contact with air during the peroxidation step [73].

Figure 4. (a) Raman spectroscopy and XPS spectra of the prepared CNF-Co10 electrodes: (b) survey
scan; (c) C 1 s; (d) O 1 s; (e) Co 2p; (f) N1s.
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The XPS spectra of the prepared electrodes were recorded to study the surface compo-
sition of the electrode graphite carbon nanostructures, their N-doping, and the formation
of Co/CoOx NPs heterojunctions. The survey scan of the CNF-Co20 electrode showed the
differences in the chemical states of carbon (C 1s, ~284.45 eV), oxygen (O 1 s, ~531.5 eV),
nitrogen (N 1 s, ~400.8 eV), and cobalt (Co 2p at ~778.4 eV). Analysis of the XPS spectra
indicated that the C 1 s peak (Figure 4c) was explained by the existence of four carbon
species with specific binding energy: C 1 s sp2 (C=C), sp3 carbon (C-C/C-H, 285.23 eV),
(C-O, 285.88 eV), (C=O, 286.81 eV), and (C-O=C, 288.21 eV) [74]. The O 1 s peak (Figure 4d)
could be decomposed in three peaks at 531.5 eV (O2−, corresponding to the oxide of cobalt
II and/or III), and 532.2 eV (-OH, assigned to Co–OH groups). The peak at 536 eV was due
to chemisorbed oxygen, and the peak at 533.6 eV to chemisorbed water. HR-XPS spectra of
the Co 2p1/2 and Co 2p3/2 peaks (Figure 4f) confirmed the presence of CoOx impurities.
The CNF-Co20 electrode showed two satellites for the Co2p: Co 2p1/2 (770–790 eV) and
Co 2p3/2 (centered at 778.4 eV) [75,76]. This indicated the formation of metallic Co NPs on
the CNF surface with CoOx as minor impurities, which is consistent with the SEM-EDX
(Figure 1), TEM-EDX (Figure 2), XRD (Figure 3), and Raman spectra (Figure 4a). The N 1 s
peak (Figure 4f) displayed oxidized N and three other N species (pyrrolic, pyridinic, and
graphitic) [75] that interacted with three C atoms at different locations on the graphene
layer (402–410 eV).

TGA of the free-standing N-doped-CNF and N-doped-CNF-Co/CoOx electrodes was
used to determine the effect of cobalt acetate incorporation on CNF thermal stability and
ash (Co/CoOx) content (Figure 5 a,b). Analysis of the TGA curves of the CNF and CNF-
Co/CoOx materials in the air atmosphere showed a weight loss of ~4 wt% in all samples
from 60 ◦C to 250 ◦C due to evaporation of the physically and chemically bound water
and solvent (Figure 5). The N-doped-CNF-Co/CoOx electrodes started to decompose
at lower temperatures compared with the CNF electrode. This suggests that Co/CoOx
NPs behave as a catalyst for PAN oxidative degradation. Complete decomposition of
pure CNF occurred in two steps at 610 ◦C and 628 ◦C. Conversely, oxidative degradation
of CNFs loaded with Co/CoOx NPs (CNF-Co3, CNF-Co10, CNF-Co20) occurred in one
step at 460 ◦C, 523 ◦C, and 551 ◦C, respectively (Figure 5b). TGA analysis was used to
determine the weight percentage of Co/CoOx NPs relative to the CNFs. The residue at
700 ◦C attributed the Co/CoOx NPs content in the composite CNFs. The TGA results
showed that the Co/CoOx NPs content (residue) in the prepared samples were 8.9%, 25.1%,
and 48.2% for CNF-Co3, CNF-Co10, and CNF-Co20, respectively.

Magnetic Co/CoOx NPs have received considerable attention, because they offer
unique advantages compared with other materials in terms of enhanced electrocatalytic
applications. Therefore, CNF magnetization through Co/CoOx NPs incorporation was
studied by VSM [77]. The magnetic hysteresis loops of CNF-Co/CoOx measured at room
temperature (Figure 5c) showed that the saturation magnetization of CNF-Co3, CNF-Co10,
and CNF-Co20 reached 0.067, 0.165, and 0.252 emu/g, respectively. The magnetization of
N-doped-CNF-Co/CoOx (emu/g) increased with the Co/CoOx content. Interestingly, the
magnetic properties of Co/CoOx NPs are increased by allowing the easy separation of any
eluted Co/CoOx NPs catalyst from the aqueous medium.

Many researchers have tried to increase the surface porosity and number of co-catalyst
nanoparticles (catalytic sites) incorporated on/into the CNFs. To date, different systems of
N-doped-CNFs incorporating metal/metal oxide NPs have been described [62]. Conversely,
the effect of Co/CoOx and N-doping on the electro-Fenton activity of the electrodes has
not been investigated yet. The electrocatalytic performance of the electrode material is
influenced by the number of catalytic sites (Co/CoOx NPs), electrical conductivity (CNF
diameter and graphitic structure), and CNF porous surface structure (BET surface area and
pore diameter) [62].
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Figure 5. Features of the indicated electrodes: (a) TGA curves; (b) derivative TG curves; (c) VSM
hysteresis curves for magnetism.

The porous network structures (specific surface area and pore diameter) of electrodes
significantly affect the electrochemical performance of the degradation of organic pollutants.
It has been suggested that the pore interior dimensions (pore diameter) might restrict the
possible orientations of a reactive molecule (organic pollutants). The BET surface area and
pore size of free-standing N-doped-CNF and N-doped-CNF-Co/CoOx electrodes were
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measured using nitrogen adsorption–desorption isotherms. The BET surface area values
were 7.1 m2/g, 115.3 m2/g, and 240.2 m2/g, and the mean pore diameter values were
13.9 nm, 3.8 nm, and 5.6 nm for the CNF, CNF-Co10, and CNF-Co20 electrodes, respectively.
According to the IUPAC nomenclature, mesoporous nanomaterials are materials with mean
pore diameters between 2 nm and 50 nm. The high electrocatalytic activity of such nano-
porous structures is attributed to high Co/CoOx NPs dispersion among the graphitic
mesoporous N-doped-CNF framework, which further accounts for the high electrocatalytic
activity due to more “accessible” catalytic sites (Co/CoOx NPs) for the reactants (ions, free
radicals, and organic pollutants).

3.2. Application of Materials to the Electrochemical Degradation of the AO7 Dye

To understand the cathode composition impact on the degradation of AO7, CNF
cathodes without/with immobilized Co NPs (CNFs, CNF-Co3, CNF-Co10, and CNF-Co20)
and without/with the addition of 0.20 mM Fe2+ in solution (as Fenton catalyst) were used.
All prepared cathodes presented the same solid surface area. Table 1 summarizes the
electrode physical properties, the effective Co mass content (determined by TGA), the
remaining concentration of AO7 (in %), determined by UV-vis spectroscopy (480 nm) at pH
3 after 40 min of electrolysis, the AO7 decolorization rate constant, and the TOC removal
percentage at pH = 3 and pH = 6.

Table 1. Characteristics of the tested cathode materials and their corresponding AO7 decolorization rate and TOC removal
percentage at different pH.

Electrodes

Co
Crystallite

Size a
R = (ID/IG) b BET Surface

Area

Average
Pore

Diameter
Co Content c AO7

Residue d
Rate

Constant e

TOC
Removal
at pH 3 f

TOC
Removal
at pH 6 g

nm - - cm2/g nm wt/wt% % min−1 % %

CNF - - 1.13 7.1 13.9 No 15.8 ± 0.3 0.068 80.1 ± 0.6 81.2 ± 0.5

CNF-Fe(II) h - - 1.13 7.1 13.9 No 10.5 ± 0.2 0.090 89.8 ± 0.4 - -

CNF-Co3 37.0 ± 0.6 1.1 50.5 8.6 8.9 ± 0.5 10.7 ± 0.3 0.071 90.5 ± 0.3 90.5 ± 0.5

CNF-Co10 35.0 ± 0.4 1.01 115.3 3.8 25.1 ± 0.4 8.8 ± 0.3 0.080 92.4 ± 0.6 93.3 ± 0.5

CNF-Co20 32.1 ± 0.3 0.92 240.2 5.6 48.2 ± 0.7 11.1 ± 0.2 0.089 91.2 ± 0.6 91.0 ± 0.7

a Crystallite size calculated from FWHM using the Scherrer equation of each diffraction profile (Figure 3). b R ratio calculated from the D
and G peak relative intensities on Raman spectra (Figure 4a). c Co/CoOx content (ash) in the prepared electrodes determined by TGA
(Figure 5). d AO7 residue is the remaining AO7 concentration (in %) at pH 3 after 40 min measured by UV-vis spectroscopy at 480 nm.
e Rate constant (K) calculated using a first-order reaction at 0–10 min (Figure 6a). f TOC removal at pH 3 and at 40 min of reaction time
(Figure 6b). g TOC removal at pH 6 and 180 min of reaction time. h CNF-Fe(II) is a CNF tested with 0.1 mM AO7 and 0.20 mM Fe2+ as
electro-Fenton reagent.

A comparison of AO7 concentration over time (Figure 6a) clearly showed that the
cathode material degradation performance was influenced by the Co NPs content. Indeed,
the values of the apparent kinetic constants of AO7 degradation (based on a first-order
kinetic) were 0.071 min−1, 0.080 min−1, and 0.089 min−1 for CNF-Co3, CNF-Co10, and
CNF-Co20, respectively. Moreover, the apparent kinetic constant values were 0.068 min−1

and 0.090 min−1 when using the Co-free electrode without (CNF) and with Fe2+ in solution
(CNFs-FeII). This confirms the performance of Co NPs as an electrocatalyst in hetero-
geneous electro-Fenton oxidation. For the CNF experimental condition without Fe2+ in
solution, AO7 degradation might be due to its partial oxidation at the Pt anode and also to
oxidation by H2O2 electrochemically produced at the CNF cathode from oxygen reduction.
Altogether, these findings demonstrated the efficiency of cobalt NPs embedded in free-
standing CNFs for the electrochemical activity of the materials. Moreover, a comparison
of AO7 degradation after 40 min (Figure 6b) indicated that the optimal mass content of
Co NPs in CNF (CNF-Co10) was about 25%. Moreover, it is well known that the optimal
homogeneous electro-Fenton process occurs in solutions with a working pH value of 3.
Indeed, the cathode oxidative capacity is weak if pH > 4 because of Fe (III) precipitation.
Therefore, it is crucial to extend the electro-Fenton process to efficiently work at near-
neutral pH values. Analysis of AO7 degradation at pH 6 after 10 cycles (40 min per cycle)
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using the CNF-Co10 electrode (with the optimal composition of N-doped-CNF-Co/CoOx)
(Figure 6d) highlighted the electrode good stability and efficiency with a residual AO7
concentration of 12.4% after cycle 1, which is close to the value obtained at pH 3 (8.8%, see
Figure 6b). This shows the efficiency of the as-prepared electrodes for the heterogeneous
electro-Fenton process. The chemical stability and electrocataytic performance of the best
CNF-Co10 electrode have been examined. Figure 6e shows the XRD patterns of the as
prepared CNF-Co10 electrode and after 10 cycles of electrolysis (40 min/cycle); the XRD
curves indicate that prepared electrodes are chemically stable over 10 cycles of electrolysis
(40 min/cycle) of working time. Figure 6f shows the chronoamperometric response of
CNFs electrodes remain stable over 12 h.

Figure 6. Cont.
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Figure 6. Influence of the cathode material on AO7 degradation (a) at different time points
during the reaction and (b) after 40 min of electrolysis. (c) TOC removal (%) after 40 min of
electrolysis. Conditions: applied current = 10 mA/cm2, electrolyte = 50 mM Na2SO4, initial
concentration (C0) of AO7 = 0.1 mM, pH value = 3, reaction temperature = 25 ◦C. CNFs-Fe(II)
is a pure CNF tested in the presence of 0.20 mM Fe2+ as electro-Fenton reagent. (d) Perfor-
mance of the prepared CNF-Co10 electrode: after 10 cycles of electrolysis (40 min/cycle). Con-
ditions: applied current = 10 mA/cm2, electrolyte = 50 mM Na2SO4, initial concentration (C0) of
AO7 = 0.1 mM, pH = 6, reaction temperature = 25 ◦C; (e) XRD patterns of the CNF-Co10 electrode
after 10 cycles of electrolysis (40 min/cycle); (f) the chronoamperometric response (j-t) test of the
CNF-Co10 electrode in 0.5 M H2SO4 over 12 h.



Nanomaterials 2021, 11, 2686 15 of 20

The results summarized in Table 1 suggest that CNFs-Co10 containing 25 wt% Co
NPs is the best electrode for AO7 degradation by electro-Fenton oxidation. This reaction
follows a pseudo-first-order reaction with the removal of 14–94% of AO7 in 1 h, in the
function of the reaction conditions. After 40 min of electrolysis (10 mA/cm2 direct current),
the CNFs-Co10 electrodes achieved complete AO7 decolorization with TOC removal of
92.4 ± 0.6 at pH 3 and 93.3 ± 0.5% at pH 6. The newly developed CNFs-Co10 electrodes
are an effective alternative for wastewater pre-treatment before the biological treatment.

Then, the efficiency of the CNFs-Co10 electrodes was compared with that of cathodes
described in some recent studies (Table 2). Le et al. [14] studied AO7 removal from
wastewater by electron-Fenton oxidation with a graphene-based carbon felt cathode; AO7
(0.1 M) decolorization was observed in 5 min with AO7 mineralization (94%) after 8 h of
electrolysis Le et al. [78] reported that the toxicity of 1 mM AO7 solution increases quickly
during the first 5 min of electrolysis, when aromatic intermediates are formed, for instance,
1,4-benzoquinone and 1,2-naphthoquinone. Then, short-chain acids are formed, such as
formic acid and acetic acid, before mineralization is completed at 270 min [78]. Lin et al. [79]
evaluated the electrochemical oxidation (decolorization) of an AO7 aqueous solution using
Fe3O4 activated peroxydisulfate (PDS). The aqueous AO7 solution was decolorized after
1 h of electrolysis with TOC removal of 20%. TOC removal increased to 30% after 90 min.
The authors also reported that, during the first 30 min of the reaction, the main intermediate
by-products were 1,4-benzoquinone and 1,2-naphthalenedione that are harmful because of
the toxicity of quinones. However, after 30 to 90 min of reaction, these intermediates could
be converted to less or non-toxic compounds [79]. Fernandes et al. [80] used a boron-doped
diamond electrode (BDD) for the electrochemical oxidation of 1.7 M AO7 solution. They
studied two different electrolytes (KCl and Na2SO4) that resulted in color removal with
efficiencies higher than 90%. Özcan et al. [81] investigated a carbon felt cathode for AO7
degradation from an aqueous solution by electro-Fenton reaction with H2O2 and Fe2+ ions.
They reported 92% of AO7 mineralization. They also found that the AO7 degradation
rate decreased with Fe3+ concentrations higher than 0.1 mM. Daneshvar et al. [82] tested
the electrochemical oxidation of AO7 in the presence of sulfate, chloride, and perchlorate
electrolyte media at pH 3, with a mineralization rate of 75%. Zhang et al. [83] used IEO
to eliminate AO7 from wastewater with a Ti/RuO2-Pt electrode, with a mineralization
efficiency of 79.5% (from 28.5 to 5.9 mg/L) after 4 h of electrolysis. Han et al. [84] integrated
electrochemical adsorption and regeneration for AO7 removal from wastewater using
activated carbon fibers (ACFs). The experiment showed a regeneration efficiency higher
than 70% after 10 cycles. Xia et al. [85] investigated the electrochemical oxidation of
an AO7 aqueous solution (100 mg L−1) with a Fe-doped PbO2 electrode. AO7 solution
decolorization and TOC were 87% and 45%, respectively, after 60 min of electrolysis
(experimental conditions: 0.1 M Na2SO4, applied current density = 20 mA cm−2 and initial
pH = 5). In the present work, AO7 removal from the water was tested using free-standing
CNF electrodes, with/without Fe2+ ions as electro-Fenton reagent. Higher decolorization
and demineralization rates were achieved in a shorter time and with lower current density.
After 40 min of electrolysis at 10 mA/cm2 DC current and pH 3, the CNFs-Co10 electrode
loaded with 25wt% of Co NPs achieved 92.5% TOC removal and complete decolorization.
Moreover, the electrochemical analysis showed the high stability of the prepared electrodes
in electrochemical oxidation experiments with very good AO7 solution degradation at
different pH values (3 and 6).

Encapsulating Co NPs (electrocatalyst) inside CNFs to produce highly integrated
electrode materials can solve the stability issue. Indeed, CNF’s excellent chemical stability
could prevent Co/CoOx NPs from corrosion in harsh environments. Besides the high
chemical stability, Co/CoOx NPs electrocatalytic activity could be further improved by the
strong metal–carbon support interaction. The CNF porous nanostructures can provide fast
mass transfer of the reactants and products from and to the Co/CoOx NPs (catalytic active
sites). The application of CNF-Co/CoOx electrodes for wastewater treatment is of great
interest due to their outstanding properties: (i) good cathodes for electro-Fenton oxidation;
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(ii) adaptability to different electro-Fenton systems (size and shape); the electrode area also
can be adapted; (iii) confining Co/CoOx NPs inside CNF nanovoids or channels leads to
better catalytic stability because CNF-Co/CoOx electrodes can be used for at least 10 cycles
(40 min per cycle) without changes in their performance; and (iv) the electrode improved
chemical stability greatly decreases the water treatment cost.

Table 2. Comparison of the efficiency of the self-supported CNF-Co10 electrodes and of some cathodes described in the
literature for AO7 mineralization.

Cathode Electrolyte

Initial AO7
Conc.

Current
Density Time TOC

Removal pH Ref.

mM mA·cm−2 min % - - - -

rGO/carbon felt Fe (II) + Na2SO4 0.1 30 120 73 3 [14]

Carbon felt Fe (II) + Na2SO4 0.1 8.3 120 90 3 [78]

Stainless steel Fe3O4 + peroxydisulfate
(PDS) 0.07 8.4 90 30 3 [79]

Boron-doped
diamond electrode KCl + Na2SO4 1.7 10 600 90 3.5 [80]

CNFs-Co10 Na2SO4 0.1 10 40 92.5 3 This work

The degradation pathway of AO7 is widely discussed in the literature and was
investigated by our group elsewhere [55]. In fact, the toxicity of the solution grows at the
beginning of the electrolysis. This could be attributed to the appearance of intermediate
poisonous aromatic compounds 1,2-naphthaquinone (NAPQ) and 1,4-benzoquinone (BZQ).
This step is followed by a decrease in the toxicity due to the appearance of aliphatic short-
chain carboxylic acids such as acetic acid and formic acid. In the end, the complete
mineralization will lead to a non-toxic solution and the formation of inorganic ions, such
as ammonium, nitrate, and sulphate.

4. Conclusions

Designing metal NPs embedded on/inside N-doped-CNFs is of great interest as
electrode materials because they offer many applications for energy conversion and storage
and environmental remediation. In this study, Co/CoOx NPs embedded in free-standing N-
doped-CNF electrodes were developed for treating wastewater containing AO7 by electro-
Fenton oxidation. The composite N-doped-CNF-Co/CoOx electrodes were produced by
electrospinning a PAN/cobalt acetate solution, followed by thermal peroxidation in air
atmosphere, and thermal carbonation in a nitrogen atmosphere. The composite N-doped-
CNF-Co/CoOx nanofibers possess a hierarchical structure, with the main fiber diameter
of 400 nm. The free-standing N-doped-CNF-Co/CoOx electrodes work as a multi-phasic
electro-Fenton electrocatalyst for AO7 removal (0.1 mM initial concentration). UV-vis
spectrophotometry analysis of AO7 degradation at the N-doped-CNF-Co/CoOx cathode
in the presence or not of an electro-Fenton reagent (Fe2+ ion) demonstrated the cathode’s
good performance. AO7 removal with different N-doped-CNF-Co/CoOx electrodes was
evaluated to optimize Co/CoOx NP loading and ·OH radical production in electro-Fenton
oxidation. The structural and electrochemical investigations showed the strong stability
of CNF-Co10 electrodes (CNFs loaded with 25 wt% Co NPs) at almost neutral pH and
their very good performance for AO7 degradation at different pH values (3 and 6). After
40 min of electrolysis at 10 mA/cm2 DC, the N-doped-CNF-Co10 electrodes showed
TOC removal values of 92.4% at pH 3 and 93.3% at pH 6. The enhanced performance
of N-doped-CNF-Co/CoOx electrodes without Fe2+ ions could be explained by (i) the
surface-catalyzed reaction at the Co/CoOx NPs surface that can allow performing the
reaction at different pH values (from 3 to 6), without iron sludge precipitation, (ii) the
increased H2O2 production due to the better surface area of the N-doped-CNFs-Co/CoOx
cathode, and (iii) the relatively good reusability of the N-doped-CNF-Co/CoOx electrodes,
as indicated by a decolorization rate higher than 85% of an 0.1 mM AO7 solution after
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10 cycles (400 min) of degradation. Embedding metal NPs (Fe, Co, Ni, Mn) into N-doped-
CNF can be considered as an effective strategy to produce electrocatalysts for the removal
of organic dyes. Shortly, the CNFs electrodes will be tested for the removal of other
organic matters such as antibiotics drugs (e.g., tetracycline, amoxicillin), pesticides, and
microplastics from effluents to enlarge their application fields.
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28. Özcan, A.; Şahin, Y.; Koparal, A.S.; Oturan, M.A. 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. 2008, 616, 71–78. [CrossRef]

29. Le, T.X.H.; Drobek, M.; Bechelany, M.; Motuzas, J.; Julbe, A.; Cretin, M. Application of Fe-MFI zeolite catalyst in heterogeneous
electro-Fenton process for water pollutants abatement. Microporous Mesoporous Mater. 2018, 278, 64–69. [CrossRef]

30. Le, T.X.H.; Cowan, M.G.; Drobek, M.; Bechelany, M.; Julbe, A.; Cretin, M. Le Fe-nanoporous carbon derived from MIL-53 (Fe):
A heterogeneous catalyst for mineralization of organic pollutants. Nanomaterials 2019, 9, 641. [CrossRef]

31. Barhoum, A.; Pal, K.; Rahier, H.; Uludag, H.; Kim, I.S.; Bechelany, M. Nanofibers as new-generation materials: From spinning and
nano-spinning fabrication techniques to emerging applications. Appl. Mater. Today 2019, 17, 1–35. [CrossRef]

32. Barhoum, A.; Shalan, A.E.; El-Hout, S.I.; Ali, G.A.M.; Abdelbasir, S.M.; Serea, E.S.A.; Ibrahim, A.H.; Pal, K. A broad family of
carbon nanomaterials: Classification, properties, synthesis, and emerging applications. In Handbook of Nanofibers; Springer Nature:
Cham, Switzerland, 2019; pp. 1–40.

33. Barhoum, A.; Rasouli, R.; Yousefzadeh, M.; Rahier, H.; Bechelany, M. Nanofiber technology: History and developments. In
Handbook of Nanofibers; Springer International Publishing: Cham, Switzerland, 2018; pp. 1–42.

34. Gopalakrishnan, R.; Li, Y.; Smekens, J.; Barhoum, A.; Van Assche, G.; Omar, N.; Van Mierlo, J. Electrochemical impedance
spectroscopy characterization and parameterization of lithium nickel manganese cobalt oxide pouch cells: Dependency analysis
of temperature and state of charge. Ionics 2019, 25, 111–123. [CrossRef]

35. Haichao, L.; Haoyi, L.; Bubakir, M.M.; Weimin, Y.; Barhoum, A. Engineering nanofibers as electrode and membrane materials for
batteries, supercapacitors, and fuel cells. In Handbook of Nanofibers; Springer International Publishing: Cham, Switzerland, 2019;
pp. 1105–1130. [CrossRef]

36. Le, T.X.H.; Bechelany, M.; Engel, A.B.; Cretin, M.; Tingry, S. Gold particles growth on carbon felt for efficient micropower
generation in a hybrid biofuel cell. Electrochimica Acta 2016, 219, 121–129. [CrossRef]

37. Abdel-Haleem, F.M.; Saad, M.; Barhoum, A.; Bechelany, M.; Rizk, M.S. PVC membrane, coated-wire, and carbon-paste ion-
selective electrodes for potentiometric determination of galantamine hydrobromide in physiological fluids. Mater. Sci. Eng. C
2018, 89, 140–148. [CrossRef] [PubMed]

38. Abdel-Haleem, F.M.; Salah, A.; Rizk, M.S.; Moustafa, H.; Bechelany, M.; Barhoum, A. Carbon-based Nanosensors for Salicylate
Determination in Pharmaceutical Preparations. Electroanalysis 2019, 31, 778–789. [CrossRef]

http://doi.org/10.1016/j.carbon.2015.07.086
http://doi.org/10.1016/j.memsci.2019.117182
http://doi.org/10.1016/j.carbon.2017.06.078
http://doi.org/10.1016/j.electacta.2015.12.005
http://doi.org/10.1021/acs.est.6b00265
http://doi.org/10.1007/s11051-013-1802-3
http://doi.org/10.1039/c6ta05443a
http://doi.org/10.1016/j.electacta.2016.03.044
http://doi.org/10.1016/j.cep.2013.07.007
http://doi.org/10.1016/j.apcatb.2015.06.048
http://doi.org/10.1098/rsos.170926
http://www.ncbi.nlm.nih.gov/pubmed/29410807
http://doi.org/10.1021/acs.est.8b01894
http://doi.org/10.3390/ma12101698
http://doi.org/10.1016/j.apcatb.2019.117774
http://doi.org/10.1016/j.jelechem.2008.01.002
http://doi.org/10.1016/j.micromeso.2018.11.021
http://doi.org/10.3390/nano9040641
http://doi.org/10.1016/j.apmt.2019.06.015
http://doi.org/10.1007/s11581-018-2595-2
http://doi.org/10.1007/978-3-319-53655-2_52
http://doi.org/10.1016/j.electacta.2016.09.135
http://doi.org/10.1016/j.msec.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/29752082
http://doi.org/10.1002/elan.201800728


Nanomaterials 2021, 11, 2686 19 of 20

39. Abdel-Haleem, F.M.; Gamal, E.; Rizk, M.S.; El Nashar, R.M.; Anis, B.; Elnabawy, H.M.; Khalil, A.S.; Barhoum, A. t-Butyl
calixarene/Fe2O3@MWCNTs composite-based potentiometric sensor for determination of ivabradine hydrochloride in pharma-
ceutical formulations. Mater. Sci. Eng. C 2020, 116, 111110. [CrossRef]

40. Rasouli, R.; Barhoum, A.; Bechelany, M.; Dufresne, A. Nanofibers for biomedical and healthcare applications. Macromol. Biosci.
2018, 19, e1800256. [CrossRef]

41. Barhoum, A.; El-Maghrabi, H.H.; Iatsunskyi, I.; Coy, E.; Renard, A.; Salameh, C.; Weber, M.; Sayegh, S.; Nada, A.; Roualdes, S.;
et al. Atomic layer deposition of Pd nanoparticles on self-supported carbon-Ni/NiO-Pd nanofiber electrodes for electrochemical
hydrogen and oxygen evolution reactions. J. Colloid Interface Sci. 2020, 569, 286–297. [CrossRef]

42. Chen, X.; Cheng, L.; Li, H.; Barhoum, A.; Zhang, Y.; He, X.; Yang, W.; Bubakir, M.M.; Chen, H. Magnetic nanofibers: Unique
properties, fabrication techniques, and emerging applications. ChemistrySelect 2018, 3, 9127–9143. [CrossRef]

43. Barhoum, A.; Samyn, P.; Öhlund, T.; Dufresne, A. Review of recent research on flexible multifunctional nanopapers. Nanoscale
2017, 9, 15181–15205. [CrossRef]

44. Turky, A.O.; Barhoum, A.; Rashad, M.; Bechelany, M. Enhanced the structure and optical properties for ZnO/PVP nanofibers
fabricated via electrospinning technique. J. Mater. Sci. Mater. Electron. 2017, 28, 17526–17532. [CrossRef]

45. Prasad, S.; Kumar, V.; Kirubanandam, S.; Barhoum, A. Engineered nanomaterials: Nanofabrication and surface functionalization.
In Emerging Applications of Nanoparticles and Architectural Nanostructures: Current Prospects and Future Trends; Elsevier Inc.:
Amsterdam, The Netherlands, 2018; pp. 305–340.

46. Karatutlu, A.; Barhoum, A.; Sapelkin, A. Theories of nanoparticle and nanostructure formation in liquid phase. In Emerging
Applications of Nanoparticles and Architectural Nanostructures: Current Prospects and Future Trends; Elsevier Inc.: Amsterdam, The
Netherlands, 2018; pp. 597–619.

47. Mantzaris, N.V. Liquid-phase synthesis of nanoparticles: Particle size distribution dynamics and control. Chem. Eng. Sci. 2005, 60,
4749–4770. [CrossRef]

48. Karatutlu, A.; Barhoum, A.; Sapelkin, A. Liquid-phase synthesis of nanoparticles and nanostructured materials. In Emerging
Applications of Nanoparticles and Architectural Nanostructures: Current Prospects and Future Trends; Elsevier Inc.: Amsterdam, The
Netherlands, 2018; pp. 1–28.

49. Samyn, P.; Barhoum, A. Engineered nanomaterials for papermaking industry. In Fundamentals of Nanoparticles; Elsevier: Amster-
dam, The Netherlands, 2018; pp. 245–277.

50. Ngom, B.; Guo, Y.; Wang, X.; Bi, D. Development and application of lateral flow test strip technology for detection of infectious
agents and chemical contaminants: A review. Anal. Bioanal. Chem. 2010, 397, 1113–1135. [CrossRef] [PubMed]

51. Zhang, G.; Ruan, J.; Du, T. Recent advances on photocatalytic and electrochemical oxidation for ammonia treatment from
water/wastewater. ACS EST Eng. 2020, 1, 310–325. [CrossRef]

52. Papadopoulos, K.P.; Argyriou, R.; Economou, C.N.; Charalampous, N.; Dailianis, S.; Tatoulis, T.I.; Tekerlekopoulou, A.; Vayenas,
D.V. Treatment of printing ink wastewater using electrocoagulation. J. Environ. Manag. 2019, 237, 442–448. [CrossRef]

53. Rehan, M.; Barhoum, A.; Khattab, T.A.; Gätjen, L.; Wilken, R. Colored, photocatalytic, antimicrobial and UV-protected viscose
fibers decorated with Ag/Ag2CO3 and Ag/Ag3PO4 nanoparticles. Cellulose 2019, 26, 5437–5453. [CrossRef]

54. Wakelyn, P.J. Health and safety issues in cotton production and processing. In Cotton: Science and Technology; Elsevier Inc.:
Amsterdam, The Netherlands, 2006; pp. 460–483.

55. Said, M.M.; Rehan, M.; El-Sheikh, S.M.; Zahran, M.K.; Abdel-Aziz, M.S.; Bechelany, M.; Barhoum, A. Multifunctional hy-
droxyapatite/silver nanoparticles/cotton gauze for antimicrobial and biomedical applications. Nanomaterials 2021, 11, 429.
[CrossRef]

56. Le, T.X.H.; Esmilaire, R.; Drobek, M.; Bechelany, M.; Vallicari, C.; Cerneaux, S.; Julbe, A.; Cretin, M. Nitrogen-doped graphitized
carbon electrodes for biorefractory pollutant removal. J. Phys. Chem. C 2017, 121, 15188–15197. [CrossRef]

57. Wang, T.; Wu, J.; Liu, Y.; Cui, X.; Ding, P.; Deng, J.; Zha, C.; Coy, E.; Li, Y. Scalable preparation and stabilization of atomic-thick
CoNi layered double hydroxide nanosheets for bifunctional oxygen electrocatalysis and rechargeable zinc-air batteries. Energy
Storage Mater. 2019, 16, 24–30. [CrossRef]

58. Yuan, W.; Li, J.; Xie, A.; Chen, P.; Li, S.; Shen, Y. Practical, cost-effective and large-scale production of nitrogen-doped porous
carbon particles and their use as metal-free electrocatalysts for oxygen reduction. Electrochim. Acta 2015, 165, 29–35. [CrossRef]

59. Zhong, H.; Deng, C.; Qiu, Y.; Yao, L.; Zhang, H. Nitrogen-doped hierarchically porous carbon as efficient oxygen reduction
electrocatalysts in acid electrolyte. J. Mater. Chem. A 2014, 2, 17047–17057. [CrossRef]

60. Barhoum, A.; García-Betancourt, M.L.; Rahier, H.; Van Assche, G. Physicochemical characterization of nanomaterials: Polymorph,
composition, wettability, and thermal stability. In Emerging Applications of Nanoparticles and Architectural Nanostructures: Current
Prospects and Future Trends; Elsevier Inc.: Amsterdam, The Netherlands, 2018; pp. 255–278.

61. Barhoum, A.; García-Betancourt, M.L. Physicochemical characterization of nanomaterials: Size, morphology, optical, magnetic,
and electrical properties. In Emerging Applications of Nanoparticles and Architectural Nanostructures: Current Prospects and Future
Trends; Elsevier Inc.: Amsterdam, The Netherlands, 2018; pp. 279–304.

62. Yang, D.-S.; Chaudhari, S.; Rajesh, K.P.; Yu, J.-S. Preparation of nitrogen-doped porous carbon nanofibers and the effect of porosity,
electrical conductivity, and nitrogen content on their oxygen reduction performance. ChemCatChem 2014, 6, 1236–1244. [CrossRef]

http://doi.org/10.1016/j.msec.2020.111110
http://doi.org/10.1002/mabi.201800256
http://doi.org/10.1016/j.jcis.2020.02.063
http://doi.org/10.1002/slct.201702480
http://doi.org/10.1039/C7NR04656A
http://doi.org/10.1007/s10854-017-7688-6
http://doi.org/10.1016/j.ces.2005.04.012
http://doi.org/10.1007/s00216-010-3661-4
http://www.ncbi.nlm.nih.gov/pubmed/20422164
http://doi.org/10.1021/acsestengg.0c00186
http://doi.org/10.1016/j.jenvman.2019.02.080
http://doi.org/10.1007/s10570-019-02497-8
http://doi.org/10.3390/nano11020429
http://doi.org/10.1021/acs.jpcc.7b03100
http://doi.org/10.1016/j.ensm.2018.04.020
http://doi.org/10.1016/j.electacta.2015.02.242
http://doi.org/10.1039/C4TA03778B
http://doi.org/10.1002/cctc.201400035


Nanomaterials 2021, 11, 2686 20 of 20

63. Yuan, X.; Hu, X.-X.; Ding, X.-L.; Kong, H.-C.; Sha, H.-D.; Lin, H.; Wen, W.; Shen, G.; Guo, Z.; Ma, Z.-F.; et al. Effects of cobalt
precursor on pyrolyzed carbon-supported cobalt-polypyrrole as electrocatalyst toward oxygen reduction reaction. Nanoscale Res.
Lett. 2013, 8, 478. [CrossRef]

64. Zhang, H.-J.; Yuan, X.; Wen, W.; Zhang, D.-Y.; Sun, L.; Jiang, Q.-Z.; Ma, Z.-F. Electrochemical performance of a novel CoTETA/C
catalyst for the oxygen reduction reaction. Electrochem. Commun. 2009, 11, 206–208. [CrossRef]

65. Faubert, G.; Côté, R.; Guay, D.; Dodelet, J.; Dénès, G.; Poleunis, C.; Bertrand, P. Activation and characterization of Fe-based
catalysts for the reduction of oxygen in polymer electrolyte fuel cells. Electrochim. Acta 1998, 43, 1969–1984. [CrossRef]

66. Yang, R.; Dahn, J.R.; Bonakdarpour, A.; Easton, E.B. Co-C-N oxygen reduction catalysts prepared by combinatorial magnetron
sputter deposition. ECS Trans. 2006, 3, 221–230. [CrossRef]

67. Niwa, H.; Kobayashi, M.; Horiba, K.; Harada, Y.; Oshima, M.; Terakura, K.; Ikeda, T.; Koshigoe, Y.; Ozaki, J.-I.; Miyata, S.; et al.
X-ray photoemission spectroscopy analysis of N-containing carbon-based cathode catalysts for polymer electrolyte fuel cells. J.
Power Sources 2011, 196, 1006–1011. [CrossRef]

68. Hayes, W.I.; Joseph, P.; Mughal, M.Z.; Papakonstantinou, P. Production of reduced graphene oxide via hydrothermal reduction in
an aqueous sulphuric acid suspension and its electrochemical behaviour. J. Solid State Electrochem. 2014, 19, 361–380. [CrossRef]

69. Zhu, S.; Sun, J.; Wu, T.; Su, X.; Su, H.; Qu, S.; Xie, Y.; Chen, M.; Diao, G. Graphitized porous carbon nanofibers prepared by
electrospinning as anode materials for lithium ion batteries. RSC Adv. 2016, 6, 83185–83195. [CrossRef]

70. Ji, L.; Lin, Z.; Alcoutlabi, M.; Toprakci, O.; Yao, Y.; Xu, G.; Li, S.; Zhang, X. Electrospun carbon nanofibers decorated with various
amounts of electrochemically-inert nickel nanoparticles for use as high-performance energy storage materials. RSC Adv. 2012, 2,
192–198. [CrossRef]

71. George, G.; Anandhan, S. Synthesis and characterisation of nickel oxide nanofibre webs with alcohol sensing characteristics. RSC
Adv. 2014, 4, 62009–62020. [CrossRef]

72. Bao, G.; Bai, J.; Li, C. Synergistic effect of the Pd–Ni bimetal/carbon nanofiber composite catalyst in Suzuki coupling reaction.
Org. Chem. Front. 2019, 6, 352–361. [CrossRef]

73. Guo, S.-X.; Liu, Y.; Bond, A.M.; Zhang, J.; Karthik, P.E.; Maheshwaran, I.; Kumar, S.S.; Phani, K.L.N. Facile electrochemical
co-deposition of a graphene–cobalt nanocomposite for highly efficient water oxidation in alkaline media: Direct detection of
underlying electron transfer reactions under catalytic turnover conditions. Phys. Chem. Chem. Phys. 2014, 16, 19035–19045.
[CrossRef] [PubMed]

74. Di Blasi, A.; Busacca, C.; Di Blasi, O.; Briguglio, N.; Antonucci, V. Synthesis and Characterization of Electrospun Nickel-Carbon
Nanofibers as Electrodes for Vanadium Redox Flow Battery. J. Electrochem. Soc. 2018, 165, A1478–A1485. [CrossRef]

75. Luo, Q.-X.; Guo, L.-P.; Yao, S.-Y.; Bao, J.; Liu, Z.-T.; Liu, Z.-W. Cobalt nanoparticles confined in carbon matrix for probing the size
dependence in Fischer-Tropsch synthesis. J. Catal. 2019, 369, 143–156. [CrossRef]

76. Kim, M.; Nam, D.-H.; Park, H.-Y.; Kwon, C.; Eom, K.; Yoo, S.; Jang, J.; Kim, H.-J.; Cho, E.; Kwon, H. Cobalt-carbon nanofibers as
an efficient support-free catalyst for oxygen reduction reaction with a systematic study of active site formation. J. Mater. Chem. A
2015, 3, 14284–14290. [CrossRef]

77. Abdel-Haleem, F.M.; Mahmoud, S.; Abdel-Ghani, N.E.T.; El Nashar, R.M.; Bechelany, M.; Barhoum, A. Polyvinyl chloride modified
carbon paste electrodes for sensitive determination of levofloxacin drug in serum, urine, and pharmaceutical formulations.
Sensors 2021, 21, 3150. [CrossRef]

78. Le, T.X.H.; Van Nguyen, T.; Yacouba, Z.A.; Zoungrana, L.; Avril, F.; Petit, E.; Mendret, J.; Bonniol, V.; Bechelany, M.; Lacour, S.;
et al. Toxicity removal assessments related to degradation pathways of azo dyes: Toward an optimization of Electro-Fenton
treatment. Chemosphere 2016, 161, 308–318. [CrossRef]

79. Lin, H.; Zhang, H.; Hou, L. Degradation of C. I. Acid Orange 7 in aqueous solution by a novel electro/Fe3O4/PDS process. J.
Hazard. Mater. 2014, 276, 182–191. [CrossRef]

80. Fernandes, A.; Morao, A.; Magrinho, M.; Lopes, A.; Gonçalves, I. Electrochemical degradation of C. I. Acid Orange 7. Dye.
Pigment. 2004, 61, 287–296. [CrossRef]

81. Özcan, A.; Oturan, M.A.; Oturan, N.; Sahin, Y. Removal of Acid Orange 7 from water by electrochemically generated Fenton’s
reagent. J. Hazard. Mater. 2009, 163, 1213–1220. [CrossRef]

82. Daneshvar, N.; Aber, S.; Vatanpour, V.; Rasoulifard, M.H. Electro-Fenton treatment of dye solution containing Orange II: Influence
of operational parameters. J. Electroanal. Chem. 2008, 615, 165–174. [CrossRef]

83. Zhang, F.; Feng, C.; Li, W.; Cui, J. Indirect electrochemical oxidation of dye wastewater containing Acid Orange 7 using Ti/RuO
2-Pt Electrode. Int. J. Electrochem. Sci. 2014, 9, 943–954.

84. Han, Y.; Quan, X.; Ruan, X.; Zhang, W. Integrated electrochemically enhanced adsorption with electrochemical regeneration for
removal of acid orange 7 using activated carbon fibers. Sep. Purif. Technol. 2008, 59, 43–49. [CrossRef]

85. Xia, Y.; Wang, G.; Guo, L.; Dai, Q.; Ma, X. Electrochemical oxidation of Acid Orange 7 azo dye using a PbO2 electrode: Parameter
optimization, reaction mechanism and toxicity evaluation. Chemosphere 2020, 241, 125010. [CrossRef]

http://doi.org/10.1186/1556-276X-8-478
http://doi.org/10.1016/j.elecom.2008.11.004
http://doi.org/10.1016/S0013-4686(97)10120-7
http://doi.org/10.1149/1.2356140
http://doi.org/10.1016/j.jpowsour.2010.08.054
http://doi.org/10.1007/s10008-014-2560-6
http://doi.org/10.1039/C6RA15076D
http://doi.org/10.1039/C1RA00676B
http://doi.org/10.1039/C4RA11083H
http://doi.org/10.1039/C8QO01100A
http://doi.org/10.1039/C4CP01608D
http://www.ncbi.nlm.nih.gov/pubmed/25093585
http://doi.org/10.1149/2.1081807jes
http://doi.org/10.1016/j.jcat.2018.11.002
http://doi.org/10.1039/C5TA02031J
http://doi.org/10.3390/s21093150
http://doi.org/10.1016/j.chemosphere.2016.06.108
http://doi.org/10.1016/j.jhazmat.2014.05.021
http://doi.org/10.1016/j.dyepig.2003.11.008
http://doi.org/10.1016/j.jhazmat.2008.07.088
http://doi.org/10.1016/j.jelechem.2007.12.005
http://doi.org/10.1016/j.seppur.2007.05.026
http://doi.org/10.1016/j.chemosphere.2019.125010

	Introduction 
	Experimental 
	Materials 
	Fabrication of Composite Carbon Nanofiber Electrodes 
	Characterization of Electrode Material 
	Electro-Oxidation of AO7 

	Results and Discussion 
	Material Composition and Morphology 
	Application of Materials to the Electrochemical Degradation of the AO7 Dye 

	Conclusions 
	References

