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A B S T R A C T   

Fe-doped carbon xerogels with a highly developed graphitic structure were synthesized by a one-step sol-gel 
polymerization. These highly graphitic Fe-doped carbons are presented as promising dual-functional electro- 
Fenton catalysts to perform both the electro-reduction of O2 to H2O2 and H2O2 catalytic decomposition (Fenton) 
for wastewater decontamination. The amount of Fe is key to the development of this electrode material, since 
affects the textural properties; catalyzes the development of graphitic clusters improving the electrode con-
ductivity; and influences the O2-catalyst interaction controlling the H2O2 selectivity but, at the same time is the 
catalyst for the decomposition of the electrogenerated H2O2 to OH• radicals for the organic pollutants oxidation. 
All materials achieve the development of ORR via the 2-electron route. The presence of Fe considerably improves 
the electro-catalytic activity. However, a mechanism change seems to occur at around − 0.5 V in highly Fe-doped 
samples. At potential lower than − 0.5 eV, the present of Feδ+ species or even Fe–O–C active sites favour the 
selectivity to 2e-pathway, however at higher potentials, Feδ+ species are reduced favoring a O–O strong inter-
action enhancing the 4e-pathway. The Electro-Fenton degradation of tetracycline was analyzed. The TTC 
degradation is almost complete (95.13%) after 7 h of reaction without using any external Fenton-catalysts.   

1. Introduction 

New and more stable pollutants are being increasingly detected in 
surface and groundwater due to the population growth and the increase 
of its living standard (Giordano et al., 2019; Kumar and Ladha, 2011; 
Yadvinder-Singh et al., 2014). Among these emerging pollutants, 
pharmaceutical compounds are of greatest concern due to, in most cases, 
are not regulated and cannot be removed by traditional wastewater 
treatment methods being discharged into the environment. Conse-
quently, these pollutants accumulate in the different water resources 
being a potential risk to the environment and health (Mailler et al., 
2016; Rosal et al., 2010). Therefore, efficient management processes are 
required to ensure the environment protection and the availability of 
present and future water resources. 

Advanced oxidation processes (AOPs) are powerful water treatment 
technologies in which the high oxidation power of hydroxyl radicals 
(OH⋅) is used for the effective removal of organic pollutants (Belgiorno 
et al., 2007; Lata et al., 2015; Sannino, 2020). These radicals can be in 
situ generated by different methods: ozone/hydrogen peroxide combi-
nation, Fenton and photo-Fenton processes, heterogeneous 

photocatalysis, among others, and can oxidize persistent organic com-
pounds, enabling their complete mineralization to CO2, H2O and other 
stable inorganic compounds (Oturan and Aaron, 2014). 

Among AOPs, the Fenton technology is very attractive due to its 
simplicity, low cost, high yield and the low toxicity of the Fenton reagent 
(a mixture of Fe2+ and H2O2) (Zhang et al., 2019). Although the Fenton 
rection mechanism remains uncertain because the identity of the main 
species involved is unclear, basically, the traditional Fenton reaction 
consists in the addition of H2O2 in presence of iron salts in an acidic 
medium, for the generation of OH⋅ radicals (Equation (1)) (Litter and 
Slodowicz, 2017). The resulting ferric ions (Fe3+) can also react with 
H2O2, leading to regeneration of Fe2+ species (Eq. (2)). However, the 
reactivity of Fe3+ with H2O2 is much lower than that of Fe2+, and this is 
considered to be the limiting reaction of the process (Ameta et al., 2018). 
In addition to the formation of hydroxyl radicals (OH⋅), perhydroxyl 
radicals (HO2⋅) are also generated, however, these radicals are less 
oxidizing than OH•. 

Fe2+ +H2O2 → Fe3+ +OH− + OH• (1)  

Fe3+ +H2O2 → Fe2+ +HO⋅
2 + H+ (2) 
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Organic pollutants+OH•→ Degradation products (3)  

In addition to Fe2+, other metallic ions such as Cu+, Co2+ or Mn2+ can 
also promote similar redox reactions, known as Fenton-type catalysts 
(Ameta et al., 2018; Matyszczak et al., 2020). 

The Fenton process takes place under normal pressure and temper-
ature conditions and the reagents are easily available. However, the 
Fe2+ consumption (eq. (1)) is faster than its regeneration (Eq. (2)). Thus, 
a sludge is formed during the process due to the precipitation of a large 
amount of ferric hydroxide, which poses additional separation and 
removal problems, especially when treating large volumes of water. In 
addition, Fe2+ concentrations as high as 40–80 ppm are required which 
is a major drawback of homogeneous Fenton processes. In an attempt to 
avoid these sludge generation problems, Fenton active phase is often 
supported on porous materials such as carbon (Navalon et al., 2011). 
However, although the Fe2+ leaching is reduced, it is still present. 
Therefore, the precipitation of iron oxides as a solid sludge, the narrow 
margin of working pH and the risks and costs of handling, transporting, 
and storing highly concentrated H2O2 represent the major shortcomings 
of this treatment. 

In this respect, the Electro-Fenton (EF) process, a new development 
of the Fenton process, has aroused great interest (Brillas et al., 2009). In 
the EF, H2O2 is produced in situ by the reduction of O2 in the cathode. On 
the other hand, the regeneration of Fe2+, which is necessary for the 
course of the reaction, is more effective since, in addition to being 
produced by different reduction processes involving H2O2 or organic 
radical intermediates, it can also be produced through direct reduction 
at the cathode. Therefore, the main advantages of electro-Fenton process 
are the on-site generation of H2O2 which evade the costs and risks 
associated with its handling, storage and transport; the possibility to 
control the kinetics of oxidative degradation and to perform studies on 
the reaction mechanisms; higher rate of contaminant removal due to the 
catalytic activity of the Fenton reagent through continuous regeneration 
of Fe2+ avoiding the additional use of reagents and sludge formation; 
and the potential to achieve total mineralization at relatively low cost by 
optimising the operating parameters (Brillas et al., 2009; Oturan and 
Aaron, 2014). 

Since H2O2 is generated in situ by the reduction of O2, the study of the 
oxygen reduction reaction (ORR) is of particular importance for the EF 
process. ORR can occur via two routes: 4e- or 2e-generating H2O or 
H2O2, respectively. Therefore, to ensure and optimise the EF process, 
materials that catalyze ORR via the 2e-route and maximize peroxide 
production must be designed. The active sites/oxygen species binding 
strength is the critical factor controlling activity and selectivity in ORR 
(Jiang et al., 2019a). The key for ORR to proceed through the 
two-electron pathway is to preserve the O–O bond avoiding its dissoci-
ation, so a not too strong but sufficient interaction to overcome the re-
action barrier is required to obtain H2O2 (Kulkarni et al., 2018a) since a 
very strong active site-oxygen species interaction results in dissociation 
of O2 and, consequently, favours the selectivity towards H2O. This active 
site-oxygen species interaction, and hence the ORRperformance, de-
pends on the catalyst properties such as the metal presence and its na-
ture and dispersion; the graphitization degree or conductivity of 
carbonaceous support; and the catalysts textural properties. Many noble 
metal alloys, such as Pd–Au, Pt–Hg, Pt–Ag, Ag–Hg and Pd–Hg possess 
considerably high catalytic activity for the production of H2O2 (Chang 
et al., 2020; Zhao et al., 2018). However, the prohibitive cost and the 
scarcity of noble metals make these catalysts not industrially viable and, 
therefore, new alternatives based on non-noble metals are being sought. 
In this respect, carbon materials are presented as a promising candidate 
as ORR electrocatalysts since they are produced at low cost from an wide 
variety of abundant carbonaceous precursors. Carbon materials, such as 
graphite, activated carbons, carbon felt, carbon nanotubes, activated 
carbon fibres, cross-linked glassy carbon, carbon sponges and carbon gas 
diffusers have exhibit apparent advantages for the production of H2O2 

because of their high specific surface area, tuneable surface chemistry 
and high electrical conductivity and, therefore, were used as effective 
cathodes electrodes for the EF (Divyapriya and Nidheesh, 2020; Oller 
et al., 2021). Among the carbonaceous materials described in the liter-
ature for EF, graphene stands out for its excellent conductivity and high 
mechanical strength. Chen-Yu Chen et al. (2016) synthesized thermally 
reduced graphene with a high specific surface area (308.8 m2 g-1) and a 
large oxygen content (10.3% at) and shown that this acts as excellent 
catalyst for the development of ORR via two-electron pathway with high 
reactivity. Furthermore, it has been shown that the introduction of de-
fects in carbon-based electrocatalysts enhances the selectivity to the 
two-electron pathway and thus, achieves efficient H2O2 generation 
performance since these defects act as active sites. In this regards, 
N-doping of the carbon matrix is an effective strategy to enhance the 
electrocatalytic ORR since appropriately change the mode of adsorption 
of O2 and introduce highly efficient active sites (Li and Zhang, 2019). 
Thus, the tunning of the chemical structure of graphene by the intro-
duction of oxygen or nitrogen functionalities significantly improves the 
selectivity of the ORR. The stable oxygen functional groups of rGO are 
responsible of the adsorption of dissolved oxygen and its subsequent 
conversion to H2O2 whereas in N-doped graphene the selectivity to ORR 
via two electrons is ascribed to synergistic effects such as a favourable 
electronic structure, distribution of N atoms and increased porosity 
(Divyapriya and Nidheesh, 2020). 

Nonetheless, despite the advances in ORR achieved for the on-site 
production of H2O2, the EF process still requires the use of two catalysts: 
one selective to the reduction of oxygen to H2O2 and another Fenton- 
type catalyst for the transformation of H2O2 to hydroxyl radicals. 
Many efforts are being made in recent years to develop materials with 
dual functionality for the electroreduction of oxygen to H2O2 and Fen-
ton. However, the preparation of heterogeneous EF catalysts with high 
selectivity and activity towards ORR via the two-electron pathway is 
challenging, since the active sites for Fenton are mainly transition metals 
that in the main catalyze oxygen reduction via the 4e-pathway (which 
does not generate H2O2). Only few researchers regarding this important 
challenge were found in bibliography. The main strategies are focused 
on the use of heteroatoms-doped carbon materials or carbon encapsu-
lated Fenton-type metals/carbon composite that moderate the metal 
activity and provided active site for H2O2 generation by ORR 2e-route 
presenting metal sites for the activation of in situ generated H2O2 to 
⋅OH radicals required for the organic pollutant degradation. Li et al. 
(2022) demonstrated that heteroatom-doped carbon materials are able 
to convert H2O2 to •OH radicals without the needed of a Fenton metal 
catalyst. For that, the authors synthesized a O, F-codoped carbon 
bifunctional catalyst by carbonization of polyvinylidene fluoride and 
proposed that the H2O2 generation depend principally of the ratio 
C–O/C––O (optimal value in 4), while that the activation to •OH occurs 
on the semi ionic C–F bonds. A similar fact was observed by Yang et al. 
(2019) using N-doped graphene. They found that the bifunctional effect 
is attributed to the presence of N-graphite which influence the H2O2 
generation and N-pyrrolic responsible of H2O2 activation. Similarly, 
Haider et al. (2019) synthetized in situ an electrode from polyaniline 
derived N-doped carbon nanofibers with bifunctional activity in EF 
which was attributed to the content of C––C, oxygen groups and 
N-graphitic which enhance the H2O2 generation which can further 
activate by N-pyridinic to generate the •OH radicals. In turn, Qin et al. 
(2021) used as bifunctional metal-free cathode based on O-doped carbon 
nanotubes. They attributed the excellent metal free EF behaviour of this 
catalyst to the defects and the C-sp3 that enhances the oxygen adsorption 
promoting the H2O2 production and to the –C––O active sites that are 
associated to the •OH production. 

However, to increase the generation of ⋅OH radicals and thus, 
enhance the Electro-Fenton degradation, the use of Fenton-type metals 
are required. In order to modulate the activity of this metal-based ma-
terials, metals are encapsuled in core/shell structures of carbon and 
highly conductive carbon-based materials such as carbon fibers, carbon 
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black or carbon nanotubes are also introduced. Ghasemi et al. (2020) 
prepared a cathode with carbon nanotubes (CNTs) and CuFe 
nano-layered double hydroxide showing that the incorporation of CNTs 
improve the H2O2 generation, and the atoms of Cu and Fe were the 
responsible of the generation of OH•. Luo et al. (2020) prepared 
Cu-doped Fe@Fe2O3 core-shell nanoparticles loaded on the nickel foam 
as cathode, and determined that Cu0 and Fe0 react with O2 producing 
H2O2; Fe+2, Cu+ are responsible of the •OH generation from the in-situ 
generated H2O2. Moreover, they proposed that Fe2+ and Cu2+ additional 
EF active sites could be generated from redox process between Cu+ and 
Fe3+ and replacement reaction between Cu2+ and Fe0. Sun et al. (2022) 
synthesized a nickel foam cathode co-modified with core-shell CoFe 
alloy/N-doped carbon (CoFe@NC) and carbon nanotubes (CNTs), where 
the production of H2O2 was attributed to CNTs and the activation to OH•

to CoFe@NC through Fe2+ and Co2+ oxidation to Fe3+ and Co3+ which 
are again reduced by Co0/Fe0and the electric field. 

Owing to this overview, it is important to highlight that only few 
research are found regarding the synthesis of high performance 
bifunctional catalyst for generation and activation of H2O2 in the cath-
ode and most of them imply the encapsulation of metal particles by 
expensive and tedious methods. So, in this work a facile and direct 
synthesis of Fe-doped carbon xerogels by sol-gel polymerization of 
organic monomers was proposed and these materials were tested in the 
ORR with the aim to analyze the effect of the Fe concentration on the 
textural and chemical properties of the final carbon material and thus, 
on its performance and selectivity in ORR with the aim of develop 
suitable catalysts with dual functionality for the electro-Fenton degra-
dation of emerging pollutants. For that, tetracycline was selected as a 
typical emerging drug frequently detected in water. Tetracycline is a 
commonly used antibiotic due to its broad-spectrum antimicrobial ac-
tivity being bioaccumulation in the environment causing serious heath 
and ecosystem risks through the creation of antibiotic resistant bacteria 
and genes (Luo et al., 2020). 

2. Experimental 

2.1. Synthesis of Fe-doped carbon nanocomposites 

Fe-doped carbon xerogels (FeCX-Y) were synthesized with a Fe 
loading (Y) varying from 0 to 0.8% by sol-gel polymerization of resor-
cinol and formaldehyde in presence of iron (II) acetate as polymerization 
catalyst and Fe precursor. Briefly, an aqueous mixture of resorcinol (R) 
and formaldehyde (F) was prepared with a R/F and R/W molar ratio of 
1/2 and 1/13, respectively. The proper amount of iron acetate to ob-
tained Fe contents of 0.2, 0.4 and 0.8% in the final FeCX-Y carbon 
material was added to this RF solution under stirring until total disso-
lution. This mixture was transferred to glass tubes of an inner diameter 
of 5 mm which were sealed and submitted to a thermal program con-
sisting of 1 day at 50 ◦C and 3 days at 80 ◦C to obtain the hydrogel. Then, 
the organic gels were unmolded and placed in acetone for 3 days to 
favour the subsequent drying and preserve the porosity. Finally, the 
organic gels were drying using a microwave oven under Ar atmosphere 
and carbonized at 800 ◦C for 2 h using a temperature ramp of 2 ◦C/min. 

2.2. Textural and chemical characterization 

The textural properties of samples were characterized by N2 
adsorption-desorption at − 196 ◦C. For that, the samples were previously 
outgassed overnight at 110 ◦C under high vacuum (10− 6 mbar). From 
adsorption data, the specific surface area (SBET) and the micropore 
volume (W0) and mean width (L0) were obtained by applying the BET 
and the Dubinin-Radushkevich (DR) equations, respectively. The total 
pore volume (V0.95) was obtained as the N2 adsorption volume at 0.95 
relative pressure. Finally, the mesopore volume (VMESO) was calculated 
as V0.95-W0 (N2) by applying the Gurvich rule. 

The texture and morphology of samples were observed by scanning 

electron microscopy (SEM) using a FEI microscope model Quanta 400 
and the development of graphitic clusters and Fe particle dispersion 
were studied by high-resolution electron microscopy (HRTEM) in a 
Thermo Fisher Scientific microscope model Talos F200X. 

X-ray diffraction was performed to analyze the crystallinity of Fe- 
doped carbon materials using a Bruker D8 Venture X-ray diffractom-
eter with Cu Kα radiation. The XRD patterns were recorded in a 2θ range 
of 5◦–75◦. The Debye-Scherrer equation was applied to the more intense 
diffraction peak to calculate the metal average crystal size. 

The graphitization degree of the carbon samples was studied by 
Raman spectroscopy. Raman spectra were obtained using a Micro- 
Raman JASCO NRS-5100 dispersive spectrophotometer with a 532 nm 
laser line. 

X-ray photoelectron spectroscopy (XPS) was performed in a Kratos 
Axis Ultra-DLD spectrometer equipped with a hemispherical electron 
analyzer connected to a detector DLD (delay-line detector) and a Al-Kα 
monochromator of a power of 600 W. The X-ray source is a Mg/Al 
double anode of 450 W. 

Thermogravimetric analysis (TGA) and inductively coupled plasma 
optical emission spectrometry (ICP-OES) were performed to analyze the 
thermal stability of carbon samples and to determine the total metal 
content using a TGA/DSC1 Thermogravimetric Analyzer from 
METTLER-TOLEDO and an Optima 8300 ICP-OES from PerkinElmer, 
respectively. 

The Fe leaching from the catalysts in the treated water was analyzed 
by atomic absorption spectroscopy using an VARIAN SPECTRAA 140 
atomic absorption spectrometer. 

2.3. Electro-chemical characterization 

The Fe-doped carbons were electrochemically characterized in a 
Biologic VMP Multichannel potentiostat using a Rotating Ring-Disk 
Electrode (RRDE) (Metrohm AUTOLAB RDE-2, 3 mm Glassy Carbon 
tip) where the carbon sample was deposited as working electrode, a 
platinum wire as counter electrode and Ag/AgCl reference electrode. 
The working electrode was prepared by depositing on the RRDE tip 20 
μL of a ink, consisting of 5 mg of sample dispersed in 1 mL of a Nafion 
solution (1/9 v:v Nafion 5%/water), and dried under infrared radiation. 

Cyclic Voltammetry experiments (CV) were performed both in O2- 
saturated 0.1 M KOH solution and in a 0.1 M KOH solution completely 
degassed (by bubbling N2). The sweeping potential rate was 50 mV/s, 
from 0.4 V to − 0.8 V (vs. Ag/AgCl) while RRDE was rotating at 1000 
rpm. To evaluate the catalytic performance and to obtain the onset 
potential (EONSET), Linear Sweep Voltammetry experiments (LSV) were 
measured in an O2-saturated 0.1 M KOH solution at different rotation 
rates from 500 rpm to 4000 rpm. The experiments were conducted from 
0.4 V to − 0.8 V (Ag/AgCl) at a sweep rate of 5 mVs− 1. 

The number of electrons transferred (n), and the kinetic density 
current (jk) were obtained by fitting the LSV disc electrode data to the 
Koutecky-Levich model. In turn, overall electron transfer number (n) 
and the percentage of hydrogen peroxide produced (H2O2%) were also 
calculated from the currents of the platinum ring measured during the 
LSV experiments according to Equations (4) and (5), respectively. 

n=
4⋅ID

ID − IR
N

(4)  

H2O2%= 100⋅
2⋅IR

N

ID − IR
N

(5)  

where IR and ID are the ring and the disk currents, respectively and N is 
the collection efficiency of the RRDE (N = 0.245). 

2.4. Electro-fenton tests 

To prepare the Electro-Fenton electrodes, a homogeneous mixture of 
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the finely ground Fe-doped carbon xerogel and polytetrafluoroethylene 
(PTFE) binder at a mass ratio of 90:10 was prepared and dried at 80 ◦C 
overnight. Then, 50 mg of this mixture was pasted in a graphite paper 
(50 mm × 8 mm). 

Tetracycline (TTC) was selected as emerging pollutant to evaluate 
the activity of the dual-functional electrocatalysts in the EF tests. Prior to 
the Electro-Fenton (EF) tests, adsorption kinetics and isotherms were 
performed using the carbon xerogel/PTFE paste. TTC adsorption kinetic 
was studied with the aim to obtain the time needed to achieve the 
adsorption equilibrium at saturation, being 8 h (results not shown). 
Then, the TTC adsorption isotherms was obtained by using 0.005 g of the 
carbon xerogel/PTFE mixture and 10 mL of TTC solutions (in 0.5 M 
Na2SO4) at concentrations ranging from 10 to 80 mg L− 1. The suspen-
sions were mechanically shaken for 24 h to ensure equilibrium was 
reached and the equilibrium concentration determined at 358 nm using 
a UV-spectrophotometer model UV-2600i Shimadzu. 

The EF tests were performed in a three electrodes glass cell 
controlled by a Biologic VMP multichannel potentiostat (BioLogic Sci-
ence Instruments) using Ag/AgCl as reference electrode and a Pt-wire as 
the counter electrode. Once known the adsorption capacity of the 
sample, the initial concentration of the EF test was fixed to obtain a final 
concentration of 10 mg L− 1 after the adsorption in dark. For that, 100 
mL of TTC solution of the proper concentration in 0.5 M Na2SO4 as 
electrolyte was contacted with the EF electrode and maintain for 24 h in 
dark and under stirring to saturate the carbon sample. The pH value of 
electrolyte was adjusted at 7.0 by NaOH. After that, a voltage of − 0.6 V 
(potenciostatic mode) is applied under O2 bubbling to start the EF 
experiment. The O2 gas was bubbled for 30 min before the experiment 
started in order to saturate the solution and continuously bubbled dur-
ing the experiment time. Aliquots of 1 mL were taken periodically from 
the glass cell, and its concentration was immediately analyzed using a 
UV-spectrophotometer. The total organic carbon (TOC) was determined 
with a TOC-VCSH Shimadzu equipment to evaluate the mineralization 
degree. 

3. Results and discussion 

3.1. Morphological characterization 

The samples morphology was studied by SEM. Most representative 
images of pure and Fe-doped carbon samples are shown in Fig. 1. Note 
that all samples show a morphological structure characteristics of car-
bon gels; nanometric primary particles fused forming a coral-type 
structure leaving porosity between them. It seems that these primary 
particles are smaller and more fused in the case of Fe-doped CX samples 
leaving narrower porosity, but the morphology of all Fe-doped samples 
is very similar despite the different iron content. 

In order to analyze the Fe dispersion and the development of 
graphitic clusters by Fe nanoparticles, HRTEM was performed (Fig. 2). 
Highly graphitic samples were obtained despite the low amount of Fe in 
the samples (less than 0.8%). Graphitic clusters are clearly identified in 
Fe-doped samples while they are not present in undoped CX. Moreover, 
note that the amount of those graphitic clusters increases by increasing 
the amount of Fe in the samples (FeCX-0.2 < FeCX-0.4 < FeCX-0.8). This 
indicates that the presence of Fe catalyzes the development of graphitic 
clusters so that with a content as low as 0.8% the sample is almost 
entirely composed of such clusters. This carbon graphitization by iron 
particles has already been pointed out in previous work (Castelo-Quibén 
et al., 2018; Maldonado-Hódar et al., 2004, Maldonado-Hódar et al., 
2000). These graphitic clusters have a rounded shape but only some of 
them are surrounding a Fe particle of around 10 nm. This could indicate 
that the same Fe nanoparticle catalyzes the growth of several graphitic 
clusters and so, a not very high content of Fe is required for the almost 
entirely graphitization of the carbon matrix. It is important to remark 
that these highly graphitic Fe-doped carbon xerogels were obtained at a 
relatively low carbonization temperature of 800 ◦C. Usually, the 
graphitization process of amorphous carbons required the application of 
high temperatures (>2500 ◦C) (Zhai et al., 2011). Note also that Fe 
particles are well dispersed on the carbon matrix, however, the Fe par-
ticle size (DFe) seems to increase by increasing the Fe amount within the 
carbon matrix. 

Fig. 1. SEM images of pure (CX) and Fe-doped (FeCX-Y) carbon samples.  
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3.2. Textural characterization 

The different morphology and the development of graphitic clusters 
observed by SEM and HRTEM, respectively, affect the textural proper-
ties of samples. The textural properties of pure CX and FeCX-Y samples 
were analyzed by N2 and CO2 adsorption isotherms at − 196 and 0 ◦C, 
respectively. N2 adsorption-desorption isotherms are plotted in Fig. 3a 
and the corresponding results are summarized in Table 1. 

CX sample shows a type I-II hybrid isotherm (IUPAC classification) 
characteristics of micro-macroporous solids in which the high N2 
adsorption at very low relative pressure manifests the existence of mi-
cropores and the fast N2 adsorption increase at relative pressures close to 
1 indicates the presence of macropores (Alothman, 2012; Lowell et al., 
2004; Sing, 2001). A similar isotherm shape is observed for Fe-doped CX 
samples but the N2 uptake at low relative pressures is lower than for CX 
counterpart, denoting lower microporosity, and a N2 adsorption is also 
observed at medium relative pressures manifesting the presence of 
mesopores. This are in good agreement with the SEM observations. In 
carbon gels the microporosity is usually ascribed to the intraparticle 
voids whereas the meso, macroporosity is related with the interparticle 
voids. In the case of Fe-doped samples, the primary particles are smaller 
and are more fused than for CX counterpart, thus, leaving narrower 
interparticle voids (mesopores). This porosity narrowing was also 
corroborated by analyzing the pores size distribution of samples by 
QSDFT and BJH methods. The BJH and the DFT pore size distributions 
(Fig. 3b and c, respectively) show that the CX wide porosity (L > 2 nm) 
present a monomodal distribution with a maximum centered at an 
average diameter of 44.9 nm (near of macroporosity range) with some 
mesoporosity at 3.6 nm. The Fe-doping produces a decrease in the 
average diameter to around 30 nm and also an increase in the volume of 
narrower mesopores (3–10 nm). 

The surface area (SBET) and the micro and mesopores volume (W0 
and Vmeso, respectively) and width (L0 and Lmeso, respectively) obtained 
from the analysis of the N2 adsorption data as well as the ultra-
micropores (>0.7 nm) volume and width obtained for the analysis of the 
CO2 adsorption data were included in Table 1. Pure CX present a SBET of 
712 m2/g whereas Fe-doped samples present a much smaller one of 
around 480 m2/g. It is also noteworthy that the micropore width in-
creases from 0.69 nm for CX sample to 1.34–1.76 nm for Fe-doped CX 
ones. This microporosity decrease and widening is also accompanied by 
an increase of the mesoporosity; Vmeso increases with the increase of Fe 
content in FeCX-Y samples. Overall, the microporosity (W0 (N2)) and 
ultramicroporosity (W0 (CO2)) decreases for Fe-doped CX samples 
regarding the CX counterpart at the expense of an increase in the mes-
oporosity (Vmeso). 

3.3. XRD and Raman spectroscopy 

The graphitization degree of FeCX-Y pointed out by HRTEM was 
corroborated by XRD and Raman spectroscopy results (Figs. 4 and 5 and 
Table 2). XRD diffractogram of CX sample reveals two intense peaks at 
2θ = 22.0◦ and 43.8◦ ascribed to the graphite (002) and (100) planes, 
respectively (JCPDS # 89–8487). A shoulder at 26.0◦ appears and the 
peak at 43.8◦ moves to lower 2θ angles for FeCX-Y. This new sharp peak 
and the displacement increases by increasing the % Fe in the FeCX-Y 
being predominant for FeCX-0.8 sample. This (002) and (100) peak 
displacement denotes the presence of new structures with lower d- 
spacing and so, could be attributed to the development of graphitic 
clusters by increasing the Fe content as it was pointed out by HRTEM. 

Bragg’s equation (6)(Qiu et al., 2019) was applied to obtain the 
interlayer spacing (d002): 

Fig. 2. HRTEM images of pure (CX) and Fe-doped (FeCX-Y) carbon samples.  
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d(002) =
λ

2 sin θ(002)
(6)  

where λ is the X-ray radiation wavelength (1.54056 Å) and θ is the 
diffraction peak Bragg angle. The obtained results were collected in 
Table 2. Note that d(002) decreases with the increase of Fe content being 
the value for FeCX-0.8 (≈0.3458 nm) very close to ideal graphite crystal 
layer spacings (0.3354 nm) manifesting the high graphitization degree 
of FeCX-Y samples regarding the CX counterpart (0.4008 nm). 

Note also that new but low intense peaks appear at 2θ = 30.6◦ and 
35.7◦ in FeCX-Y samples which could be attributed to Fe3O4 spinel 
(JCPDS # 75–0033). The presence of Fe0 cannot be ruled out as the more 
intense diffraction peak of Fe0 (100) overlaps with (100) graphite plane. 
Moreover, XRD data reflects that small Fe crystal size (<20 nm, Table 2) 
were obtained, implying that the Fe particles are well dispersed 
throughout the carbon matrix corroborating the HRTEM observations. It 
is also important to highlight that despite the organic gels were 

carbonized at 800 ◦C in inert atmosphere and H2 can be also produced 
during this pyrolysis, oxidized Fe is detected instead of metallic Fe 
which would be more expected. This oxidized phase can be ascribed to 
the surface oxidation of iron particles after the exposure of samples to 
the atmosphere. 

The formation of graphitic clusters catalyzed by the Fe phase was 
again confirmed by Raman spectroscopy (Fig. 5). ID/IG ratio (ID and IG 
are the defect band and graphitization band intensity, respectively) is 
usually considered as an indicator of the carbon structural ordering, as 
much lower is this ratio much higher is the graphitization degree (Wang 
et al., 1990). Nonetheless, the ID/IG ratio does not depend only on the 
graphitization degree but also on the crystallite size being inversely 
proportional to the crystallite size forming the graphite-like carbons 
(Ferrari, 2007). Therefore, D and G bandwidth (W) must be also taking 
into account to characterize the graphitic structure of carbon materials 
(Vallerot et al., 2006). In this sense, a wide G band indicates a more 
disordered structure (by disorientations and/or in-plane defects) 

Fig. 3. N2 isotherms at − 196 ◦C (a) and BJH (b) and QSDFT (c) pore size distribution of pure (CX) and Fe-doped (FeCX-Y) carbon samples.  

Table 1 
Porous textural properties of the pure and Fe-doped carbon xerogels and the total metal content determined by TGA (MTGA) and ICP-OES (MICP).  

Sample N2-isotherm CO2-isotherm 

SBET W0 L0 V0.95 VMESO W0 L0 MTGA MICP 

m2 g− 1 cm3 g− 1 nm cm3 g− 1 cm3 g− 1 nm wt. % wt. % 

CX 712 0.274 0.69 0.407 0.132 0.315 0.60 – – 
FeCX-0.2 487 0.208 1.47 0.699 0.491 0.289 0.59 0.21 0.24 
FeCX-0.4 480 0.209 1.34 0.776 0.567 0.259 0.60 0.42 0.45 
FeCX-0.8 404 0.177 1.76 0.811 0.634 0.195 0.64 0.83 0.80  
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(Vallerot et al., 2006). Thus, a narrower WD and lower ID/IG ratio de-
notes a higher graphitization degree. 

Note that Raman results are in accordance with XRD conclusions. 
Raman spectra of pure CX and FeCX-0.2 are similar; nonetheless, the D 
band becomes sharper and narrower by increasing the Fe content in the 
sample revealing an enhancement of graphitization in that sense. Note 
also that the 2D peak intensity increases with the Fe content. The 
emergence of the 2D Raman band is characteristic for graphite which 
corroborates the increase of the graphitization degree (Schuepfer et al., 

2020). ID/IG ratio and WD width are collected in Table 2. ID/IG ratio is 
very similar in all samples but since it is affected by the crystallite size 
and it seems to increase with Fe content (XRD peaks becomes sharper 
and narrower, see XRD results), that should not be considered as similar 
graphitization degrees of the samples. As it was commented above, D 
band Width (WD) need to be considered in order to well characterize the 
graphitization degree of samples. Note that the WD decreases by 
increasing the Fe content in the samples corroborating again an 
enhancement of the degree of graphitization in this sense. 

3.4. TGA and XPS 

The real content of Fe in FeCX-Y carbon samples and its distribution 
on the carbon gel surface was determined by TGA and ICP-OES and XPS, 
respectively. C1s, O1s and Fe2p regions are depicted in Fig. 6 and data 
collected in Table 2. TGA data shows than the thermal stability of 
samples (Fig. S1) is not affected by the presence of iron in the carbon 
matrix and the real Fe content obtained by burning the carbon phase and 
also by ICP-OES is very close to the theoretical one. 

Regarding XPS, note that Fe signal (Fig. 6c) is not or slightly detected 
in Fe-doped carbon gels which manifests that most of the metal particles, 
as it was observed by HRTEM, are embedded by the carbon matrix. The 
increase of the graphitization of samples is also pointed out by analyzing 
de C1s spectral region. The FWHM of the C––C peak can be related, 
together with other factors, with the graphitic ordering, so a low FWHM 
could indicate a high crystallinity (Jiménez Mateos and Fierro, 1996; 
Takahagi and Ishitani, 1988). The C1s region spectra is depicted in 
Fig. 6a. Six peaks were needed to deconvolve the C1s region which are 
assigned to C––C (284.6 eV), C–C (285.5 eV), C–O (286.5 eV), C––O 
(287.8 eV), O––C-OR (289.3 eV) bonds and a satellite peak of π–π* 
(291.0 eV). This region is very similar for both pure and Fe-doped car-
bon xerogels denoting a similar surface chemistry but the FWHM of the 
C––C peak clearly decreases by increasing the Fe content in the carbon 
matrix (Table 3) which can be ascribed to the increase of the graphitic 
ordering induced by the presence of Fe nanoparticles. 

With regards to O1s region (Fig. 6b), two peaks at 532.1 and 533.5 
are observed in pure CX carbon xerogel (Table 3) attributed to C––O and 
C–O bonds, respectively. In Fe-doped carbons (FeCX-Y samples), a third 
peak is also needed at 530.6 eV which is attributed to Fe–O bonds. It is 
important to highlight that this contribution is not very significant 
because of the low metal content and, as HRTEM images pointed out, 
most of Fe particles are embedded by the carbon matrix. Nonetheless, 
this contribution increases with the increase of the amount fe in the 
carbon matrix. The oxygen content of all carbons is very similar (around 
8%) which indicates that the Fe-doping does not highly affect the surface 
chemistry. 

3.5. Oxygen reduction reaction 

The ORR activity was studied using a rotating ring-disk electrode 
(RRDE). CVs were performed while N2 or O2 were bubbling through a 
0.1 M KOH solution and data are depicted in Figs. 7 and 8. The different 
electrochemical behavior of samples in N2 bubbling (Fig. 7) can be 
related to the different conductivity/graphitization degree and textural 
properties of samples since all samples have almost the same oxygen 
content (around 8 wt %, see XPS). The area enclosed in the CVs, that is 
the capacitance, decreases in Fe-doped CX samples regarding the CX 
counterpart due to mainly the high decrease of microporous surface 
where the electric double layer is formed. The SBET and W0 (N2) is 
reduced by almost half by the Fe-doping (Table 2) and consequently, the 
capacitance decreases. It is known that optimum specific capacitance is 
achieved with pore ranging in 0.7–1 nm whereas pores smaller than 0.5 
nm are too narrow for the diffusion of the electrolyte and the double 
layer formation (Rufford et al., 2009; Vallerot et al., 2006). In contrast, 
although the contribution of mesopores (2− 50 nm) to the double layers 
is not as high that of the micropores, such mesoporosity can improve the 

Fig. 4. XRD patterns of pure (CX) and Fe-doped (FeCX-Y) carbon samples.  

Fig. 5. Raman spectra of pure (CX) and Fe-doped (FeCX-Y) carbon samples.  

Table 2 
Crystal size of Fe particles (DFe) and graphitic phase interlayer spacing (d002). 
Raman intensity ratio (ID/IG) and D band Width (WD).  

Sample XRD (nm) Raman 

d(002) DFe ID/IG WD (cm− 1) 

CX 0.4008 – 1.01 185.7 
FeCX-0.2 0.3945 n.d.a 1.03 176.3 
FeCX-0.4 0.3506 n.d.a 1.09 141.1 
FeCX-0.8 0.3458 19.7 1.09 118.3  

a Fe peak was not resolved enough to apply the Scherrer eq. 
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EDLC formation at fast charge rates due to enhancement of the elec-
trolyte diffusion through the carbon network to the micropores active 
sites. Note that despite de surface area slightly decreases and the 
micropore width increases by increasing the Fe content, the CV enclosed 
area (that is the capacitance) is constant or even increases for FeCX-0.8 
(the sample with lower surface area, 400 m2/g, and widest micropores, 
1.76 nm). This slightly improve of capacitance by increasing the Fe 
content can be explained based to the better electrolyte diffusion due to 
the increase of the mesopore volume and/or the enhancement of the 
conductivity/graphitization degree of samples. It is known that the 
enhancement of the electrical conductivity results in a marked 
improvement of both the energy, power densities and specific 

capacitance (Ramos-Fernández et al., 2018). 
The CV voltammograms in N2 and O2-saturated electrolyte were 

depicted in Fig. 8. An intense current intensity increment is observed for 
all samples at around − 0.20 V vs Ag/AgCl in presence of O2 regarding 
the N2 counterpart, which manifests that all prepared carbon xerogels 
are active in the ORR. Nonetheless, despite CVs tests indicates activity of 
all samples, the Fe content seems to affect the achieved current density 
at the same potential and probably also the number of electrons trans-
ferred. It is important to highlight that at higher Fe contents (0.4 and 
0.8%) a reduction peak is observed both in N2 and O2 saturated elec-
trolyte at around − 0.4 V vs Ag/AgCl attributed to the Fe species redox 
process (Alves et al., 2019; Doménech et al., 2002; Lin et al., 2021; Radhi 

Fig. 6. XPS patterns of the a) C1s, b) O1s and Fe2p regions.  

Table 3 
Surface chemical composition determined by XPS and the total iron content obtained by TGA (FeTGA).  

Sample C1s O1s FeTGA (%) 

B.E (eV) Assign. FWHM (eV) Peak (%) B.E (eV) Assign. Peak (%) O (%) 

CX 284.6 C=C 0.92 63 532.2 O=C 38 7.6 – 
285.5 C–C  13 533.8 O–C 62   
286.5 C–O  11      
287.8 C=O  5      
289.4 COO− 4      
290.9 π− π*  3      

FeCX-0.2 284.6 C=C 0.88 66 532.2 O=C 51 7.5 0.21 
285.5 C–C  15 533.5 O–C 49   
286.6 C–O  8      
287.8 C=O  4      
289.3 COO− 4      
290.9 π− π*  2      

FeCX-0.4 284.6 C=C 0.85 65 530.6 O–Fe 3 7.9 0.42 
285.4 C–C  16 532.3 O=C 49   
286.4 C–O  8 533.6 O–C 48   
287.6 C=O  4      
289.2 COO− 4      
291.0 π− π*  2      

FeCX-0.8 284.6 C=C 0.76 65 530.7 O–Fe 6 7.0 0.83 
285.4 C–C  16 532.3 O=C 45   
286.4 C–O  8 533.6 O–C 49   
287.6 C=O  3      
289.2 COO− 4      
291.0 π− π*  3       
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et al., 2014). At potentials below − 0.45 V vs Ag/AgCl, Fe2+ ions are 
reduced to Fe0 in aqueous solutions (Doménech et al., 2002; Radhi et al., 
2014). 

For further details, the corresponding Linear Sweep Voltammetries 
(LSV) were obtained at different rotation speeds (Fig. 9a and b), and 
data were adjusted to the Koutecký–Levich equation (Fig. 9c and d) to 
evaluate the number of electrons transferred (n) at different potentials 
(Fig. 9e) and the kinetic density current (jk) (Table 4). As expected, the 
current intensity increased by increasing the rotation speed form 500 
rpm–3500 rpm due to the reduction of diffusion limitations (Fig. 9a). 
The linearity of the K-L plots in all samples denotes a first-order reaction 
kinetics toward the concentration of dissolved oxygen (Fig. 9c and d). 
The fitting lines are completely parallel for CX sample (Fig. 9c) which 
indicates that the electron transfer numbers for ORR do not change with 
the potentials, however a change of slope occurs at − 0.4/-0.5 V for 
FeCX-Y samples (e.g. FeCX-40 sample, Fig. 9d) manifesting an increase 
of the electrons transferred at potential higher than − 0.5 V. This fact was 
confirmed analyzing the number of electrons transferred (Fig. 9e) at 
different potentials. All materials catalyze the oxygen reduction reaction 
via the 2-electron route with an onset potential of around − 0.21 V vs 
Ag/AgCl (Table 4). Note that the presence of Fe considerably improves 

the electro-catalytic activity (jk values in Table 4) which can be attrib-
uted to the enhanced graphitization degree/conductivity and thus, a 
faster charge transfer that improves the ORR efficiency. However, for 
samples without Fe (CX) or with low amount of Fe (FeCX-0.2) the 
electron transferred (n) is around 2 and remains invariable at increasing 
potentials, whereas for samples with higher Fe content (FeCX-0.4 and 
FeCX-0.8), n remains constant up to − 0.5 V and then slightly increases. 
This increase can be explained based on the presence of Fe and the redox 
processes observed in CVs. As it was commented in characterization 
section, despite Fe0 cannot be ruled out, Fe3O4 is the main crystalline 
phase detected. These oxidized Fe species (Feδ+) are reduced at − 0.4 eV 
given redox processes that increases the total electron transferred. 

Fig. 7. Cyclic voltammogram in N2-saturated KOH solution at 1000 rpm and 
50 mV/s. 

Fig. 8. Cyclic voltammograms at 1000 rpm and 50 mV/s of a) CX, b) FeCX-0.2, 
c) FeCX-0.4 and d) FeCX-0.8 in N2 bubbling (blue line) and O2 bubbling (red 
line) KOH solution. 

Fig. 9. LSV curves for FeCX-0.8 sample at different RRDE rates (a) and all 
samples at 3500 rpm (b). K-L plot of CX (c) and FeCX-0.8 (d) samples, e) 
number of electrons transferred at each potential for all samples. Data obtained 
from the disc electrode. 

Table 4 
Electrochemical parameters obtained from the analysis of LSV curves.  

Sample EONSET (V) ajk n 

mAcm− 2 

CX − 0.23 6.46 2.2 
FeCX-0.2 − 0.23 6.47 2.2 
FeCX-0.4 − 0.22 9.91 2.4 
FeCX-0.8 − 0.20 11.11 2.6  

a Jk and n refer to K-L fitting at − 0.8 V (vs. Ag/AgCl). 
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Moreover, the O2 interaction strength with the metallic phase obtained 
by the reduction of Fe oxidized species could be higher affecting the 
selectivity to ORR. The key factor for assess the 2-electron pathway is 
the active site-O species interaction. An enough strong interaction to 
overcome the reaction barrier is required but not too strong in order to 
prevent the O–O bond dissociation that favors the selectivity towards 
H2O (Kulkarni et al., 2018b) This interaction active site-O and thus, the 
ORR selectivity, depend on different factors including the type of tran-
sition metal (Wu and Xu, 2018a; Xu et al., 2015) and its oxidation state 
(Qin et al., 2022; Toh et al., 2015). Therefore, the activity and selectivity 
of ORR is mainly affected by the electronic interaction of the in-
termediates with the metal atoms. Several authors have demonstrated 
that the ORR activity and selectivity depend on the binding strength of 
the key reaction intermediate, *OOH (Jiang et al., 2019b). The O–O 
bond dissociation is enhanced when a strong *OOH adsorption energy 
on the catalysts surface, thus the 4e-pathway with H2O as the major 
product is achieved (Chen et al., 2018; Jiang et al., 2019b; Lu et al., 
2018; Siahrostami et al., 2013). Kun Jiang et al. (2019b) studied the 
control of the ORR selectivity using Fe single atom in CNT and pointed 
out that *OOH generally binds too strong at Fe sites leading to dissoci-
ation of the O–O bond dissociation. However, the introduction of oxygen 
into catalysts causes most of the C atoms in the vicinity of the Fe–C–O 
motifs to show a high activity for H2O2 production. Quiowan Chang 
et al. (2020) also showed that metal-oxygen coordination introduces 
efficient active sites for the 2e− ORR. They studied partially oxidized Pd 
clusters on enhancing 2e− ORR activity, so Pdδ+-OCNT electrocatalysts 
were prepared and tested in ORR in comparison with mild thermal 
annealing (450 ◦C for 5 h) Pd-OCNT sample observing that for 
Pdδ+-OCNT electrocatalyst is almost exclusively selective toward the 
2e-pathway whereas for the Pd-OCNT catalyst, the reduction of O2 to 
H2O is preferred. Therefore, they conclude that the partially oxidized Pd 
clusters are crucial for the enhancement of the activity and high selec-
tivity for H2O2 production. That could explain the change of selectivity 
observed at potential higher than − 0.5 eV. At potential lower than − 0.5 
eV, the present of Feδ+ species or even Fe–O–C active sites favour the 
selectivity to 2e-pathway, however at potential higher than − 0.5 eV, 
Feδ+ species are reduced favoring a O–O strong interaction enhancing 
the 4e-pathway. 

The number of electrons transferred, and the hydrogen peroxide 
production were also studied by analyzing the ring electrode data 
(Fig. 10). Note that similar conclusions that of the obtained with the disc 
electrode are achieved. The number of electrons transferred is near to 2 
in all samples at potential lower than − 0.5 eV producing around 
70–80% of H2O2. At potential higher than − 0.5, while for the Fe- 
undoped sample (CX) n and % H2O2 remain constant, n increases and 

consequently %H2O2 decreases for the Fe-doped ones (FeCX-Y) denoting 
a change in the nature of Fe-based active sites, as commented above. 

It is important to highlight that despite the slightly change of 
selectivity observed at − 0.5 eV potential in Fe-doped samples, number 
of electrons transferred is near to 2 in all samples and in all potential 
range with a production of H2O2 higher than 65% with the advantage 
that the presence of Fe enhances the electron conductivity of samples 
favoring the ORR performance. Overall, the introduction of the Fenton 
active site (Fe) as doping agent during the synthesis of carbon xerogels 
enhances the electron conductivity of samples improving the ORR per-
formance and controls the Fe-oxygen interaction favoring the 2e- 
pathway. Therefore, Fe-doped carbon xerogels are presented as good 
candidates to act as bifunctional electro-Fenton catalysts for the in-situ 
generation of H2O2 and for the generation of hydroxyl radicals from the 
generated H2O2. 

3.6. Electro-fenton degradation of tetracycline 

Based on the ORR results, FeCX-0.8 sample was selected for the 
electro-Fenton degradation test since it presents the highest activity (see 
jk values) and a high selectivity to H2O2 production. For the electro- 
Fenton test, tetracycline (TTC) was selected as target drug and the po-
tential was fixed in − 0.6 eV to maintain a high H2O2 selectivity with a 
high activity. The electrode was previously saturated with the drug in 
the dark to remove the adsorptive performance of each sample from the 
degradation tests. After saturation, the initial TTC concentration (C0) 
was fitted to 10 mg L− 1, and then, the selected voltage was applied. This 
time was considered as the start degradation time. Since electrodes were 
prepared by pasting the sample on a graphite sheet, this graphite sheet 
was also tested in the electro-Fenton and used as reference. The degra-
dation curve of FeCX-0.8 is depicted in Fig. 11 in comparison with the 
CX sample and graphite sheet used as references. Note that CX sample 
shown degradation (50% after 7 h) despite Fenton active phase is not 
present in this sample. This activity could be explained based on the 
direct oxidation of TTC by the H2O2 electrogenerated by CX sample (see 
ORR results), the electrochemical oxidation or reduction of TTC on the 
electrodes or by radical obtained (⋅OH) by the electrochemical reduction 
of O2 via overall 3-electron pathway (eq. (6)) (NOE et al., 2012; Xiao 
et al., 2021) or by electrocatalytic reduction of the generated H2O2 via 
1-electron pathway (eq. (7)) (NOE et al., 2012). Therefore, in order to 
explain this unexpected electro-Fenton activity of CX sample, several 
experiences were performed. In the first one, 350 ppm of H2O2 (30 w. t. 
%) was added to a solution of 10 ppm of TTC without any catalyst in 
order to discard TTC degradation by oxidation with H2O2, however 
activity was not observed. To discard the direct TTC oxidation or 

Fig. 10. Number of electrons transferred (a) and the % H2O2 produced (b) at each potential for all samples. Data obtained from the ring electrode.  
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reduction on the electrodes, graphite sheet was used as electrode in 
presence and absence of O2 bubbling. In absence of O2 bubbling, the 
activity is not so high (less than 12%), whereas around 60% of degra-
dation was obtained in presence of O2. This corroborates that O2 is 
required for the degradation of tetracycline and, therefore, the TTC 
degradation is explained by the directly generated ⋅OH radicals by the 
electrochemical reduction of O2 or H2O2. Since the number of electrons 
transferred in the ORR for graphite is near to 3 (see Figs. 9 and 10), this 
seems to indicate that the OH⋅ radicals come from the electroreduction 
of O2 via 3-electron pathway. To corroborate this, an electro-Fenton test 
was also performed using graphite sheet as electrode in a solution 
saturated with N2 and with 450 ppm of H2O2. The activity does not 
increases too much in presence of H2O2 (absence of O2), from 12% 
without O2 and H2O2 to 21% with H2O2, which indicates that despite the 
production of OH⋅ radicals by the electroreduction of H2O2 seem to be 
also present but in low extend, the main reason of de TTC degradation in 
the Fenton-type metal-free catalysts (graphite and CX) is the 
electro-generation of OH⋅ radicals by the electroreduction of O2 via 
3-electron pathway. 

O2 + 2H+ + 3e− → OH− + OH• (7)  

H2O2 + e− → OH− + OH• (8) 

If a Fenton catalyst (Fe) is present in the carbon matrix (CX), FeCX- 
0.8, almost total TTC degradation (95.13%) is achieved after 7 h of re-
action without the use of any external Fenton-catalysts. This manifests 
that the presence of Fe on the CX matrix favors the OH⋅ radicals pro-
duction increasing the electro-Fenton activity and thus, the TTC 
degradation. Overall, Fe-doped carbon xerogels are presented as excel-
lent dual-functional electro-Fenton catalysts to perform both the electro- 
reduction of O2 to H2O2 and Fenton for it use in wastewater decon-
tamination. Finally, the Fe leaching was analyzed by atomic absorption 
spectroscopy and there was no Fe ion leaching with any catalyst. 

Overall, the synthesized dual-functional Fe-doped carbon xerogel 
based cathodes provides a promising, efficient and facile Electro-Fenton 
advanced oxidation process for the decontamination of emerging- 
polluted water streams before being discharged into various ecosystems. 

4. Conclusions 

The Electro-Fenton process requires the use of two catalysts: one 

acting as electrocatalyst for the reduction of oxygen to H2O2 and another 
Fenton-type catalyst for the generation of ⋅OH radicals from H2O2. Thus, 
the search of materials with dual functionality for the electro-reduction 
of oxygen to H2O2 and Fenton is a hot research issue in the last years. 
However, the preparation of heterogeneous EF catalysts with high 
selectivity and activity towards ORR via the two-electron pathway is 
challenging, since the active sites for Fenton are mainly transition metals 
that in the main catalyze oxygen reduction via the 4e-pathway. With this 
aim, highly graphitic Fe-doped carbon xerogels were synthesized in this 
manuscript by sol-gel polymerization of resorcinol and formaldehyde as 
dual-functional electro-Fenton catalysts for wastewater decontamina-
tion. The amount of Fe introduced was optimized in order to control the 
O2-catalyst interaction to maximize the H2O2 production and its trans-
formation into OH• radicals for tetracycline degradation. The following 
conclusions have been achieved.  

• The presence of Fe affects the RF polymerization; The undoped 
sample present a SBET of 712 m2/g whereas Fe-doped samples present 
a much smaller one of around 480 m2/g. The microporosity de-
creases and become wider and the Vmeso increases with the increase 
of Fe content in FeCX-Y samples. Overall, the microporosity (W0 
(N2)) and ultramicroporosity (W0 (CO2)) decreases for Fe-doped CX 
samples regarding the CX counterpart at the expense of an increase in 
the mesoporosity (Vmeso).  

• Graphitic clusters are clearly identified in Fe-doped samples by 
HRTEM while they are not present in undoped CX. The amount of 
those graphitic clusters increases with the increase of the Fe content 
of the samples (FeCX-0.2 < FeCX-0.4 < FeCX-0.8); at content as low 
as 0.8% the sample is almost entirely composed of such clusters.  

• The graphitization degree of FeCX-Y observed by HRTEM was 
corroborated by XRD and Raman spectroscopy results. The XRD 
peaks at 2θ = 22.0◦ and 43.8◦ ascribed to the graphite planes become 
sharper and move to lower 2θ angles by increasing the % Fe in the 
FeCX-Y being predominant for FeCX-0.8 sample. This peak 
displacement denotes the development of new structures with lower 
d-spacing and so, could be attributed to the development of graphitic 
clusters by increasing the Fe content as it was pointed out by HRTEM. 
The d (002)-spacing decreases with the increase of Fe content being 
the value for FeCX-0.8 (≈0.3458 nm) very close to ideal graphite 
crystal layer spacings (0.3354 nm) manifesting the high graphitiza-
tion degree of FeCX-Y samples regarding the CX counterpart (0.4008 
nm). Analyzing Raman spectra, the D band becomes sharper and 
narrower by increasing the Fe content in the sample indicating an 
increase of graphitization in that sense. The 2D peak intensity also 
increases with the Fe content. 

• The presence of Fe considerably improves the electro-catalytic ac-
tivity (jk values) due to the enhanced graphitization degree/con-
ductivity. However, a chance of mechanism seems to occur at around 
− 0.5 V for samples with high amount of Fe (electron transferred (n) 
increases). At potential lower than − 0.5 eV, the present of Feδ+

species or even Fe–O–C active sites favour the selectivity to 2e- 
pathway, however at potential higher than − 0.5 eV, Feδ+ species 
are reduced favoring a O–O strong interaction enhancing the 4e- 
pathway.  

• Based on the ORR results, FeCX-0.8 sample was selected for the 
electro-Fenton degradation test using tetracycline (TTC) as target 
drug. The CX sample shown degradation (50% after 7 h) despite 
Fenton active phase is not present in this sample. This activity was 
explained based on the direct generation of OH⋅ radicals by the 
electroreduction of O2. Almost total TTC degradation (95.13%) is 
achieved after 7 h of reaction for FeCX-0.8 sample because of the Fe 
on the CX matrix favors the OH⋅ radicals production increasing the 
electro-Fenton activity and thus, the TTC degradation. Therefore, Fe- 
doped carbon xerogels are presented as excellent dual-functional 
electro-Fenton catalysts to perform both the electro-reduction of 
O2 to H2O2 and Fenton for it use in wastewater decontamination. 

Fig. 11. Normalized TTC concentration (C/C0) vesus time for EF tests at po-
tential of − 0.60 V for undoped carbon xerogel (CX), Fe-doped carbon xerogel 
(FeCX-0-4) and graphite sheet reference (Graphite (O2)) under O2 bubbling. 
Electro-Fenton tests were also performed without bubbling O2 in absence 
(Graphite (w/o O2)) or in presence (Graphite (H2O2)) of H2O2 (350 ppm) using 
graphite reference. 
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Jiménez Mateos, J.M., Fierro, J.L.G., 1996. X-ray photoelectron spectroscopic study of 
petroleum fuel cokes. Surf. Interface Anal. 24 (199604), 223–236. https://doi.org/ 
10.1002/(SICI)1096-9918. 

Kulkarni, A., Siahrostami, S., Patel, A., Nørskov, J.K., 2018a. Understanding catalytic 
activity trends in the oxygen reduction reaction. Chem. Rev. 118, 2302–2312. 
https://doi.org/10.1021/acs.chemrev.7b00488. 

Kulkarni, A., Siahrostami, S., Patel, A., Nørskov, J.K., 2018b. Understanding catalytic 
activity trends in the oxygen reduction reaction. Chem. Rev. 118, 2302–2312. 
https://doi.org/10.1021/acs.chemrev.7b00488. 

Kumar, V., Ladha, J.K., 2011. Direct Seeding of Rice : Recent Developments and Future 
Research Needs, first ed. Elsevier Inc. https://doi.org/10.1016/B978-0-12-387689- 
8.00001-1. Advances in Agronomy.  

Lata, S., Singh, P.K., Samadder, S.R., 2015. Regeneration of adsorbents and recovery of 
heavy metals: a review. Int. J. Environ. Sci. Technol. 12, 1461–1478. https://doi. 
org/10.1007/s13762-014-0714-9. 

Li, G., Zhang, Y., 2019. Highly selective two-electron oxygen reduction to generate 
hydrogen peroxide using graphite felt modified with N-doped graphene in an 
electro-Fenton system. New J. Chem. 43, 12657–12667. https://doi.org/10.1039/ 
c9nj02601k. 

Li, Y., Cao, W.X., Zuo, X.J., 2022. O- and F-doped porous carbon bifunctional catalyst 
derived from polyvinylidene fluoride for sulfamerazine removal in the metal-free 
electro-Fenton process. Environ. Res. 212, 113508 https://doi.org/10.1016/j. 
envres.2022.113508. 

Lin, X., Yang, F., You, L., xing, Wang, H., Zhao, F., 2021. Liposoluble quinone promotes 
the reduction of hydrophobic mineral and extracellular electron transfer of 
Shewanella oneidensis MR-1. Innovar 2, 100104. https://doi.org/10.1016/j. 
xinn.2021.100104. 

Litter, M.I., Slodowicz, M., 2017. An overview on heterogeneous Fenton and 
photoFenton reactions using zerovalent iron materials. J. Adv. Oxid. Technol. 20, 
20160164 https://doi.org/10.1515/jaots-2016-0164. 

Lowell, S., Shields, J.E., Thomas, M.A., Thommes, M., 2004. Adsorption isotherms. In: 
Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density, 
pp. 1–27. 

Lu, Z., Chen, G., Siahrostami, S., Chen, Z., Liu, K., Xie, J., Liao, L., Wu, T., Lin, D., Liu, Y., 
Jaramillo, T.F., Nørskov, J.K., Cui, Y., 2018. High-efficiency oxygen reduction to 
hydrogen peroxide catalysed by oxidized carbon materials. Nat. Catal. 1, 156–162. 
https://doi.org/10.1038/s41929-017-0017-x. 

Luo, T., Feng, H., Tang, L., Lu, Y., Tang, W., Chen, S., Yu, J., Xie, Q., Ouyang, X., Chen, Z., 
2020. Efficient degradation of tetracycline by heterogeneous electro-Fenton process 
using Cu-doped Fe@Fe2O3: mechanism and degradation pathway. Chem. Eng. J. 
382, 122970 https://doi.org/10.1016/j.cej.2019.122970. 

Mailler, R., Gasperi, J., Coquet, Y., Buleté, A., Vulliet, E., Deshayes, S., Zedek, S., 
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morphology, metal dispersion, and pore texture of transition metal-doped 
monolithic carbon aerogels and steam-activated derivatives. Microporous 
Mesoporous Mater. 69, 119–125. https://doi.org/10.1016/j. 
micromeso.2004.02.001. 
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