Journal of Environmental Chemical Engineering 13 (2025) 115725

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

ELSEVIER

Bifunctional catalysts based on carbon-coated manganese microspheres
applied in the heterogeneous electro-fenton process for
tetracycline degradation

Edgar Fajardo-Puerto °, Abdelhakim Elmouwahidi* ®, Juan Amaro-Gahete > ©,

Marfa Pérez-Cadenas *"@®, Esther Bailén-Garcia®®, Agustin F. Pérez-Cadenas”®,

Francisco Carrasco-Marin

@ Materiales Polifuncionales Basados en Carbono (UGR-Carbon), Departamento de Quimica Inorganica-Unidad de Excelencia Quimica Aplicada a Biomedicina y

Medioambiente-Universidad de Granada (UEQ-UGR), Granada ES18071, Spain
b Departamento de Quimica Inorganica y Técnica, Facultad de Ciencias, UNED, Avenida De Esparta s/n, Las Rozas de Madrid, Madrid ES28232, Spain

ARTICLE INFO ABSTRACT

Keywords:

Carbon-coated manganese microspheres
Oxygen reduction reaction

Bifunctional electro-Fenton catalyst

TC degradation

Antibiotic contamination in water is a major threat to public health and ecosystems, driven by the spread of
resistant bacteria and challenges in treating diseases. Tetracycline (TC), a widely used and persistent antibiotic,
has prompted the development of advanced oxidation processes like electro-Fenton for its removal. In this study,
carbon-coated manganese microspheres were synthesized as bifunctional electro-Fenton catalysts capable of
carrying out oxygen reduction reaction (ORR) and TC degradation in the same electrochemical process. The
C90Mn10 formulation, with a high carbon xerogel content, exhibited excellent ORR activity and achieved 90 %
TC degradation after 300 min of treatment. This performance was attributed to the synergistic activity of Mn2 */
Mn®* species and the carbon xerogel in generating hydroxyl radicals via direct and indirect pathways. The
catalyst demonstrated stable performance over multiple cycles, maintaining structural integrity and resisting
leaching due to the carbon coating. These findings underscore the potential of carbon-coated manganese cata-

lysts as efficient and scalable solutions for removing pharmaceutical contaminants like TC from wastewater.

1. Introduction

The contamination of aquatic environments by pharmaceutical res-
idues has become a critical global issue in recent decades [1]. Among
these pollutants, antibiotics represent a particularly worrisome class due
to their widespread use and persistence in the environment [2,3]. These
substances, designed to inhibit or kill microorganisms, often remain
intact after passing through conventional wastewater treatment plants,
leading to their accumulation in natural water systems [4]. The presence
of antibiotics in water sources poses significant risks, not only by pro-
moting the development of antibiotic-resistant bacteria but also by
disrupting microbial ecosystems essential for water quality and envi-
ronmental balance [5,6].

Tetracycline (TC), a broad-spectrum antibiotic widely employed in
both human and veterinary medicine, is one of the most frequently
detected pharmaceutical contaminants in wastewater from various
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sources, including hospitals, agricultural runoff, and municipal sewage
systems, due to its high production volume and limited biodegradability
[7,8]. Concentrations of TC in water bodies have been found to vary
significantly, often reaching levels that pose risks to both ecosystems
and human health [9,10]. Wastewater treatment plants, particularly
those processing hospital and industrial effluents, frequently discharge
water containing residual amounts of TC, as conventional treatment
methods are not fully effective in its removal [11]. Given its persistence
and potential ecotoxicological impacts, the development of more
advanced water treatment technologies is crucial for fully degrading
such compounds, as conventional methods have shown limited effec-
tiveness [12]. Addressing TC contamination in wastewater is therefore a
key priority in minimizing the associated environmental and health
risks. Thus, there is an urgent need for advanced and efficient technol-
ogies capable of degrading these persistent pollutants.

Among the most promising solutions are advanced oxidation
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processes (AOPs), which have demonstrated significant potential in the
degradation of a wide range of organic contaminants, including phar-
maceuticals like TC [13-16]. AOPs rely on the generation of highly
reactive species, such as hydroxyl radicals (¢OH), which possess the
ability to break down complex organic molecules into simpler, non-toxic
compounds. These processes encompass a variety of methods, such as
ozonation [17], photocatalysis [18], Fenton reactions [19], and per-
sulfate activation [20], each with its own strengths and limitations
depending on the application. While methods like ozonation and pho-
tocatalysis are effective, they often come with challenges such as high
energy costs or limited scalability in large-scale wastewater treatment.
On the other hand, Fenton-based reactions have gained particular
attention due to their operational simplicity and high efficiency in
generating eOH. However, traditional Fenton processes presents three
notable limitations: a restricted operational pH range, elevated costs and
risks tied to the management, transport, and storage of reagents (H2O2
and iron solutions), and the issue of secondary pollution caused by
substantial iron sludge production [21].

To address these drawbacks, the heterogeneous electro-Fenton (HEF)
reaction has emerged as an enhanced technique, offering more sus-
tainable and controllable wastewater treatment by generating hydrogen
peroxide (H2053) in situ through the oxygen reduction reaction (ORR) at
the cathode [22]. This innovation not only eliminates the need for
external Hy0, addition but also promotes the concurrent reduction of
ferric ions (Fe31) to ferrous ions (Fe®*") at the same electrode dimin-
ishing the production of sludge, thereby enhancing the availability of
reactive species and overall process efficiency. The electro-Fenton
mechanism unfolds through several key stages [23,24]: i) electro gen-
eration of H202 (Eq. 1): At the cathode, dissolved oxygen (0O2) undergoes
reduction, leading to the formation of hydrogen peroxide (H205); ii)
generation of the oxidizing eOH (Eq. 2): In the Fenton reaction, ferrous
ions (Fe®") react with the electrogenerated HyO» in the presence of
protons (H*), producing eOH, highly reactive species responsible for the
oxidative degradation of the pollutants; iii) mineralization of pollutants
(Eq. 3): eOH species degrade the pollutant generating less toxic in-
termediates, carbon dioxide and water; and iv) regeneration of Fe?*: The
reduction of ferric ions (Fe>™) back to ferrous ions (Fe>") at the cathode
ensures a continuous supply of Fe?" for the Fenton reaction (Eq. 4).

cathode : O, + 2H' 4 2¢”—>H,0, @
cathode : Fe** + Hy0, + H' —Fe*" + HyO + ¢OH )
pollutants + eOH—intermediates + ¢OH—CO, + H,O 3)
cathode : Fe** 4 le —Fe** (€]

In this context, it is essential to account for the potential side re-
actions from water electrolysis as these can negatively impact catalytic
performance; however, even greater emphasis should be placed on the
choice of cathode materials given that the ORR often represents the rate-
limiting step which significantly influences both the efficiency and
selectivity of the overall process. The ORR can proceed via different
electron pathways, typically through 2- (Egs. 5), 3- (Eq. 6), or 4-electron
transfers (Eq. 7), where the selectivity of the 2-electron pathway is
particularly desirable for generating HyOs. The challenge lies in
ensuring that the cathode material can effectively promote the 2e- ORR
pathway, while minimizing the 4e™ route that leads to water production,
thereby improving both the yield and selectivity of HyO, generation.

O, +2H" + 2e"—H,0, 5)
O, 4+ 2H' +3e — ¢ OH + OH~ 6)
O, +4H" + 4e” —>2H,0 @)

To achieve this, the design of cathode materials must focus on
optimizing their catalytic activity, stability, and conductivity [25]. A
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critical strategy involves supporting the catalytic sites on solid sub-
strates to facilitate heterogeneous reactions, thus preventing iron
leaching and extending the operational pH range. Solid supports not
only stabilize the catalytic components but also enhance electron
transfer processes, which are crucial for the efficient cycling of Fe3* and
Fe?* in the Fenton reaction. Materials such as mesoporous silica [26],
clay [27] and porous carbon [28,29] have been extensively studied as
potential supports due to their ability to immobilize iron species and
prevent the dissolution of active components, reducing the generation of
iron sludge while maintaining catalytic activity over extended periods.

Specifically, carbon materials have gained prominence in recent
years as cathode materials for the ORR due to their low cost, stability,
high surface area, resistance to acid corrosion and excellent electrical
conductivity. These carbon-based electrocatalysts have demonstrated
high selectivity for HyO, production; however, their slow reaction ki-
netics hinder overall efficiency, leading to suboptimal performance.
Graphene oxide [30], reduced graphene oxide [31], mesoporous carbon
[32], carbon felt [33], activated carbon [34] and carbon aerogels [35,
36] shown promise as catalytic solid supports, though their inherent
catalytic activity often falls short when compared to traditional catalysts
like platinum (Pt), palladium (Pd), gold (Au) or silver (Ag). Although
carbon-based electrocatalysts are highly effective cathodes for ORR and
capable of generating HoO, with good selectivity, a key limitation re-
mains: the need to introduce a Fenton catalyst to complete the degra-
dation process. While these carbon materials excel at producing
hydrogen peroxide, they lack the intrinsic ability to catalyze the sub-
sequent Fenton reaction, which requires Fenton active species to convert
Hy0, into eOH for effective pollutant breakdown. Consequently, the
system’s reliance on external Fenton catalysts reduces operational effi-
ciency and complicates the process.

To address this, heteroatom doping has emerged as a key modifica-
tion strategy. The introduction of elements such as nitrogen (N), boron
(B), sulphur (S), phosphorus (P), and fluorine (F) into the carbon lattice
alters the electronic properties of the material, creating more active sites
for the 2e” ORR, thereby improving the selectivity towards HoO pro-
duction [37-43]. Additionally, the diverse heteroatoms species incor-
porated into the carbon structure contribute to the reduction of HyO5 to
oOH, further enhancing the overall catalytic efficiency of the system.
Alternatively, doping carbon-based materials with transition metals,
such as manganese (Mn), copper (Cu), iron (Fe), cerium (Ce), nickel
(Ni), and cobalt (Co), has shown notable improvements in the ORR ac-
tivity, while also providing active sites for Fenton catalysis capable of
producing eOH from Hy0, [44-49]. Although transition metals alone
tend to catalyze the ORR via the four-electron pathway, leading to direct
water formation, their integration into carbon matrices promotes the
two-electron pathway. This shift enhances the electrochemical perfor-
mance by promoting the HyO5 production, which is crucial for the
Fenton reaction, thus enabling the material to function as both an effi-
cient ORR catalyst and a Fenton catalyst for pollutant degradation.

Therefore, the strategies discussed above pave the way for the
development of bifunctional heterogeneous catalysts, capable of
simultaneously carrying out the ORR and the Fenton process within a
single material [50,51]. This dual functionality not only enhances the
overall electrochemical performance but also simplifies the process,
reducing the need for separate catalytic systems. Ideally, such catalysts
would enable the generation of eOH directly from oxygen via a 3e” ORR
pathway, by passing the need for HyO2 as an intermediate. This would
not only streamline the process but also enhance the degradation effi-
ciency of contaminants by directly producing eOH radicals from O:
electroreduction.

Designing catalysts that can selectively perform these dual functions
remains a challenge, but advances in carbon-based materials and het-
eroatom/metal doping hold promise for future developments in more
efficient and sustainable wastewater treatment technologies. In recent
years, our research group has made significant progress in developing
bifunctional heterogeneous catalysts for the electro-Fenton process
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aimed at antibiotic degradation, with a particular focus on carbon
xerogels. These materials are known for their high porosity, tunable
surface chemistry, and large surface area, which make them ideal for
supporting both the ORR and Fenton catalysis, crucial for pollutant
degradation. Initially, we synthesized bifunctional electrocatalysts by
doping carbon microspheres with eco-graphene, enabling TC
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degradation of up to 83 % via a 3-electron pathway without additional
Fenton catalysts [52]. In a subsequent study, we developed Fe-doped
carbon xerogels that enhanced ORR performance through the 2-electron
pathway and acted as Fenton catalysts, achieving nearly complete
degradation of TC at 95.13 % [53]. The third study involved metal-free
carbon xerogel-based ORR electrocatalysts inks doped with graphene
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oxide, achieving 90 % amoxicillin degradation through a similar
mechanism involving the production of H-02 and subsequent generation
of eOH using a magnetite-coated carbon catalyst (Fe304/C) [54]. Most
recently, nitrogen- and eco-graphene co-doped carbon xerogel spheres
were synthesized, which also relied on this HyO,-based mechanism,
showing improved degradation efficiency for pollutants, ranging from
48 % to 61 %, depending on the nitrogenous groups present [55].

Earlier this year, our research group reported a significant study on
the doping of activated biocarbons with manganese, specifically
focusing on MnOy species generated within the carbon structure, which
are particularly promising for bifunctional heterogeneous electro-
Fenton processes [56]. A 3-electron ORR pathway was proposed,
directly producing highly reactive OHe without the need for an external
Fenton catalyst. This approach demonstrated impressive results,
achieving up to 70 % TC removal under neutral pH conditions, high-
lighting the catalytic efficiency of Mn-doped carbon in environmental
remediation.

Considering these precedents, the present study introduces a highly
innovative synthesis strategy involving the preparation of manganese
microspheres coated with carbon xerogel in varying proportions for
application as bifunctional electro-Fenton catalysts for TC degradation.
This novel core-shell design is expected to allow the carbon matrix to
efficiently adsorb the pollutant and enhance electron transfer, while
MnOy particles act as efficient catalytic sites for both the ORR and
Fenton processes, leading to the effective TC removal in aqueous
solution.

2. Materials and methods
2.1. Materials

Potassium permanganate (KMnOg4, >99.0 %, Sigma-Aldrich), man-
ganese (II) sulphate monohydrate (MnSO4-H,0, >99 %, Sigma-Aldrich),
resorcinol (99 %, Alfa Aesar), formaldehyde (37 %, Sigma-Aldrich), n-
heptane (99.8 %, VWR), Span 80 (Sigma-Aldrich), acetone (>99 %,
Sigma-Aldrich).

2.2. Synthesis of carbon-coated manganese microspheres

A schematic representation of the experimental procedure used for
the synthesis of carbon-coated manganese microspheres is presented in
Fig. 1. Manganese (Mn100) microspheres were prepared from KMnOg4
by sonication in an aqueous solution of MnSOg4. The resulting micro-
spheres were filtered, washed with deionized water until the wash water
reached a neutral pH, and then dried in an oven at 140 °C for 24 h. For
the subsequent carbon coating, n-heptane (900 mL), Span 80 (S), and
the previously synthesized Mn microspheres were added to a round-
bottom flask equipped with vertical stirring (450 rpm). The mixture
was heated to 70 °C, and resorcinol (R), formaldehyde (F), and water
(W) were gradually added as carbon precursors. The reaction was
maintained under continuous stirring for 24 h under reflux, producing
carbon xerogel coating through inverse-emulsion sol-gel polymerization
of resorcinol and formaldehyde in the organic solution, as described in
previous studies [57]. The molar ratios of the reactants were as follows:
R/F =1/2, R/W = 1/14, and R/S = 4.5. The resulting gel was filtered
and immersed in acetone for 5 days, with the acetone being replaced
twice daily, to remove residual water and Span 80 from the pores. The
material was then filtered again and dried using microwave heating
(Saivod MS-287W microwave oven) in an inert atmosphere (1-min in-
tervals at 300 W) until a constant weight was achieved. Finally, the
dried material was carbonized in a nitrogen atmosphere (N3 flow rate of
300 cm®/min) at a heating rate of 1 °C/min to a final temperature of 900
°C for 2 h. The carbon-coated microspheres were labeled as CXMnY,
where X represents the carbon content and Y represents the theoretical
Mn proportion. In addition, a pure carbon spheres sample (C100) was
prepared by an analogous synthesis procedure and was used as reference
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material [58].
2.3. Textural, chemical and morphological characterization

The textural properties of the samples were evaluated using Ny
adsorption-desorption isotherms at —196 °C. Prior to analysis, the
samples were degassed overnight at 110 °C under vacuum conditions
(107 mbar) to eliminate any residual adsorbed gases or impurities. The
specific surface area (Sggr), micropore volume (Wo), and pore width (Lo)
of the samples were determined using the Brunauer-Emmett-Teller
(BET) method, the Dubinin-Radushkevich (DR) equation, and Density
Functional Theory (DFT), respectively. The mesopore volume was
calculated as the difference between the amount of N> adsorbed at a
relative pressure of 0.95 (Vg.95) and the micropore volume. Thermog-
ravimetric experiments were performed using a TA Instruments Waters
Discovery TGA 550 equipped with a Tru-Mass™ balance, an Evolved
Gas Analysis (EGA) furnace and a 25-position autosampler. The samples
(10 mg) were placed in Al,O3 pans and heated up from 40 °C to 900 °C in
100 mL/min of synthetic air. The crystallinity of the CXMnY samples
was assessed using X-ray diffraction (XRD) on a Bruker D8 Advance
diffractometer with Cu Ko radiation. Surface chemistry was analyzed by
X-ray photoelectron spectroscopy (XPS) using an Escalab 200 R system
(VG Scientific Co.) equipped with a Mg Ka X-ray source (hv =
1253.6 eV) and a hemispherical electron analyzer. The binding energy
of the C1s peak at 284.6 eV was used as a reference for identifying other
peaks. XPS spectra were fitted by least-squares minimization using
Gaussian-Lorentzian peak shapes and a Shirley-type background. The
morphology was examined by scanning electron microscopy (SEM)
using a LEO (Carl Zeiss) GEMINI-1530 microscope, and by optical mi-
croscopy using an OLYMPUS BX51 microscope. Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) analysis was con-
ducted using a PERKIN-ELMER OPTIMA 8300 ICP-OES spectrometer
with dual-view capability. The instrument was equipped with a PERKIN-
ELMER S10 autosampler for automated sample introduction. Toxicity
assessments of the solutions were conducted following the standardized
biotest protocol for luminescence inhibition in Vibrio fischeri bacteria
(UNE/EN/ISO 11345-2), both before and after the electro-Fenton re-
action. The LUMIStox 300 System (Dr. Lange GmbH) was employed in
conjunction with a LUMIStherm incubator. Toxicity levels were deter-
mined by measuring the percentage inhibition at 15 and 30 min of
exposure, using a saline stock solution as the control reference.

2.4. Electrochemical characterization

The carbon-coated manganese microspheres samples were tested as
cathodic electrodes in the ORR. The oxygen reduction electrochemical
performance was evaluated using a Metrohm Autolab PGSTAT101
electrochemical system with a rotating ring-disk electrode (RRDE)
setup.

For the preparation of the RRDE, a solution consisting of 1 mL of
Nafion and 9 mL of deionized water was prepared and then sonicated for
10 min. From this solution, 1 mL was extracted and mixed with 5 mg of
CXMnY, followed by an additional 30 min of sonication. A 20 pL aliquot
of the final ink was deposited onto the RRDE and allowed to dry for
10 min under infrared radiation.

Measurements were conducted in a standard three-electrode cell at
ambient temperature, using a platinum plate as the counter electrode
and an Ag/AgCl electrode as the reference. The electrolyte was a 0.1 M
KOH solution prepared with deionized water. Prior to each measure-
ment, the electrolyte was saturated with either N5 or Oy by bubbling the
desired gas into the 0.1 M KOH solution for 30 min at room temperature.

Cyclic voltammetry (CV) was performed in the potential range of
0.40V to —0.80V (vs. Ag/AgCl), at a sweeping potential rate of
50 mV s~ ! with the electrode rotating at 1000 rpm, in both Ny- and O-
saturated solutions.

Linear sweep voltammetry (LSV) for ORR was carried out across the
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same potential range at a scan rate of 50 mV s\, with the electrode
rotation speed varied between 500 and 3500 rpm (increments of
500 rpm). The number of electrons transferred and the H20: selectivity
were calculated from the RRDE data using Eqs. (8) and (9), as described
in references [59,60]:

4 x I
n=—-7 ®
Ip+3
2><%
% Hy0, = 100 x — ©)

D—N

where I and I represent the disk and ring currents, respectively, and N
is the collection efficiency of the RRDE (0.249).

The Koutecky-Levich model (Eq. 10) was applied to fit the LSV data
in order to investigate the electron transfer mechanism and kinetics at
the electrode, allowing for the determination of the number of electrons
transferred (n) and the kinetic current density (Jx):

1 1 1

=y 1

J JK+B><(1)1/2 an
Where o is the rotation speed and B is given by Eq. (11):

B=(062) xnxFxAxD¥xyV%xC 11)

In this equation, F is Faraday’s constant (96485 C mol’l), n is the
number of electrons transferred per oxygen molecule, A is the RRDE disk
area (0.2475 cmz), D is the oxygen diffusion coefficient (1.9 x 1075 cm?
s’l), v is the kinematic viscosity (0.01 cm? s’l), and C represents the
oxygen solubility (1.2 x 107% mol em™~3) [61,62].

2.5. Electro-Fenton process

The Electro-Fenton process was carried out in order to evaluate the
dual-functional electrocatalytic activity of the CXMnY samples. The EF
reaction was conducted in a three-electrode electrochemical cell with a
solution capacity of 150 mL at room temperature. TC at an initial con-
centration of 40 mg/L was selected as the target pollutant, and sodium
sulfate (NaySO4, 0.5 M) was used as the supporting electrolyte. The
working electrode was fabricated by mixing 45 mg of CXMnY with
8.5 mg of polytetrafluoroethylene (PTFE, 60 % dispersion) in a mass
ratio of 9:1 to form a homogeneous paste. This paste was dried at 100 °C
for 12 h, and 50 mg of the dried material was applied to both sides of a
graphite sheet (2.5 cm x 1 cm). The reference electrode was Ag/AgCl,
and a platinum wire served as the counter electrode. The electro-
chemical system was controlled using a Biologic VMP multichannel
potentiostat, with the applied potential fixed at —0.6 V throughout the
experiment.

To ensure that any adsorption of TC onto the materials was negli-
gible, the electrodes were pre-saturated in the dark for 24 h in the
electrolyte solution (0.5 M Na3SO4/TC) before the EF tests. The initial
concentration of TC was monitored using UV-Vis spectrophotometry at a
wavelength of 357 nm with a Shimadzu UV-2600i spectrophotometer.
Once the EF experiment began, oxygen gas was bubbled into the solution
for 30 min before applying the voltage, and the bubbling continued
throughout the experiment to maintain oxygen saturation.

During the EF process, 1 mL aliquots of the solution were periodi-
cally withdrawn from the cell at regular intervals, and the concentration
of TC in each aliquot was immediately analyzed by UV-Vis spectro-
photometry. The working pH was maintained at 6.5, corresponding to
the natural pH of the TC solution.
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3. Results and discussion

3.1. Textural, structural, morphological and chemical surface
characterization

A detailed morphological analysis of the manganese-carbon xerogel
composites was provided by SEM images at different magnification
(Fig. 2), showing distinct surface characteristics that reflect the effec-
tiveness of carbon xerogel coating on the manganese microspheres. The
Mnl00 sample, composed entirely of manganese, exhibited micro-
spheres approximately 1.8 um in diameter, with a densely packed sur-
face populated by nanoscale rods or nanorods, typically observed for the
well-defined crystalline phase y-MnO: [63]. In the carbon-coated sam-
ples (C10Mn90, C50Mn50, C70Mn30, C80Mn20, and C90Mn10), the
SEM images reveal a significant transformation in surface morphology
compared to the Mnl00 sample. Unlike Mn100, where individual
nanorods are clearly visible, the carbon-coated composites show uni-
formly porous surfaces without visible nanorod structures. This change
in surface texture indicates the successful encapsulation of manganese
microspheres by the carbon xerogel, forming a continuous and homo-
geneous carbon layer around each microsphere. The porous and
conductive nature of this carbon layer could act as a protective barrier
isolating the manganese core from the reaction medium, as well as
improve the surface area, reactant access and electron transfer. As a
reference, the C100 sample, which consists solely of carbon xerogel,
displays microspheres with a significantly larger diameter (approxi-
mately 18-20 pm). The morphology is characterized by a highly porous,
homogeneous structure, which is typical of carbon xerogels [64]. This
porous network maximizes surface area and provides numerous
adsorption sites, making it suitable for electrochemical applications.

Textural properties of the CXMnY samples were analyzed by Nj
adsorption—desorption isotherms (Fig. 3). All materials exhibited a
combination of type I and IV isotherms, suggesting the presence of both
microporous and mesoporous structures, as typically seen in carbon
xerogels [64], with a slight contribution of macropores. Specifically, at
low relative pressures (P/Py<0.1), there is a noticeable N adsorption
that corresponds to micropore filling. At intermediate pressures
(P/Pyp=0.4-0.9), the appearance of a hysteresis loop indicates the pres-
ence of mesopores. Such behavior suggests that these materials are
suitable for adsorption-based applications, as they combine the advan-
tages of high surface areas from microporosity and larger pore structures
from mesoporosity. The presence of macropores is minimal, as indicated
by the sharp increase in Ny adsorption at higher relative pressures
(P/Py>0.9), which is more pronounced in samples with higher manga-
nese content (e.g., C10Mn90). The observed hysteresis loop in the iso-
therms is characteristic of H4-type hysteresis, which is typical of
materials that contain slit-like pores or plate-like particles. This further
supports the mesoporous nature of the carbon xerogels, where the
mesopores likely arise from interparticle voids and the structural defects
created during synthesis, particularly with the addition of MnOy. This
mesoporous nature allows for enhanced diffusion of molecules into the
bulk of the material, which is advantageous for catalytic applications
such as ORR and electro-Fenton processes.

The porous characteristics of the samples, as summarized in the
Table 1, show important trends. The BET surface area (Sggr) and DFT
mesoporous surface area (Sppr) for the pure carbon xerogel sample
(C100) are 589 and 715 m?/g, respectively, indicating a well-developed
porosity. As manganese is introduced, the surface area first increases
slightly for C90Mn10 (626 m?/g) but decreases for samples with higher
Mn content (down to 341 rnz/g for C10Mn90). The initial increase in
surface area for C90Mnl0 can be attributed to the incorporation of
manganese, which may generate additional surface defects that increase
surface area. However, as the Mn content increases, the surface area
decreases, likely due to the blockage of micropores by MnOy particles,
which are relatively large compared to the pore structure of the carbon
matrix. This trend is consistent with the literature, where increased
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Fig. 2. SEM images of a) Mn100, b) C90Mn10, ¢) C80Mn20, d) C70Mn30, e) C50Mn50, f) C10Mn90, and g) C100.

metal loading leads to a reduction in surface area due to pore blockage
[65]. The total pore volume (Vg gs) follows a similar trend, increasing
slightly for C90Mn10 (0.25 cm?®/g) compared to C100 (0.23 cm?3/g), but
decreasing significantly for the highest Mn loading (0.19 cm®/g for
C10Mn90). Mesopore volume (Vieso) also shows a reduction with
increasing Mn content. For example, the mesopore volume decreases
from 0.20 cm®/g for C100 to 0.11 cm?® /g for C10Mn90. This suggests
that MnOy primarily occupy the mesopores, leading to a reduction in
available pore volume for adsorption. Micropore volume (Wo(N5)) de-
creases only slightly with increasing Mn content, indicating that the
microporosity is better preserved than mesoporosity. For instance, the

micropore volume drops from 0.23 cm®/g (C100) to 0.19 cm®/g
(C10Mn90), suggesting that the microporous structure of the carbon
xerogel matrix is less affected by Mn incorporation than the mesoporous
structure. Regarding the micropore width (Lyp(N2)), an increase with
higher Mn content was observed, rising from 0.57 nm for C100 to
0.95 nm for C10Mn90. This suggests that manganese incorporation
causes an enlargement of micropores, likely due to pore expansion or
destruction of smaller pores as MnOy particles occupy and modify the
porous structure. The increase in micropore width further supports the
hypothesis that MnOy, are deposited inside the carbon matrix, enlarging
the pore diameter while blocking smaller pores. This change in pore size
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19.3 %, and C70Mn30: 24.6 %). This close match suggests that the
;‘able 1 | e of 100 and CXMnY ) synthesis approach effectively coats the manganese microspheres with a
orous textural properties of pure an nY samples. consistent layer of carbon xerogel up to this manganese content, con-
Sample Sger Sper Wo(sNz) Lo(N2) Vo.395 Vm3eso firming the homogeneity of the carbon coating on the manganese
(m/g) (m7/g) (cm7/g) (am) (em’/g)  (cm’/g) spheres at lower manganese loadings. However, for composites with
C100 589 715 0.23 0.57 0.43 0.20 manganese contents of 50 % or more (C50Mn50, C10Mn90, and
C90Mn10 626 694 0.25 0.80 0.43 0.18 Mn100), significant deviations arise between theoretical and experi-
C80Mn20 513 563 0.24 0.83 0.42 0.18 1 . tent. F le. th idual i . tenti
C70Mn30 <17 64 0.95 0.82 0.42 017 mental inorganic content. For example, the residual inorganic content in
C50Mn50 570 680 0.31 0.77 0.43 0.12 C50Mn50, ClOMn90, and Mn100 reaches 81.9 %, 84.1 %, and 83.8 %,
C10Mn90 341 381 0.19 0.95 0.30 0.11 respectively; values much higher than expected. These findings indicate

distribution is critical for catalytic applications where both micropores
and mesopores contribute to the overall performance. Therefore, among
the CXMnY materials, C90Mnl0 presented particularly promising
textural characteristics for electrocatalytic applications. This sample had
the highest Sggr. SDFT and micro-/mesopore volume, which are critical
factors for enhancing the bifunctional electro-Fenton performance. The
microporosity will promote the adsorption of contaminants like TC,
while the mesopores and total pore volume will support efficient mass
and electron transport during electrocatalysis [66,67].

The TGA analysis in Figure S1 provides insights into the thermal
stability and inorganic composition of carbon-coated manganese mi-
crospheres. The TGA curves thus reflect both the decomposition of the
carbon xerogel coating and the thermal stability of the manganese oxide
cores [56]. The TGA data reveal that C100, which consists solely of
carbon xerogel without any manganese, exhibits a very low residual
mass (0.5 %), consistent with the absence of inorganic content. In
contrast, samples with increasing theoretical manganese content
(C90Mn10 to Mn100) display progressively higher residual masses,
which correlate with the presence of manganese oxide after combustion
of the organic carbon xerogel layer. For samples up to C70Mn30, the
experimentally determined percentages of residual inorganic mass align
closely with theoretical predictions (C90Mnl10: 12.9 %, C80Mn20:

an excessive accumulation of manganese oxide and suggest that, in these
high-manganese samples, the carbon xerogel does not fully or uniformly
coat the microspheres, possibly due to synthesis challenges introduced
at high manganese concentrations. A likely explanation for this phe-
nomenon is that the large amount of manganese microspheres disrupts
the resorcinol-formaldehyde polymerization process, which forms the
carbon xerogel layer. In these cases, the manganese particles may
aggregate and form clusters, reducing the effectiveness of carbon xero-
gel coating formation. Consequently, instead of a uniform coating, there
may be exposed manganese oxide surfaces and partial or non-uniform
carbon coverage. This incomplete coating leads to a
lower-than-expected organic fraction and a higher residual manganese
oxide content upon TGA analysis. On the other hand, manganese oxides
can act as catalysts for the oxidative decomposition of carbon. In sam-
ples with high manganese content, the manganese oxide core may
catalyze the thermal decomposition of the carbon xerogel coating at a
lower temperature, resulting in accelerated weight loss of the carbon
phase and a higher residual manganese oxide fraction. Additionally,
high concentrations of manganese might also lead to phase trans-
formations within the manganese oxide core. Different manganese oxide
phases exhibit varied thermal stabilities, and such transformations could
lead to unexpected weight loss or retention patterns in TGA, further
contributing to deviations in inorganic content.

The structural characterization of the synthesized materials, as
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depicted by the X-ray diffraction (XRD) patterns (Fig. 4), reveals distinct
crystalline phases and provides insights into the compositional and
functional properties of the samples. The XRD pattern for C100, repre-
senting the 100 % carbon xerogel, showed broad, low-intensity peaks
characteristic of amorphous carbon located at 26 values around 25° and
44°, corresponding to the (002) and (100) planes of graphite, in accor-
dance with JCPDS card No. 89-8487, as indicated by the square symbols
in the diffractogram [68]. The absence of sharp peaks underscores the
lack of long-range crystalline order, demonstrating that these carbon
xerogels possess a high concentration of graphitic clusters. While
amorphous carbon contributes limited catalytic activity directly, the
structure of these carbon xerogel microspheres provides several critical
benefits for electrochemical applications. Generally, carbon xerogels
demonstrate elevated capacitance that enhances their ability to sustain
electron flow, which is crucial for stable ORR performance, while also
delivering notable current density that amplifies overall reaction rates
[69]. Moreover, these materials have shown a strong preference for a
two-electron ORR pathway [55], selectively generating H-0O2 rather than
fully reducing O, to H20, which is advantageous for the electro-Fenton
process. The Mn100 sample, consisting entirely of manganese, exhibited
sharp diffraction peaks at 22°, 37°, 42°, 55° and 66° related to the planes
(120), (131), (300), (160) and (421), respectively, that align with
v-MnO: (gamma manganese dioxide) corresponding to JCPDS card No.
14-0644 [70,71]. This phase preferably favors the 4-electron pathway
in ORR, directly reducing O, to HyO, which enhances efficiency by
minimizing intermediate peroxide formation [72]. On the other hand,
the carbon-coated manganese microspheres (C90Mnl10, C80Mn20,
C70Mn30, C50Mn50, and C10Mn90) exhibited XRD patterns indicative
of a composite structure, with contributions from both amorphous car-
bon and crystalline manganese oxide phases. This combination of phases
suggests that the carbon xerogel coating effectively encapsulates the
manganese microspheres, creating a hybrid material with desirable
catalytic properties. Among the crystalline manganese oxides, MnO
(manganese (II) oxide) and MnsO« (a mixed-valence spinel phase with
Mn%" and Mn®* ions) were distinctly observed. MnO was identifiable by
triangular reflections corresponding to JCPDS card No. 07-0230 at 35°,
41°, 59°, 70° and 74° attributed to the planes (111), (200), (220), (311)
and (222), respectively, indicating its presence as a well-defined crys-
talline phase [73]. Meanwhile, Mn3O4 was characterized by black cir-
cular peaks in the XRD pattern at 18°, 29°, 31°, 32°, 36°, 38°, 44°, 50°,
60°, and 64° associated with the planes (101), (112), (200), (103),
(211), (004), (220), (105), (224), and (400), respectively, aligning with
JCPDS card No. 24-0734, which confirmed the formation of this spinel
structure [73,74]. Each manganese oxide phase plays a unique role in
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Fig. 4. XRD patterns of pure C100, pure Mn100 and CXMnY samples.

Journal of Environmental Chemical Engineering 13 (2025) 115725

the catalytic process: MnO contributes to the Fenton-like activity by
providing Mn?** ions, which act as Fenton catalysts for H20> decompo-
sition, while Mn3Oy4 facilitates a synergistic redox cycle between Mn?*
and Mn®*, enhancing the ORR and supporting the bifunctional catalytic
performance of the material. This dual-phase configuration, supported
by the conductive carbon matrix, optimizes the system for both ORR and
Fenton reactions, thus proving highly effective for applications in the
electro-Fenton degradation of pollutants.

The surface chemical composition of the samples was investigated
using XPS technique, as shown in Fig. 5, which presents the spectra for
Cis, O15, and Mny;, signals. From the deconvolution of these spectra, the
surface elemental composition was quantified, and the results were
summarized in Table S1. Variations in the relative percentages of C, O
and Mn with increasing carbon were revealed. In particular, the data
demonstrated a clear trend: as the proportion of carbon coating
increased across the series of samples (from Mn100 to C90Mn10), there
was a corresponding increase in the weight percentage of carbon (%wt
C) and a notable decrease in the weight percentages of both oxygen (%
wt O) and manganese (%wt Mn). The C100 sample, composed entirely of
carbon xerogel, exhibited the highest %wt C (91.6 %) with only minor
oxygen content (8.4 %) and no detectable manganese, which is expected
given its pure carbon nature. Conversely, the Mn100 sample showed a
substantial %wt Mn (37.8 %) and %wt O (62.2 %) with no carbon pre-
sent. Carbon-coated manganese microsphere sample displayed a
decreasing oxygen and manganese content as the carbon percentage in
the sample increases. For instance, in C10Mn90, %wt C is 68.0 %, with
%wt O and %wt Mn at 20.6 % and 11.4 %, respectively, whilst the
C90Mn10 sample contained 92.2 %, 6.23 % and 1.5 % of %wt C, %wt O
and %wt Mn, respectively. These findings confirmed that increased
carbon xerogel coating effectively encapsulates the manganese oxide
core, reducing its exposure and thus its signal in the XPS analysis, while
increasing the carbon surface signal.

Regarding the high resolution Cls core-level spectra (Fig. 5a), six
distinct peaks were identified and deconvoluted: C=C (284.6 eV), C-C
(285.6-285.7 eV), C-O (286.5-286.6 eV), C—=0 (287.5-288.1 eV), O-
C=0 (288.8-289.2 eV), and n-n* transitions in the aromatic systems
(290.1-290.4 eV), which correspond to sp? and sp® carbon bonds, as
well as various oxidized carbon functionalities [52,53]. These binding
energies (BE) and their associated functional groups remained relatively
constant across all samples, indicating that the incorporation of man-
ganese did not alter the primary carbon surface chemistry. In the
carbon-rich samples, such as C90Mn10, a notable decrease in the full
width at half maximum (FWHM) for the C=C peak at 284.6 eV was
observed, reaching a minimum of 1.24. This narrowing of FWHM sug-
gests an increase in the crystallinity of the graphitic structure, likely due
to the stabilization and alignment of graphitic domains within the car-
bon xerogel matrix. Such an increase in crystallinity can be associated
with enhanced electrical conductivity, which is crucial for optimizing
electrode performance. In contrast, as the manganese content increases,
the FWHM for the C=C peak broadens, reaching 1.40 in the C10Mn90
sample. This broadening is indicative of a higher defect density within
the graphitic structure or a reduction in microcrystal size, both of which
can contribute to diminished conductivity. These findings imply that the
increased presence of manganese may induce structural disruptions
within the graphitic domains as a result of interactions with manganese
oxide species, thereby altering the conductive properties of the material.

In the analysis of the O;4 region (Fig. 5b), deconvolution revealed
distinct peaks associated with different oxygen environments. The ox-
ygen species in the Mn100 sample, which primarily contains y-MnO»,
were classified into three main types [70]: i) lattice oxygen (Ojay) at
529.7 eV, associated to oxygen atoms covalently bonded to manganese
atoms forming part of its crystalline structure, ii) surface oxygen species
(Osurf) at 531.8 eV, which can arise from defects or oxygen vacancies on
the MnO» surface, and iii) adsorbed molecular water (Og,0) at 533.5 eV,
which is a feature commonly seen in metal oxides with high surface area,
where atmospheric moisture binds to the surface. In the carbon-coated
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Fig. 5. XPS spectra of a) Cls, b) Ols and c¢) Mn2p for all samples.

samples (C10Mn90 to C90Mn10), the O1s spectra revealed, in addition
to the O-Mn bond (530.1-530.3 eV), the presence of new peaks attrib-
uted to the O—C (531.4-531.6 eV) and O-C (533.4-533.9 eV) species
resulting from the carbon coating process [56]. As the carbon content
increases, the intensity (% peak) of the O-Mn contribution decreases,
while the peaks attributed to O—C and O-C bonds become more pro-
nounced. This trend suggests a shift in surface oxygen composition, with
a greater proportion of oxygen species associated with carbon func-
tionalities as opposed to manganese oxide. This shift aligns with the
successful encapsulation of manganese microspheres in a carbon xerogel
matrix, effectively modifying the surface oxygen environment. The C100
sample, which consisted entirely of carbon xerogel, displayed only the
O=—C and O-C peaks, with no detectable O-Mn contribution, confirming
the absence of manganese and the dominance of oxygenated carbon
groups on its surface.

Fig. 5c¢ presents the high-resolution Mny, XPS spectra, which
revealed a doublet with three primary peaks in the range of
641.0-646.0 eV and 653.0-659.0 eV corresponding to Mn (2ps,2) and
Mn (2p;2), respectively, as a result of spin—orbit splitting [75]. Conse-
quently, the fitting was conducted solely on the Mn (2p3,2) peak with its
respective components. The details regarding the positions, and per-
centage concentrations of the fitted XPS contributions are presented in
Table S1. Therefore, the Mn (2p3,2) spectra for Mn100 was resolved into
three distinct species: Mn?t, Mn*, and Mn**, with BE of 640.6 eV,
641.8 eV, and 643.2 eV, respectively [70]. These species are charac-
teristic of the y-MnOy crystalline phase confirming the results obtained
by XRD analysis. The presence of Mn>* and Mn?" species in the XPS
spectrum indicates the complexity of the system. This phenomenon may
be attributed to structural defects, chemical interactions, and the spe-
cific conditions of sample preparation and analysis. The coexistence of
different oxidation states of manganese suggests a dynamic equilibrium
influenced by the structural integrity of the material and external
environmental factors during synthesis and characterization. The per-
centage contributions were approximately 16 %, 49 %, and 35 % for
Mn?*, Mn®*, and Mn**, respectively.

The carbon-coated Mn microspheres samples underwent an evolu-
tion of the Mn species depending on the proportions of carbon xerogel
and Mn introduced in the synthesis procedure, where the pyrolysis step
at 900°C in an inert nitrogen atmosphere could have been critical. High

temperatures lead to the reduction of MnO,, potentially resulting in the
conversion of Mn** to Mn3t and Mn?" [76]. Carbon-based materials
have demonstrated efficacy as reducing agents for metal catalysts in
various reactions conducted under inert atmosphere, which prevents
further oxidation allowing reduction reactions to dominate [77].
Therefore, higher amounts of carbon xerogel coating may facilitate
greater reduction of Mn** to Mn2*. In the case of lower carbon pro-
portions, Mn*t may remain stable, while Mn3* may also be present
depending on the initial contributions and the interactions during the
coating process. Consequently, the Mn?*/Mn3* ratio increases from
0.61 in sample C10Mn90 to 0.97 in C90Mn10, supporting the preceding
argument.

3.2. Electrochemical characterization

The cyclic voltammetry (CV) analysis of the synthesized samples,
conducted using a rotating ring-disk electrode (RRDE) in a 0.1 M KOH
solution under both nitrogen and oxygen atmospheres, is shown in
Fig. 6. In the No-saturated condition, the CV curves (blue lines) revealed
baseline capacitive behaviour for each sample, which provides insights
into their textural and conductivity properties. Under O, saturation (red
lines), the presence of the ORR process can be inferred, particularly for
samples with lower Mn content, where the current response is markedly
enhanced. For the Mn100 sample, which exhibited minimal current
variation in both nitrogen and oxygen environments, the observed low
capacitance suggests limited surface area and mesoporosity, attributes
that are typically associated with pure manganese oxides and minimal
conductive carbon content [78,79]. This limited electrochemical
response aligns with the absence of a carbon coating, resulting in a
sample that lacks extensive porosity. In contrast, the carbon-coated
samples (C10Mn90 through C90Mn10) display increasingly larger
enclosed areas in their CVs as the carbon content rises, indicating
enhanced capacitance. This increase can be attributed to a higher sur-
face area and mesoporous volume, facilitating the formation of the
electrochemical double-layer (ECDL) capacitance [53,80]. The C100
sample, composed entirely of carbon xerogel, exhibits the highest
capacitance due to its extensive surface area and mesoporous structure,
which enhances electrolyte diffusion and electric double-layer forma-
tion. The predominance of carbon also contributes to improved



E. Fajardo-Puerto et al.

Journal of Environmental Chemical Engineering 13 (2025) 115725

C100 Cc90Mn10 C80Mn20
1.00 1.00 1.00
0.50 ¢ 0.50 0.50 +
0.00 + 0.00 0.00 1
< = g
< -0.50 1 £ -0.50 E -0.50 o
~ -1.00 A ~ -1.00 -1.00 +
-1.50 + -1.50 -1.50 4
-2.00 v r -2.00 ¥ ¥ -2.00 T x
-1.00 -0.50 0.00 0.50 -1.00 -0.50 0.00 0.50 -1.00 -0.50 0.00 0.50
E vs Ag/AgCL(V) E vs Ag/AgCL(V) Evs Ag/AgCL(V)
C70Mn30 C50Mn50 C10Mn90
1.00 1.00 1.00
0.50 1 0.50 + 0.50 +
0.00 0.00 o — — 0.00 9
< < P——— <
£-0.50 1 £-0.50 1 £ -0.50 4
-1.00 9 -1.00 o -1.00 o
-1.50 4 -1.50 o -1.50 4
-2.00 T T -2.00 T T -2.00 r T
-1.00 -0.50 0.00 0.50 -1.00 -0.50 0.00 0.50 -1.00 -0.50 0.00 0.50
E vs Ag/AgCL(V) E vs Ag/AgCL(V) E vs Ag/AgCL(V)
Mn100
1.00
0.50 o
0.00 4 7
<
£ 050
~ .00 4
-1.50 o
-2.00 v r
-1.00 -0.50 0.00 0.50

E vs Ag/AgCL(V)

Fig. 6. Cyclic voltammograms at 1000 rpm and 50 mV/s of all samples in N, bubbling (blue line) and O, bubbling (red line) KOH solution.

conductivity, further enhancing the capacitance. Notably, in the pres-
ence of O, saturated conditions, the CV profiles show an increase in
current density around —0.2 V vs. Ag/AgCl, indicative of ORR activity.
This effect is more pronounced in samples with a higher proportion of
carbon xerogel, where the conductive matrix allows for better electron
transfer and enhances ORR kinetics. This trend suggests that the carbon
xerogel coating not only improves capacitance due to an increase in
surface area and mesoporosity but also promotes ORR by facilitating
electron transport through the conductive carbon network. Among the
Mn-coated carbon microspheres, the C90Mn10 sample appeared to
exhibit the most optimal characteristics, providing the highest current
density and capacitance.

For a more detailed analysis, Linear Sweep Voltammetry (LSV) was
performed at various rotation speeds of the RRDE, ranging from 500 to
3500 rpm, for the C90Mn10 sample (Fig. 7a). As anticipated, the current
intensity increased with higher rotation speeds due to reduced mass
diffusion limitations from 500 rpm to 3500 rpm. Fig. 7b shows the LSV
curves for each sample at a rotation speed of 3500 rpm, where a trend of
increasing current intensity was observed with a higher carbon xerogel
coating, reaching a maximum kinetic current density (Jx) of
9.43 mA cm 2 for C90Mn10 at —0.6 V vs. Ag/AgCl (Table 2). The pure
carbon xerogel (C100) exhibited a slightly lower current density than
C90Mn10, but it remains higher than the other CXMnY samples and the
pure manganese oxide sample (Mnl00). This behaviour could be
attributed to the conductive network and high surface area provided by
the carbon xerogel. However, the lack of Mn-related catalytic sites in

10

C100 may limit its ORR activity compared to C90Mnl10, where the
synergy between carbon and manganese enhances the electrocatalytic
performance. Conversely, Mn100, having no carbon coating, demon-
strated significantly lower current density due to the limited surface area
and mesoporosity and conductivity for effective ion diffusion. Figs. 7¢
and 7d illustrate the evolution of the number of electrons transferred (n)
and H,04 selectivity over the potential range from —0.4 to —0.8 V for all
samples, as calculated from the RRDE data. The n values provided in-
sights into the mechanism of the ORR. For a fully efficient ORR pathway,
ideally involving four electrons, O, is directly reduced to water HO,
which is desirable for applications like rechargeable metal-air batteries,
water splitting or reversible fuel cells [81]. The Mn100 sample, as ex-
pected for MnOq-based materials [72], primarily directed the ORR
through a four-electron (4e”) pathway, efficiently reducing O, to H3O.
This characteristic makes MnO an effective catalyst for complete ORR
applications where water production is targeted. In contrast, the C100
sample also aligned with anticipated behaviour for carbon xerogels,
favouring a two-electron (2e) route that produces HyO2 as the main
reduction product [55]. This is typical for carbon-based materials, as
they generally promote a less complete reduction process due to their
limited catalytic sites for ORR. Interestingly, by increasing the carbon
xerogel coating on the manganese microspheres, we observe a gradual
shift toward an intermediate pathway with approximately three elec-
trons (3e”) transferred. This intermediate behaviour suggests the possi-
bility of generating eOH directly, which is advantageous in applications
like bifunctional electro-Fenton reactions [56], where the formation of
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produced at each potential from —0.4 V to —0.8 V for all samples.

Table 2
Electrochemical parameters obtained from the LSV curves: onset potential
(Eonset), number of electrons transferred (n), and kinetic current density (Jx).

Sample Eonset Jx (mA em~2) at —0.6 V (vs. nat —0.6 V (vs. Ag/
Ag/AgCl) AgCl)

C100 -0.18 6.74 2.55

C90Mn10 -0.18 9.43 3.05

C80Mn20  -0.11 2.75 3.33

C70Mn30 —-0.09 2.67 3.32

C50Mn50  -0.12 1.63 3.53

C10Mn90 -0.13 1.39 3.42

Mn100 -0.3 0.5 3.42

reactive oxygen species such as eOH is desirable for pollutant degra-
dation and other advanced oxidation processes. These results are
consistent with findings from XRD and XPS analyses, which provide
complementary evidence of the material composition and surface
characteristics. XRD confirmed the presence and structural integrity of
MnOy phases, while XPS data supported the interaction between carbon
xerogel and manganese, potentially enhancing the electron transfer ef-
ficiency and adjusting the ORR pathway depending on the carbon
coating content. Regarding HyO» generation, the highest selectivity
among the CXMnY samples was observed for C90Mn10, reaching over
50 % at —0.6 V. This indicates that the remaining ORR reduction
products are likely eOH species, as suggested by the calculated electron
transfer number of around 3. Additionally, as observed in the XPS
analysis, a higher carbon xerogel coating correlates with an increased
generation of Mn2* species from the reduction of Mn** and Mn>*, which

are considered a potent Fenton catalytic sites capable of reducing the
generated HyO5 to ¢OH. Based on these results, the C90Mn10 sample has
been identified as the most promising catalyst for heterogeneous,
bifunctional electro-Fenton applications, making it the material of
choice for further study in this context.

3.3. Electro-Fenton reaction for TC degradation

Based on the ORR results, the C90Mn10 sample has been identified
as the most promising catalyst for heterogeneous bifunctional electro-
Fenton applications (the higher Jk with n of 3), making it the material
of choice for further study in this context since it presents the highest
ORR kinetic activity and selectivity to HyO, production. In the electro-
Fenton experiment, TC was chosen as the target compound, with the
potential set to —0.6 eV to achieve both high Hy05 selectivity and
enhanced activity. Prior to testing, the electrode was saturated with the
antibiotic under dark conditions to exclude any adsorptive effects of
each sample from influencing the degradation results. Following satu-
ration, the initial TC (Co) was adjusted to 30 mg L', after which the
predetermined voltage was applied. This moment marked the initiation
of the degradation process. In this way, Fig. 8 illustrates the TC degra-
dation profiles in the electro-Fenton reaction using the C90Mn10 cata-
lyst under different experimental conditions over a total reaction time of
300 min. When nitrogen (N3) was introduced as the inert gas environ-
ment, the TC degradation percentage was relatively low, around 20 %.
This outcome is attributed to the limited generation of reactive oxygen
species (ROS) in the absence of O, highlighting its role in promoting the
TC degradation process. As a control test, a traditional Fenton reaction
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Fig. 8. TC degradation by electro-Fenton with the catalyst C90Mn10 under
different experimental conditions.

was conducted in an inert atmosphere with the addition of H3Oo,
yielding a significantly higher degradation percentage of approximately
74 %. This increase demonstrates the efficiency of the C90Mnl0 as
Fenton catalyst generating ¢OH from H0, without the presence of an
applied current. This suggests that the catalytic Mn active sites within
the carbon xerogel matrix played a critical role in decomposing H-0: to
generate ROS. Nevertheless, this conventional method does not leverage
the influence of electric current or the distinctive properties of the
C90Mn10 catalyst, particularly its bifunctional catalytic activity. To
assess the influence of the current on the degradation efficacy, C90Mn10
catalyst was then evaluated by performing the electro-Fenton reaction
under N5 with the addition of Hy0,. Thus, the TC degradation efficiency
reached about 78 %, indicating that applied current enhanced the
catalyst performance facilitating H;Oy decomposition, thereby
enhancing ¢OH production. However, this approach does not utilize the
unique properties of the C90Mn10 catalyst, specifically its bifunctional
catalytic activity. Finally, the degradation of tetracycline was tested in
an Op-saturated environment, where the degradation percentage was
maximized at 90 %. This high efficiency indicates that O not only acts
as a terminal electron acceptor, stabilizing the direct formation of ¢OH
but also facilitates the in-situ generation of HyO5. The combined effect of
in-situ HyO, generation and its subsequent reduction to eOH by Mn**
catalytic sites on C90Mn10 optimizes the degradation of tetracycline,
confirming the bifunctional nature of this catalyst in the electro-Fenton
process. Therefore, two possible pathways are proposed to explain the
mechanism of the observed electro-Fenton degradation:

1. Direct in-situ hydroxyl radical generation: The C90Mn10 catalyst,
with its carbon xerogel matrix and Mn>" sites, may facilitate a 3e"
reduction pathway [56,82]. In this pathway, O, is directly reduced to
hydroxyl radicals without the intermediate formation of HyO4 (Eq.
12). This mechanism would likely involve Mn>* centers and carbon
xerogel, both of which act as electron mediators and catalysts in the
reaction.

O, +2H" +3e — ¢ OH+ OH~ (12)

2. Hydrogen peroxide production and subsequent reduction: In this
alternative pathway, Oy is first reduced to HoO5 by 2e” route (Eq. 13),
followed by the Fenton-like reduction of HoO5 to ¢OH, catalyzed by
Mn3" active sites on COOMn10 (Eq. 14) [56]. This sequential process
relies on the interaction between Mn?* and H,0,, where Mn?* is
regenerated from Mn>" after each catalytic cycle, thereby main-
taining a steady generation of hydroxyl radicals.

02 + 2HJr + 2e” —)HQOZ (13)
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Mn®*" + H,0, + H" >Mn®*' + H,0 + ¢OH 14)

Considering these outcomes, the amorphous carbon xerogel layer in
the C90Mn10 bifunctional electro-Fenton catalyst served multiple pur-
poses that enhanced its catalytic performance. It provided a conductive
matrix that facilitates efficient electron transfer, which was essential for
maintaining the redox cycles of the Mn?* and Mn>* ions. This conduc-
tive layer also promoted the adsorption of TC molecules, allowing for
closer interaction with catalytic sites. Furthermore, the carbon coating
ensured a controlled and uniform dispersion of MnOy phases within the
matrix, thereby optimizing the availability of active catalytic sites and
enhancing the overall catalytic efficacy of the material.

The ICP-OES analysis was conducted to quantify the Mn content in
solution, in order to assess potential leaching during the electro-Fenton
reaction. Therefore, TC solution at initial time of the experiment an after
300 min of electro-Fenton treatment were taken to carry out the lixivi-
ation study. The Mn concentration remained essentially unchanged,
with initial and final values recorded at 1.277 and 1.279 ppm, respec-
tively. This negligible difference confirms the absence of Mn leaching
during the reaction, indicating that the structural integrity of the cata-
lyst was preserved throughout the electro-Fenton process. Then, the
carbon xerogel coating provides stability to the manganese oxide core,
effectively protecting it from potential structural degradation during the
catalytic reaction.

Figure S2a presents the cycling experiments for the TC degradation
via the electro-Fenton reaction using the C90Mn10 catalyst. The results
demonstrate that the catalyst maintains high performance and stability
over the first two cycles, achieving degradation rates of approximately
90 % and 86 %, respectively, after 300 min of reaction. This consistent
efficiency suggests that the CO0Mn10 catalyst possesses a robust struc-
ture and catalytic activity that are well-suited for repeated electro-
Fenton reactions. In the third cycle, however, the degradation percent-
age declines to 51 %, likely due to gradual surface passivation or partial
loss of active sites after prolonged use. Nonetheless, the strong perfor-
mance in the initial cycles underscores the catalyst’s suitability for short-
term applications or batch processes, with potential for further optimi-
zation to enhance long-term stability. This performance highlights the
promise of C90Mnl0 as an effective catalyst for advanced oxidation
processes, paving the way for further improvements in catalyst
durability.

The toxicity of TC solutions, both prior to and following the electro-
Fenton reaction catalyzed by C90Mn10, was evaluated using biolumi-
nescent Vibrio fischeri bacteria, as shown in Figure S2b. This analysis
provides insight into the potential ecological impact of treated water.
Toxicity was measured by the inhibition degree of bacterial biolumi-
nescence, with higher inhibition percentages indicating greater toxicity.
The luminescence of the bacteria decreases in response to contaminants,
allowing quantification of toxicity based on percentage of luminescence
decay. For the initial concentration of TC solution before any electro-
chemical treatment, bacterial luminescence decreased significantly to
52.5 % after 15 min and further to 42.1 % after 30 min of bacteria in-
cubation, respectively, suggesting high initial toxicity. However,
following 300 min of the bifunctional electro-Fenton reaction, the final
TC solution showed a notable reduction in toxicity. The bacteria biolu-
minescence values after 15 and 30 min of incubation were reduced to
76.1 % and 75.1 %, respectively, indicating that the electro-Fenton
process effectively decreases the toxicity of the TC solution. The re-
sults suggest that while complete mineralization of TC may not be
achieved, the degradation products formed exhibit lower toxicity levels,
making the treated solution less harmful to aquatic organisms.

The comparative analysis of bifunctional electro-Fenton catalysts
presented in Table S2 underscores the exceptional performance of the
catalyst developed in this work. Unlike many alternatives that require
acidic conditions, our catalyst operated effectively at neutral pH, a key
advantage for real-world applications due to its simplicity and envi-
ronmental compatibility. This distinguishes it as a highly practical
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solution for pollutant degradation processes.

Focusing on tetracycline degradation, our catalyst demonstrated
remarkable efficiency compared to other reported bifunctional electro-
Fenton catalysts. For example, CFF/CNT, a composite of Cu-doped
Fe@Fe;03 combined with carbon nanotubes, achieved 98.1 % degra-
dation in 120 min but required a highly acidic environment (pH 3) [83].
Similarly, CCFO, a Cu/CuFe304 integrated graphite felt, reached 96.3 %
efficiency under the same acidic conditions and timeframe [84]. While
FeCX-0.8, an Fe-doped carbon xerogel, attained 95.1 % efficiency at
near-neutral pH, its reaction time was significantly longer, requiring
420 min [53]. Other catalysts such as CX-6.2, eco-graphene-doped
microsphere carbon xerogels [52], and N-CNS-5, nitrogen and
eco-graphene co-doped carbon xerogel spheres [55], exhibited lower
efficiencies of 83 % and 61.6 %, respectively, despite requiring extended
reaction times of 500 and 240 min under near-neutral pH.

In contrast, our bifunctional catalyst C90Mn10 based on carbon-
coated manganese microspheres achieved an impressive 90 % tetracy-
cline degradation in just 300 min at neutral pH. This result not only
highlights its superior combination of high efficiency and reduced
operational time but also underscores its environmental sustainability
by eliminating the need for acidic conditions. These attributes position
our catalyst as a cutting-edge solution for electro-Fenton processes, of-
fering a practical and effective approach for the degradation of persis-
tent pollutants like tetracycline. Its performance sets a benchmark in the
field, demonstrating the potential for more sustainable and efficient
wastewater treatment technologies.

4. Conclusions

In conclusion, carbon-coated manganese microspheres were suc-
cessfully synthesized through a straightforward multi-step process,
initially forming Mn spheres via a sonochemical method, followed by
coating with carbon xerogel through a resorcinol/formaldehyde sol-gel
polymerization in inverse emulsion. The textural, morphological,
structural, and surface chemistry properties of the resulting catalysts
varied depending on the Mn and carbon xerogel ratios used. Notably,
increasing the carbon xerogel content led to enhanced surface area,
mesopore volume, and Mn?" content which is identified as a key Fenton
catalytic site in the electro-Fenton process. All samples demonstrated
ORR activity; however, the C90Mnl10 sample exhibited the highest
performance in terms of capacitance and kinetic current density, making
it the optimal choice for further electro-Fenton testing. The C90Mn10
catalyst demonstrated robust bifunctional activity in the electro-Fenton
degradation of TC, achieving a 90 % degradation rate after 300 min of
treatment. The catalyst operates through both direct and indirect 3-elec-
tron and 2-electron pathways for hydroxyl radical production, respec-
tively, with the carbon xerogel matrix and Mn-based active sites (Mn>"
and Mn®") playing complementary roles in ROS generation. This
bifunctional mechanism underscores the effectiveness of COOMn10 as a
catalyst in electro-Fenton applications, particularly in systems that de-
mand high efficiency and adaptability for heterogeneous phase re-
actions. The catalyst showed stable performance over multiple cycles,
with only a slight decrease in activity observed after the second cycle,
indicating good structural integrity and leaching resistance due to the
protective carbon xerogel coating. These findings highlight the potential
of C90Mn10 as a promising candidate for environmental remediation
technologies, meriting further investigation to maximize its stability and
application scope.
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