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Abstract

This study reports the design of N- and S-doped ordered mesoporous carbon hollow
spheres (OMCHS) as metal-free electrocatalysts for the oxygen reduction reaction (ORR)
in alkaline media. Three electrocatalysts were synthesized using molecular precursors:
(i) 2-thiophenemethanol (S-OMCHS), (ii) 2-pyridinecarboxaldehyde/2-thiophenemethanol
(N1-S-OMCHS), and (iii) pyrrole/2-thiophenemethanol (N2-S-OMCHS). Among them,
S-OMCHS exhibited the best activity (Eonset = 0.88 V, E½ = 0.81 V, n ≈ 3.95), surpassing both
co-doped analogs. After conducting an accelerated degradation test (ADT), S-OMCHS and
N1-S-OMCHS showed improved catalytic behavior and outstanding long-term stability.
Surface analysis confirmed that performance evolution correlates with heteroatom reor-
ganization: S-OMCHS retained and regenerated thiophene-S and C=O/quinone species,
while N1-S-OMCHS converted N-quaternary into N-pyridinic/pyrrolic, both enhancing
O2 adsorption and *OOH reduction through synergistic spin–charge coupling. Conversely,
oxidation of N and loss of thiophene-S in N2-S-OMCHS led to partial deactivation. These
results establish a direct link between surface chemistry evolution and electrocatalytic
durability, demonstrating that controlled heteroatom doping stabilizes active sites and
sustains the four-electron ORR pathway. The approach provides a rational design frame-
work for next-generation, metal-free carbon electrocatalysts in alkaline fuel cells and energy
conversion technologies.

Keywords: metal-free electrocatalysts; ORR; high-stability; mesoporous carbon; dual-doped

1. Introduction
The development of more efficient and sustainable systems for electricity production is

essential to contribute significantly to the decarbonization of this human activity [1]. In this
regard, anion-exchange membrane fuel cells (AEMFCs) offer the advantage of avoiding the
use of KOH while retaining the benefits of alkaline fuel cells. However, the development of
non-noble metal electrocatalysts with high catalytic activity for the ORR remains a challenge.
In recent years, metal-free electrocatalysts have been developed as a feasible alternative
to replace Pt/C. The catalytic activity toward the ORR in these alternative materials can
be mainly enhanced through heteroatom doping, since it alters the local charge and spin
density of the carbon matrix, which in turn enables O2 chemisorption, decreases the reaction
energy barrier, and facilitates O–O bond cleavage, thereby promoting the ORR [2–4].
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Nitrogen is the most widely used heteroatom for this purpose. It has been reported
that some N-doped carbon electrocatalysts exhibit catalytic activity for the ORR comparable
to that of Pt/C, mainly due to the unique electronic properties derived from the conjugation
between the nitrogen lone-pair electrons and the π-conjugated carbon structure [5,6]. In this
context, sulfur is a less-studied doping heteroatom than nitrogen. It is used as a dopant in
metal-free electrocatalysts because it exhibits high electrocatalytic activity toward the ORR.
Sulfur incorporation into the sp2 carbon lattice may induce strain and stress, modify the
charge distribution, and facilitate oxygen chemisorption—a necessary step to promote the
ORR [7,8]. In this regard, Yang et al. synthesized S-doped graphene with an onset potential
(Eonset) similar to that of the Pt/C electrocatalyst, with an electron transfer number of
(n = 3.82) and a current density (j) of 5.34 mA cm−2 at 0.7 V vs. RHE [9]. Likewise, the work
of Xiang et al. reported that S-doped oxidized acetylene black displayed good catalytic
activity for the ORR (Eonset = 0.93 V vs. RHE and n = 3.9), and a half-wave potential (E½) of
0.71 V vs. RHE, [10].

On the other hand, heteroatoms co-doping metal-free electrocatalysts have attracted
much attention since they can increase catalytic activity. Dual doping of heteroatoms in
the carbon lattice was believed to produce a high number of active sites for the ORR. For
example, N/S co-doped graphene has shown enhanced catalytic activity for the ORR than
graphene separately doped with S or N heteroatoms [11]. In addition, Yang et al. have
shown that an N/S co-doped biocarbon generates a j value between −3 and −4.5 mA cm−2,
with n between 3.2 and 3.9, and Eonset = 0.88 V/RHE in alkaline media [12]. Additionally,
You et al. show that N/S co-doped carbon nanospheres exhibit high catalytic activity for
the ORR (Eonset = 0.88 V/RHE, n = 3.82) along with outstanding long-term stability (5%
loss after 5.5 h of the test of the limit current density) in an alkaline media [13].

Recently, the ordered mesoporous carbon hollow spheres (OMCHS) have played a de-
cisive role in ORR studies. It offers an excellent morphology, high hierarchical surface area
(~2000 m2 g−1), a high number of mesopores, and good electrical conductivity (30.2 S m−1).
Han et al. report that OMCHS promote the ORR in alkaline media with a catalytic activity
like that of commercial Pt/C (Eonset = 0.9 V/RHE, n = 3.8) [14]. Moreover, the investigation
by Zhou et al. demonstrates that N-doped OMCHS exhibits comparable performance for
the ORR to Pt/C (Eonset = 0.98 V/RHE, n = 3.9) [15]. Additionally, Pang et al. show that
mesoporous carbon hollow spheres promote the ORR in neutral and alkaline electrolyte
(Eonset = 0.83 V/RHE, n = 4) [16]. Moreover, the analysis of N-doped hollow mesoporous
carbon nanospheres by Duraisamy et al. indicates that electrocatalysts have an outstanding
activity toward ORR (Eonset = 0.84 V/RHE, E½ = 0.83 V/RHE, n = 4) [17]. Qiu et al. report
that N-doped nano-hollow capsule carbon nanocages obtain and behaved high perfor-
mance for the ORR and electrochemical stability in alkaline media (Eonset = 0.87 V/RHE,
E½ = 0.73 V/RHE, n = 3.81) [18].

Also, the investigation by Yan et al. shows that N-doped hollow carbon polyhe-
dron promotes the ORR in alkaline media with a catalytic activity like that of Pt/C
(Eonset = 0.98 V/RHE, E½ = 0.86 V/RHE, n = 4) [19]. Moreover, Fan et al. reported that
N-doped carbon covered hollow carbon nanoparticles exhibit high performance for the
ORR and high long-term stability (Eonset = 0.87 V/RHE, E½ = 0.76 V/RHE, n = 3.7) [20].
N/S co-doped hollow mesoporous carbon spheres investigated by Yong et al. exhibits
a high E½, high methanol tolerance, and high long-term durability (Eonset = 0.9 V/RHE,
E½ = 0.85 V/RHE, n = 3.98) [21]. Xiong et al. report that N/S co-doped hollow meso-
porous carbon spheres show a good performance for the ORR and electrochemical stability
(Eonset = 0.85 V/RHE, E½ = 0.77 V/RHE, n = 4) [22]. In this context, the design and fabrica-
tion strategies play an important role for OMCHS to enhance their ORR performance [23].
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Additionally, Table S1 summarizes the electrochemical parameters concerning the catalytic
activity for the ORR of N- S- or N/S-codoped metal-free electrocatalysts recently published.

In this work, OMHCS were synthesized using a silica core hard-template approach,
which enables precise control of particle size, shell thickness, and pore structure while ensur-
ing excellent structural integrity during carbonization. This method was selected because it
provides greater uniformity and reproducibility than soft-template or template-free routes,
as extensively reported in previous studies [24–26]. We designed the synthesis of hard-
template OMCHS using two different nitrogen sources: (i) 2-pyridinecarboxaldehyde or
(ii) pyrrole, to promote the formation of N-pyridinic or N-pyrrolic nitrogen species, respec-
tively, and 2-thiophenemethanol to promote the formation of thiophene species on the sur-
face of the metal-free electrocatalysts. It is worth mentioning that this study is complemen-
tary to another work previously reported, where only nitrogen was used as a dopant [27].

2. Materials and Methods
2.1. Synthesis of S-Doped and N/S Co-Doped OMCHS

The ordered mesoporous carbon hollow spheres (OMCHS) were synthesized via a
hard-template method using monodisperse silica spheres—prepared by the Stöber process—
as sacrificial cores. This route was chosen for its precise control of particle size and monodis-
persity; under the selected conditions, uniform silica particles of ~120 nm were obtained.
After coating them with a resorcinol–formaldehyde (37%, Sigma Aldrich, St. Louis, MO,
USA) shell containing heteroatom precursors, the composite was carbonized to form a
conductive carbon layer. Finally, the silica templates were removed by hydrofluoric acid
(40%, Merck, Germany) etching, yielding hollow mesoporous carbon spheres with uniform
morphology and high structural integrity. The detailed synthesis procedure is described in
the following section.

The N/S co-doped OMCHS were synthesized by slightly modifying the methodology
that we previously reported [27]. The silica cores were prepared by the Stöber method
mixing 120 mL of ethanol anhydrous (Et-OH, 0.003 H2O, Merck, St. Louis, MO, USA),
22.8 mL of deionized water (DW), 2.6 mL of ammonium hydroxide (28–30%, Sigma Aldrich,
USA), and 4.8 mL of tetraethyl orthosilicate (TEOS, 98%, Sigma Aldrich, St. Louis, MO,
USA) was stirred for 7 h. Then, 366 mL of DW and 37.2 mL of Et-OH were added to
the mixture and stirred for 10 min. Then, 12.4 mL of cetyltrimethylammonium chloride
(CTAC, 25%, Sigma Aldrich, St. Louis, MO, USA) were gradually added to the solution
and stirring for 15 min.

The shell’s synthesis of the hollow spheres was carried out adding to the solution with
the silica cores 6.4 mM of resorcinol (99%, Sigma Aldrich, St. Louis, MO, USA) and 8.6 mM
of formaldehyde solution (37%, Sigma Aldrich, St. Louis, MO, USA) as carbon precursors,
along with and 2-thiophenemethanol (98%, Sigma Aldrich, St. Louis, MO, USA) as sulfur
doping agent (labeled S-OMCHS). The synthesis of co-doped OMCHS was carried out by
separately mixing a solution containing the silica cores with 2-pyridinecarboxaldehyde
(99%, Sigma Aldrich, St. Louis, MO, USA) or pyrrole (98%, Sigma Aldrich, St. Louis, MO,
USA) with 2-thiophenemetanol, to obtain N-pyridinic/thiophene (labeled N1-S-OMCHS)
and N-pyrrole/thiophene (labeled N2-S-OMCHS) species. Subsequently, 2.5 mL of TEOS
(99 %, Sigma Aldrich, St. Louis, MO, USA) was added to the solutions and stirred for
12 h. Then, the solution was poured into sealed steel autoclaves covered with Teflon and
heated at 100 ◦C for 24 h. Afterwards, the powders were washed with Et-OH/DW solution
and dried at 60 ◦C. The powders were carbonized at 1000 ◦C under nitrogen atmosphere
(99.999%, Infra, Mexico City, Mexico) for 4 h using a heating rate of 5 ◦C min−1. Finally,
silica cores were leached with a 10% v/v hydrofluoric acid (48–52%) for 48 h, then the
powder was washed with DW and dried at 60 ◦C.
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2.2. Physicochemical Features

The metal-free electrocatalysts were analyzed by Raman spectroscopy (Thermo Sci-
entific DXR2, Waltham, MA, USA), X-ray diffraction (XRD, Bruker D2 Phaser 2nd Gen,
Bremen, Germany) techniques in order to determine their structural properties. The mor-
phology was observed by Field-Emission Scanning Electron Microscopy (FESEM), in a Jeol
JSM-7800F Prime microscope, and by Transmission Electron Microscopy (HR-TEM), in
a Hitachi HT7700 (Tokyo, Japan). The N2 adsorption/desorption (Quantachrome Nova,
Boynton Beach, FL, USA) was used to study the textural properties. Non-local-density
functional theory (DFT) method was employed for the specific surface area calculations
(SSA). Additionally, pore size distribution curves were calculated from the desorption
isotherms using the Barrett–Joyner–Halenda (BJH) model.

2.3. Electrochemical Characterization

For electrochemical measurements a potentiostat (VSP-300, Bio-Logic, Claix, France)
was used, which was coupled to a Rotating Ring Disk Electrode (RRDE) set-up. A three-
electrode cell configuration with the following components: (i) Ag/AgCl (Sat. KCl solution)
into a Luggin capillary was used as reference electrode, (ii) Pt mesh as counter electrode,
and (iii) 0.5 M KOH solution as electrolyte. All potentials were converted to the Reversible
Hydrogen Electrode (RHE). Working electrodes were prepared from catalyst inks containing
10 mg of metal-free electrocatalyst, 1 mL of propanol, and 60 µL of Nafion® solution (5%,
Sigma Aldrich, St. Louis, MO, USA). An aliquot of 10 µL of the ink was deposited onto a
glassy carbon electrode (5.61 mm diameter) by pipette drop-casting. The catalyst loading
was 0.48 mg cm−2, consistent with typical values reported for metal-free catalysts in
alkaline media.

Cyclic voltammetry (CV) curves were acquired in N2-saturated electrolyte in a poten-
tial range of 1.2 to 0.05 V/RHE at a scan rate of 20 mV s−1. Meanwhile, the catalytic activity
for the ORR was evaluated in the same potential range in O2-saturated electrolyte and a
scan rate of 5 mV s−1 at several rotation rates (ω = 400, 800, 1200, 1600, and 2000 rpm).
The background current was determined before the ORR catalytic activity measurements
(N2-saturated electrolyte, 5 mV s−1, 2000 rpm), and then the correction was subtracted to
eliminate the contribution of non-faradaic currents. The current density (j) was normalized
concerning the geometric area of the glassy carbon.

Simultaneously, the catalytic activity for the ORR was evaluated by the RRDE tech-
nique with an Au ring. The percentage of hydroperoxide anion produced (%HO2

−) and
the electron transfer number (n) were calculated with the Equations S1 and S2, respectively,
which can be consulted in the Supplementary Information Section, as well as the param-
eters under which the accelerated degradation test (ADT) was carried out. Additionally,
in the Supplementary Section, the formulas for the calculation of the mass activity for the
metal-free electrocatalysts are also included.

2.4. Use of Generative AI (GenAI) Tools

During the preparation of this manuscript, the authors used the AI-based assistant
ChatGPT (GPT-5 model, OpenAI) exclusively for linguistic enhancement and for the
organization of the initial draft of the “Introduction” and “Discussion” Sections. No part of
the data analysis, experimental design, scientific conclusions, or interpretation of results
was generated by the tool. All scientific content presented herein was critically reviewed,
validated, and authored by the listed researchers.
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3. Results and Discussion
3.1. Physicochemical Characterization of N-S-Doped OMCHS

Figure 1 displays the Raman spectra of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS,
having the typical signals of carbon-based materials: (i) D band at ca. 1329 cm−1 related to
lattice disorder, attributed to the C-C vibrations of the sp3 defect sites; and (ii) the G signal
at ca. 1588 cm−1 corresponding to sp2 hybridization from C=C bonds (graphitized lattice)
due to π interactions. The Raman spectral analysis grants the evaluation of the disorder
and defects in carbon materials through the measurement of the D and G intensity ratio.
The ID/IG ratios of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS are 1.57, 1.67, and 1.84,
respectively. It can be noticed that the ID/IG ratio increases when the carbon structures
are co-doped with nitrogen and sulfur species. These are higher than those of non-doped
OMCHS (ID/IG = 1.51), and nitrogen-doped OMCHS (ex., N1-OMCHS, and N2-OMCHS,
ID/IG value of 1.44, and 1.32, respectively) published in a previous work [24]. This feature
suggests that using two different heteroatoms as dopants promotes the formation of less
ordered structures. The substitutional co-doping influences the OMCHS, expanding their
lattice due to the presence of aromatic groups and sp3 bonds, which increases the intensity
of the D interband (defective sites).

Figure 1. Raman spectra of (a) S-OMCHS, (b) N1-S-OMCHS, and (c) N2-S-OMCHS. The G, D, D’,
and D* interbands were fitted with a Lorentzian function, whereas the D” band was fitted with a
Gaussian function.

The Raman deconvolution spectra have been investigated to find alternatives to
the ID/IG ratio, showing the formation of five interbands: D’ (ca. 1607 cm−1), D”
(ca. 1510 cm−1), and D* (ca. 1173 cm−1) interbands. The D’ interband corresponds to
the stretching vibrations of the aromatic rings in the graphite crystallites shielded by
oxygen functional groups or attached to edge carbon atoms. Meanwhile, the D” inter-
band is explained by asymmetric vibrational stretching modes of sp2 carbons near defects,
causing out-of-plane deformations. Nevertheless, the origin of the D” interband is still
discussed [28,29]. The ID”/IG ratios are increasing in the order S-OMCHS < N2-S-OMCHS
< N1-S-OMCHS (0.23 < 0.32 < 0.41, respectively). This increase in ID”/IG ratios is in ac-
cord with the investigation by Claramunt et al., where the intensity of the G interband
decreases when the intensity of the D” interband increases [29]. Meanwhile, the D* in-
terband can be attributed to amorphous impurities in the graphitic lattice, adsorbed ions,
or stretching vibrations of the sp2-sp3 bonds of polyene-like structures [30]. The ID*/IG

ratio intensity is 0.06, 0.24, and 0.18 for S-OMCHS, N1-S-OMCHS, and N2-S- OMCHS,
respectively. N1-S-OMCHS shows the highest ID”/IG and ID*/IG ratios indicating a high
defects number, favoring oxygen chemisorption by interrupting π conjugation on the
electrocatalyst surface [2].
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The XRD patterns of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS are shown in
Figure 2a. The three patterns show two well-defined peaks, the first at 2θ around 23–25◦,
which are assigned to the (002) plane of the graphite interlayer. The second peak at
~44◦ (2θ) corresponds to the (101) graphite plane [31]. A slight shift towards a higher angle
is observed for the (002) plane by more than 1◦ (2θ) in the N/S co-doped OMCHS when
compared to S-OMCHS electrocatalyst. This displacement of the (002) plane indicates
a decrease in the interlayer distance of the N/S-doped OMCHS electrocatalysts, which
confirm the important lattice contraction when co-doping OMCHS. It has been observed
that carbon-based materials obtained at a low temperature of synthesis, low heat rate
during the pyrolysis, and short time of annealing are characterized by greater interplanar
distances [32]. Meanwhile, in oxide systems, such as those reported by Guan et al. [33],
such shifts are often linked to strain and phase segregation under operando conditions, in
carbon-based frameworks this effect is associated with heteroatom incorporation and the
resulting perturbation of the local carbon lattice.

Figure 2. (a) XRD patterns, (b) N2 adsorption–desorption isotherms, and (c) BJH desorption pore size
distribution of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS.

Figure 2b shows the N2 adsorption/desorption isotherms of the metal-free electrocata-
lysts, which show a hysteresis loop characteristic of type IV(a) isotherms. The N1-S-OMCHS
and N2-S-OMCHS show H1-type hysteresis, indicating the presence of a mesopore frame-
work with a uniform size, which is characteristic of mesoporous materials [34]. On the
other hand, the S-OMCHS isotherm shows a combination of H2(a) and H3-type hysteresis.
This behavior within P/P0 intervals of 0.40 to 0.79 and 0.80 to 0.90 is attributed to the initial
filling of the mesopores of the shell, followed by the adsorption of N2 in the hollow core [35].
The textural properties of the metal-free electrocatalysts are summarized in Table 1. The
specific surface area (SSA) is 1007, 283, and 622 m2 g−1 for S-OMCHS, N1-S-OMCHS, and
N2-S-OMCHS, respectively. The average pore size distribution curves (Figure 2c) show the
existence of rough micropores (1.9 nm) in S-OMCHS, with mesopores centered at 4.8 nm
in the shell of the carbon spheres. Meanwhile, N1-S-OMCHS and N2-S-OMCHS have an
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average pore size distribution centered at 4.4 and 4.0 nm, respectively, indicating their meso-
porous nature in the shell. The pore volume is 1.88, 0.43, and 0.91 cm3 g−1 for S-OMCHS,
N1-S-OMCHS, and N2-S-OMCHS, respectively. S-OMCHS shows a higher pore volume,
even higher than that of OMCHS (1.37 cm3 g−1). These results suggest that the mixture
of 2-pyridinecarboxaldehyde/2-thiophenemethanol and pyrrole/2-thiophenemethanol as
nitrogen/sulfur sources are responsible for the variations in the SSA and pore features. The
combination of these nitrogen/sulfur sources can form non-graphitic carbon structures
after pyrolysis, and these have a higher tendency to collapse, resulting in higher pore size
and lower SSA [36].

Table 1. Textural and morphological features of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS.

Sample SSA Average Pore Size Pore Volume Average Diameter Wall Thickness

(m2 g−1) (nm) (cm3 g−1) (Avg., nm) (Avg., nm)

S-OMCHS 1007 1.9 1.88 262 ± 15 45
N1-S-OMCHS 283 4.4 0.43 260 ± 19 46
N2-S-OMCHS 622 4.0 0.91 276 ±17 34

FE-SEM images of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS are shown in
Figure 3a–c. These three metal-free electrocatalysts have a well-defined morphology of
rough nanospheres. Nevertheless, the spheres forming N1-S-OMCHS are rougher and
more irregular in shape than those of S-OMCHS and N2-S-OMCHS. The micrograph of
N1-S-OMCHS shows several spheres broken due to the leaching of the hard core. This is
in good agreement with the lowest SSA on this electrocatalyst. Even though the average
diameter and the wall thickness of S-OMCHS and N1-S-OMCHS are rather similar (Table 1).
Regarding the N2-S-OMCHS, it has the thinnest wall thickness and a diameter slightly
larger than the other two electrocatalysts. Figure 3d–f show TEM images of S-OMCHS,
N1-S-OMCHS, and N2-S-OMCHS, respectively, at which the effect of co-doping with
sulfur–nitrogen compared to mono-heteroatom doping on their morphology is more clearly
observed. The rough sphere of S-OMCHS shows a relatively thin hollow-shell interface and
a rather homogeneous wall thickness. On the contrary, N1-S-OMCHS and N2-S-OMCHS
have an irregular wall with some pits in the outer layer, along with a less defined and
thicker hollow-shell interface. These features are responsible for the lower SSA values of
N1-S-OMCHS and N2-S-OMCHS than S-OMCHS.

 

Figure 3. FE-SEM and TEM images of (a,d) S-OMCHS, (b,e) N1-S-OMCHS, and (c,f) N2-S-OMCHS.
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On the other hand, the EDX elemental mapping (Supplementary Figure S1) verifies
the uniform spatial distribution of C, N, and S within the mesoporous carbon hollow
structures, confirming an effective heteroatom incorporation into the carbon matrix rather
than a surface-confined modification. A minor Si signal was also detected, which is
attributed to residual silica from the hard-template synthesis; however, this trace amount
is structurally embedded and does not contribute to or interfere with the electrochemical
response of the electrocatalysts.

3.2. Catalytic Activity of the N/S Co-Doped OMCHS for the ORR

Figure 4a shows the CVs of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS, with a
semi-rectangular shape that indicates an effect of electronic double-layer capacitance by
non-faradaic processes. The value of S-OMCHS is higher compared with the two other
electrocatalysts, in good accordance with its higher SSA. Interestingly, N1-S-OMCHS has the
smallest surface area; however, it delivers a higher j than N2-S-OMCHS, which suggests that
other surface phenomena besides SSA influence the electrochemical behavior of the co-doped
electrocatalysts (e.g., enhanced electrocatalyst–electrolyte interactions). N2-S-OMCHS
generates the lowest j, indicating that the use of these sources of heteroatoms may hinder
such electrocatalyst–electrolyte interaction, reducing its electrochemical performance.

Figure 4. (a) CVs of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS were collected at 20 mV s−1.
Electrolyte: N2-saturated 0.5 mol L−1 KOH. (b) Negative scan only of the CVs of the ORR at 2000 rpm
of S-OMCHS, N1-S-OMCHS, N2-S-OMCHS, and Pt/C. Electrolyte: O2-saturated 0.5 mol L−1 KOH.
(c) %HO2

−, and (d) n plots at the electrocatalysts.

Polarization curves of the ORR at 2000 rpm of the metal-free and Pt/C electrocatalysts
are shown in Figure 4b. S-OMCHS exhibits an Eonset at the first cycle of 0.88 V/RHE
(Table 2), which is more positive than those of N1-S-OMCHS (0.86 V/RHE) and N2-S-
OMCHS (0.85 V/RHE). This improvement clearly reflects the beneficial influence of sulfur
heteroatoms on the ORR kinetics in alkaline medium. The incorporation of sulfur atoms into
the carbon lattice promotes the redistribution of spin density and the formation of electron-
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rich defect sites, facilitating O2 adsorption and activation through *OOH intermediates.
Unlike nitrogen, whose higher electronegativity primarily induces local charge polarization,
sulfur modulates the spin configuration of the adjacent carbon atoms, generating active
centers that enhance the four-electron pathway efficiency. Similar observations have been
reported for S-doped carbon frameworks, where the presence of C–S–C and thiophene-S
motifs reduced the energy barrier for O–O bond cleavage and improved the overall catalytic
onset potential [37].

Table 2. Electrochemical parameters of the ORR at N/S co-doped OMCHS at the 1st and after
3000th cycles.

Samples
Eonset

(V/RHE)
E1/2

(V/RHE)
j at 0.8 V/RHE

(mA cm−2)
HO2

− at 0.4 V/RHE
(%)

n
at 0.4 V/RHE

1st 3000th 1st 3000th 1st 3000th 1st 3000th 1st 3000th

S-OMCHS 0.88 0.88 0.81 0.82 −1.49 −1.69 2.4 1.1 3.95 3.97

N1-S-OMCHS 0.86 0.88 0.78 0.78 −0.60 −0.72 1.0 1.9 3.97 3.96

N2-S-OMCHS 0.85 0.84 0.77 0.76 −0.42 −0.30 3.2 4.1 3.93 3.91

The Eonset value obtained for S-OMCHS (0.88 V/RHE) also compares favorably with re-
cent reports on sulfur-doped carbon systems such as S-doped porous graphene frameworks
(0.77 V/RHE [38]), S-doped reduced graphene oxide (0.74 V/RHE [39]), S-doped carbon
nanohorns (0.60 V/RHE [40]), and S-doped ordered mesoporous carbon (0.85 V/RHE [41]).
This superior performance suggests that the ordered mesoporous hollow architecture of
OMCHS further contributes to the exposure of accessible S-related active sites and facilitates
efficient mass transport of O2 and electrolyte species during operation.

In contrast, the N/S co-doped materials (N1-S-OMCHS and N2-S-OMCHS) display
slightly lower Eonset values (0.86 V and 0.85 V vs. RHE, respectively), which remain
comparable to those reported for other N/S co-doped carbons, such as N/S co-doped
porous nanospheres (1.01 V/RHE [42]), N/S self-doped biocarbons (0.88 V/RHE [12]), N/S
granular carbons (0.85 V/RHE [43]), N/S-doped CNTs (0.95 V/RHE [44]) and N/S-doped
porous carbons (0.91 V/RHE [45]). The slightly diminished onset potential observed in our
materials may arise from competing effects between the nitrogen and sulfur dopants: while
pyridinic- and graphitic-N sites enhance charge delocalization and favor *OOH adsorption,
the incorporation of sulfur—through thiophenic or sulfonic configurations—can modify
the local spin and charge distribution, occasionally reducing the density of highly active
N-induced sites when the dopant balance is not optimized.

The half-wave potential (E½) values listed in Table 2 further confirm this trend: S-
OMCHS exhibits a more positive E1/2 (0.81 V/RHE) than N1-S-OMCHS (0.78 V/RHE) and
N2-S-OMCHS (0.77 V/RHE), indicating enhanced kinetics for the ORR process. The current
densities at 0.8 V vs. RHE (−1.49, −0.60, and −0.42 mA cm−2 for S-OMCHS, N1-S-OMCHS,
and N2-S-OMCHS, respectively) corroborate the higher activity of S-OMCHS. Notably, N1-
S-OMCHS shows higher j values at potentials below 0.75 V/RHE, suggesting that at higher
overpotentials the synergistic coupling between N and S sites becomes more significant—
consistent with literature reports that associate N with charge modulation and S with spin
modulation, jointly favoring the stabilization of *OOH and *OH intermediates [46].

Overall, these results confirm that while S doping alone confers excellent onset po-
tential and kinetics via enhanced spin density and defect-driven activation of O2, the N/S
co-doped systems benefit from a complementary mechanism that enhances activity at
larger overpotentials, as both dopants contribute to a cooperative modulation of adsorption



Chemistry 2025, 7, 187 10 of 21

energy and electronic density—key descriptors for optimizing ORR catalysis in metal-free
carbon materials [47].

Figure S2a–c show 1st cycle polarization curves of the ORR at several rotation rates.
The three electrocatalysts show kinetic, mixed, and diffusion-controlled characteristic
regions of the ORR. Moreover, Figure S2d,e show plots of ring current at the same rotation
rate of the ORR. From the data of the ORR polarization curves and ring current plots
obtained at 2000 rpm, the %HO2

− and n values are obtained. The %HO2
− and n values

of N2-S-OMCHS are the highest in Table 2, even though it is not a poor performance.
These results imply that the ORR at S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS follows
a 4e- transfer mechanism, with a very low %HO2

− yield. It should be mentioned that
the electrocatalysts shown in this work outperform other carbon-based electrocatalysts in
terms of %HO2

− and n values, as shown in Table S2. Contrary to expectations, the N/S
co-doped OMCHS show a lower catalytic activity for the ORR than S-doped OMCHS. This
suggests that although the N/S co-doped OMCHS have a higher number of defects (ID*/IG

and ID”/IG ratios), it does not guarantee a better catalytic activity as mentioned before.
However, their catalytic performance is good.

3.3. Surface Chemical Composition of S-Doped and N/S-Doped OMCHS Before ADT

The surface chemical composition of powders of S-OMCHS, N1-S-OMCHS, and N2-
S-OMCHS, determined by XPS, is shown in Table S3. The electrocatalysts are formed by
carbon (C 1s), oxygen (O 1s), sulfur (S 2p), and nitrogen (N 1s) in the case of the co-doped,
confirming the incorporation of the heteroatoms during the in-situ doping. The carbon
concentration in S-OMCHS is around 95 at. %, while for N1-S-OMCHS and N2-S-OMCHS is
about 90 at. %. The oxygen concentration increases in the order S-OMCHS < N2-S-OMCHS
< N1-S-OMCHS. Meanwhile, the sulfur content is rather low, with a similar concentration
in S-OMCHS and N1-S-OMCHS (0.2 at. %), which is less at N2-S-OMCHS (0.1 at. %).
Moreover, the nitrogen content of N1-S-OMCHS is higher than that of N2-S-OMCHS
(1.2 and 0.9 at. %, respectively). Thus, successful co-doping with heteroatoms has been
achieved, even though with a low concentration, particularly that of S-species. No silicon
has been detected, an indication of an effective leaching of the hard core, in good agreement
with the micrographs of Figure 3.

High-resolution spectra (Figure 5) reveal the chemical environments of C, S, and N
in the as-prepared catalysts. In the C 1s region (Figure 5a–c), eight components were
identified at binding energies corresponding to sp2-C=C (284.7 eV), sp3-C–C (285.7 eV),
C–O (286.6 eV), C=O (287.6 eV), CF2–SO3H (288.96 eV), CF (290.3 eV), CF2 (291.9 eV), and
CF3 (293.4 eV). The fluorine-containing species originates from the Nafion® binder [48].
The dominance of the C=C signal (53.8, 50.5, and 48.0 at.% for S-OMCHS, N1-S-OMCHS,
and N2-S-OMCHS, respectively); Table S3 confirms a partially graphitic carbon framework,
consistent with Raman analysis. The relative content of C–O groups is similar among
the samples (4.3–4.7 at. %), whereas the concentration of C=O species is slightly higher
in S-OMCHS. This suggests a moderate level of surface oxidation, partly attributed to
methanol functionalization.

The S 2p spectra (Figure 5d–f) of catalyst inks exhibit two intense peaks at
168.22 and 169.41 eV, assigned to S 2p3/2 and S 2p1/2 states of SO3H moieties originat-
ing from Nafion® [49,50]. In the case of S-OMCHS, an additional low-binding-energy
peak at 163.9 eV is observed, corresponding to thiophene-S (C–S–C) species, which are
characteristic of S-doped carbon nanostructures [51]. This signal is weak but distinct and
absent in the N1-S-OMCHS and N2-S-OMCHS inks, likely overshadowed by the strong
Nafion® contribution and possible spectral overlap with N-induced states.
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Figure 5. Deconvoluted high-resolution XPS spectra of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS.
(a–c) C 1s region, (d–f) S 2p region, and (g,h) N 1s region. The analysis has been performed on catalyst
inks, i.e., containing Nafion® solution. Plots from the 1st cycle.

To eliminate interference from Nafion®, XPS analysis was also performed on powder
samples (Figure S3). The S 2p spectra of S-OMCHS show two components at 162.8 and
164.1 eV, confirming the presence of thiophene-S species. N1-S-OMCHS exhibits three
peaks (168.1, 169.5, and 164.2 eV), corresponding to oxidized-S (C–SOx–C) and thiophene-S.
Meanwhile, N2-S-OMCHS displays only oxidized-S species (168.2 and 169.5 eV) [40,52].
Therefore, the presence of thiophene-S and oxidized-S functionalities verifies the success-
ful incorporation of sulfur during doping with 2-thiophenemethanol. Both species have
been associated with enhanced ORR activity in S-doped carbon electrocatalysts [53,54];
however, the thiophene-S configuration is particularly beneficial because its conjugated
C–S–C bonds facilitate π-electron delocalization, spin-density redistribution, and the ad-
sorption/activation of O2 molecules.

The N 1s spectra of N1-S-OMCHS and N2-S-OMCHS (Figure 5g–h) display three com-
ponents corresponding to pyridinic-N, pyrrolic/pyridone-N, and quaternary-N species [55].
Interestingly, the relative abundance of quaternary-N is remarkably high (73.2% and 71.8%
for N1-S-OMCHS and N2-S-OMCHS, respectively; Table S3, which differs from the single-
N-doped counterparts, where pyridone and pyrrolic-N predominate [27]. This shift sug-
gests strong chemical interaction between N and S precursors during co-doping, promoting
the formation of graphitic-like nitrogen species and stabilizing the carbon framework.

Overall, the XPS results confirm the formation of heteroatom-doped carbon frame-
works containing thiophene-S, oxidized-S, and quaternary-N functionalities. According to
recent theoretical and experimental studies [49,51,53,56,57], these sites directly influence
ORR kinetics by modulating spin density, charge distribution, and adsorption energy of
oxygen intermediates. The presence of thiophene-S enhances O2 activation via spin po-
larization, while quaternary-N improves electron conductivity and the binding of *OOH
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species, yielding the cooperative electronic environment required for the four-electron path-
way. The compositional contrast among S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS thus
provides a rational explanation for the electrochemical trends discussed above: S-OMCHS
achieves higher onset and half-wave potentials due to the prevalence of thiophene-S species,
whereas the slightly lower performance of N2-S-OMCHS correlates with its predominance
of oxidized-S functionalities.

3.4. Catalytic Activity for the ORR and Surface Chemical Composition of S Doped and N/S
Co-Doped OMCHS After ADT

Figure 6a–c depicts the polarization curves of the ORR at the S-OMCHS, N1-S-OMCHS,
and N2-S-OMCHS electrocatalysts in the 1st and 3000th cycles. After ADT, Eonset of S-
OMCHS remains constant, while E½ shifts by 10 mV to a more positive value. Meanwhile,
Eonset of N1-S-OMCHS shifts to 20 mV to more positive potentials, with E½ maintaining
the same value compared to the 1st cycle. In contrast, Eonset and E½ are displaced by 10 mV
towards more negative potentials after ADT at N2-S-OMCHS. In addition, j at 0.8 V/RHE
increases 13.4 and 20.0% after ADT at S-OMCHS and N1-S-OMCHS, respectively, decreas-
ing in the case of N2-S-OMCHS after ADT. Therefore, the S-OMCHS and N1-S-OMCHS
show higher electrochemical stability after ADT than N2-S-OMCHS.

Figure 6. Negative scan only of the CVs of the ORR at 2000 rpm (1st and 3000th cycles) at (a) S-
OMCHS, (b) N1-S-OMCHS, and (c) N2-S-OMCHS. Electrolyte: O2-saturated 0.5 mol L−1 KOH, scan
rate = 5 mV s−1st at 2000 rpm. (d) %HO2

− and (e) n plots at the 3000 cycles.

In the case of the HO2
− yield (Figure 6d), the values are less than 2.5% at S-OMCHS

and N1-S-OMCHS. Contrary, N2-S-OMCHS have values higher than 4%. Moreover, the
three electrocatalysts have been close to 4e- (Figure 6e). However, S-OMCHS has the highest
value of n at 0.4 V/RHE (3.97, Table 2), followed by N1-S-OMCHS and N2-S-OMCHS
(3.96 and 3.91, respectively, Table 2). Thus, N1-S-OMCHS shows the highest stability
after ADT in terms of Eonset, E½, %HO2

−, and n. When comparing the electrochemical
performance of N/S co-doped OMCHS after ADT, it is observed that they are more stable
than N-doped OMCHS, which denotes a significant effect on performance with the addition
of 2-thiophenemethanol as a sulfur source.

Perazzolo et al. report that after ADT, the surface concentration of N functional groups
decreases because of their higher liability compared to thiophene groups, leading to an
increase in the surface of carbon and a decrease in the limiting current of the ORR [57].
In addition, Liang et al. suggest that strong bonding between N, S, and C improves the
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chemical and mechanical properties of the latter, enhancing its electrochemical stability [11].
In this context, the high stability shown for S-doped and N/S co-doped OMCHS is possible
due to a strong interaction bonding between the N, S, and C atoms that prevents the loss of
N functional groups. Moreover, polarization curves of the ORR before and after ADT in
Figure 6a–c show that the limiting current (in the range of 0.8 to 0.05 V vs RHE) varies only
slightly at S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS, suggesting that the losses of S
and N species at the electrocatalysts are low, thus sustaining a similar catalytic activity as
that of the 1st cycle.

Aiming to explain the performance and electrochemical stability of S-OMCHS, N1-S-
OMCHS, and N2-S-OMCHS after ADT, an analysis of their surface chemical composition
has been performed by XPS. Figure 7a–c show the high-resolution spectra in the C 1s region
of the electrocatalysts after the 3000th cycle. Eight signals are observed, which correlate
with those before ADT (Figure 5a–c), even though with some variations in their relative
concentration (Table S3). The C=C bonding increases at S-OMCHS and N1-S-OMCHS
(65.3 and 51.5 at. %); meanwhile, N2-S-OMCHS decreases. The relative concentration of the
Nafion-related species after ADT decreases a 22 and 5% for S-OMCHS and N1-S-OMCHS,
respectively. N2-S-OMCHS maintains a relative concentration like that before ADT. These
values indicate that in the co-doped OMCHS, there is better interaction between the binder
and the electrocatalyst, decreasing the detachment of the electrocatalyst during ADT.

Figure 7. Deconvolution of the high-resolution XPS spectra of the N/S-doped OMCHS (catalyst inks).
(a–c) C 1s, (d–f) S 2p, and (g,h) N 1s region. 3000th cycle.

The deconvoluted S 2p region of the electrocatalysts at the 3000th cycle is shown in
Figure 7d–f. The S-OMCHS electrocatalyst shows a signal at 163.98 eV due to thiophene-S
species. The peak is more intense after ADT compared to that of the 1st cycle (Figure 5d).
Therefore, this species not only remains, but its relative concentration also increases from
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2.6 before 4.8 at. %, after cycling (Table S3). Such thiophene-S species are not observed
at N1-S-OMCHS and N2-S-OMCHS. Meanwhile, the signals corresponding to the −SO3

species of Nafion® at the 2p3/2 and 2p1/2 states are still observed at the electrocatalysts [58].
The high-resolution spectra of the N 1s region of N1-S-OMCHS and N2-S-OMCHS after
3000 cycles (Figure 7g,h) show four peaks at ca. 398.4, 399.9, 401.2, and 402.4 eV, which
are related to N-pyridinic, N-pyrrolic/N-pyridone, N-quaternary, and oxidized-N [59]. It
should be noticed that oxidized-N species have not been detected during analysis of the 1st
cycle (Figure 5g,h and Table S3). Rather, this species is formed from the 3000 cycles at which
N1-S-OMCHS and N2-S-OMCHS are submitted, with a similar relative concentration in
both cases. To a greater or lesser extent, there is an increase in the relative concentration
of N-pyridinic and N-pyrrolic/N-pyridone species at N1-S-OMCHS and N1-S-OMCHS
after cycling. Moreover, the relative concentration of N-quaternary shows an important
decrease at both electrocatalysts after ADT (Table S3)

After performing ADT, Perazzolo et al. have found that the most stable nitrogen
species are the N-quaternary, N-pyridine, and N-pyrrole show higher stability [57]. The
results shown in this work disagree with those of Ref. [57], in the sense that the relative con-
centration of N-quaternary decreases drastically after ADT, while that of N-pyridine and N-
pyrrole increases (more clearly at N2-S-OMCHS). The emergence of the oxidized-N species,
along with the increase in N-pyridine and N-pyrrole, suggests that N-quaternary has been
oxidized after ADT. Therefore, these can be explained by the stability or modifications of
the nitrogen species, as well as an interaction between the N, S, and C atoms that contribute
to the electrochemical stability of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS after ADT.

Figure S4 compiles the high-resolution O 1s spectra of the electrocatalysts before
and after ADT to elucidate the evolution of oxygen-containing functional groups (OFGs).
Prior to ADT, S-OMCHS exhibits three signals at 531.9, 533.4, and 535.5 eV, assigned
to –SO3, C–O (phenolic/ether), and –OCF2 environments, respectively; N1-S-OMCHS
and N2-S-OMCHS additionally display a lower-binding-energy contribution at ~531.1 eV
consistent with C=O/quinone-like moieties. The –SO3 and –OCF2 features originate from
the Nafion® binder [60] and are therefore treated as a constant background associated with
the ionomer; in contrast, the C–O and C=O signals are on the carbon surface. After ADT,
S-OMCHS develops clear C=O species (Figure S4d), evidencing electrochemical oxidation
of near-surface carbon sites during cycling.

From a mechanistic perspective, such enrichment in carbonyl/quinone groups is non-
innocent: (i) C=O/quinone functionalities are known to stabilize the *OOH intermediate
through specific adsorption and/or hydrogen-bonding interactions, thereby lowering the
kinetic barrier for the first electron-transfer step and often biasing the reaction toward the
2e− pathway to H2O2 relative to purely C–O sites [61]; (ii) density functional theory further
shows that installing C–O and C=O motifs on sp2 carbon produces local charge/spin
redistribution, rendering the adjacent carbon atoms positively polarized and thus more
competent for *O2/*OOH adsorption—the true active centers in metal-free carbons [58,61].
In N,S-codoped frameworks such as N1-S-OMCHS and N2-S-OMCHS, these OFGs can
additionally interact with dopant-induced electronic perturbations and edge defects, coop-
eratively tuning *OOH binding energy and the 2e−/4e− selectivity window. Altogether,
the emergence/intensification of the C=O component after ADT supports a scenario in
which operando surface oxidation modifies the population of OFGs and, consequently, the
microkinetics of ORR on these mesoporous carbons; this evolution should be considered
when correlating XPS-derived site inventories with activity/selectivity trends. For com-
pleteness, we note that assignments near 531–533 eV may exhibit partial overlap between
sulfonate oxygen and lattice carbonyls; hence, comparisons across samples are best made
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by normalizing to C 1s (and, where relevant, tracking F 1s from Nafion®) to decouple
ionomer contributions from genuine changes in carbon-bound OFGs.

Figure 8a shows the mass catalytic activity plots before ADT of the electrocatalysts.
S-OMCHS has a Tafel slope of 40 mV decade−1, while those of N1-S-OMCHS and N2-
S-OMCHS are 45 and 43 mV decade−1, respectively. These values are also lower than
those of Pt/C (63 mV decade−1), demonstrating the good catalytic activity for the ORR
of the metal-free electrocatalysts. After ADT (Figure 8b), there is a slight increase in the
Tafel slope. Moreover, the mass current density is similar at the 3000th cycle compared to
those at the 1st, confirming the high electrochemical stability of S-OMCHS, N1-S-OMCHS,
and N2-S-OMCHS.

Figure 8. Mass catalytic activity of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS at 2000 rpm at
(a) 1st cycle and (b) 3000th cycle compared with a commercial 20%Pt/C catalyst. (c) The mass current
density of S-doped, N/S co-doped, N-doped, and non-doped OMCHS at 0.8 V/RHE.

For comparison purposes, those of the electrocatalysts characterized in previous
work [27] are also shown in Figure 8c. It is observed that N2-OMCHS has a higher mass
current density, followed by S-OMCHS, OMCHS, N1-OMCHS, N1-S-OMCHS, and N2-S-
OMCHS (19.4, 15.1, 6.2, 4.8, 4.8, and 1.3 A g−1 at 0.8 V/RHE, respectively) before ADT. After
ADT, the electrocatalysts show a decrease in the mass current density, which represents
a loss of 73, 42, 36, 29, and 15% for OMCHS, N2-OMCHS, S-OMCHS, N1-S-OMCHS,
and N2-S-OMCHS, respectively. On the contrary, N1-OMCHS shows an increase of 133%
(6.4 A g−1). Therefore, N1-OMCHS shows the highest electrochemical stability. However,
N2-S-OMCHS and N1-S-OMCHS electrocatalysts show good electrochemical stability
despite the low mass current density compared to the other electrocatalysts (e.g., S-OMCHS
and N2-OMCHS).

3.5. Correlation Between Surface Chemical Evolution and ORR Performance Before and After ADT

Figure 9 illustrates the mechanistic evolution of the surface chemistry of the S-OMCHS,
N1-S-OMCHS, and N2-S-OMCHS catalysts before and after ADT, highlighting the trans-
formation of S- and N-containing species and their impact on the ORR. The schematic
provides a qualitative overview of how thiophene-S, oxidized-S, and various nitrogen
configurations (pyridinic, pyrrolic, quaternary, and N-oxidized) evolve under electrochem-
ical conditions, while Table S4 quantitatively correlates these transformations with the
changes in Eonset, E1/2, and kinetic current density (j0.8V). Together, these datasets reveal
the interplay between structural stability, chemical reorganization, and catalytic perfor-
mance: improvements or degradations in ORR activity can be directly traced to the gain,
preservation, or loss of specific heteroatom sites identified by XPS and summarized in the
post-ADT profiles.

For S-OMCHS, the XPS and schematic analyses confirm that the concentration of
thiophene-S (C–S–C) species increased after the ADT, while minor oxidized-S species and
newly formed C=O/quinone groups appeared on the surface. These changes indicate
moderate surface oxidation accompanied by a reinforcement of spin-active sulfur sites.
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The coexistence of thiophene-S and carbonyl functionalities promotes O2 adsorption and
*OOH intermediate stabilization through a favorable spin–charge coupling mechanism. As
a result, the S-OMCHS catalyst exhibits a slight positive shift in both onset and half-wave
potentials, together with improved current density, demonstrating that its active sulfur
sites are structurally stable and even rejuvenated under electrochemical operation.

Figure 9. Evolution of surface species and ORR activity before and after ADT in S-OMCHS, N1-S-
OMCHS, and N2-S-OMCHS. Arrows indicate whether the concentration of XPS-detected surface
species increases or decreases for each electrocatalyst before and after ADT.

In the case of N1-S-OMCHS, the surface chemistry underwent a more complex reorga-
nization. The initially dominant quaternary-N fraction partially converted into pyridinic-N,
pyrrolic-N, and oxidized-N species after the ADT. Simultaneously, thiophene-S sites re-
mained stable, and a small increase in C=O groups was observed. This redistribution of
nitrogen functionalities generates new electrochemically accessible centers and enhances
the polarity and hydrophilicity of the surface, facilitating the adsorption of oxygen inter-
mediates. The coexistence of stable thiophene-S and newly formed pyridinic/pyrrolic-N
species results in a cooperative modulation of spin and charge density, leading to an im-
proved onset potential (+20 mV) and excellent stability over 3000 cycles. This behavior
confirms a strong N–S synergistic effect, in which nitrogen improves electron delocalization
and sulfur sustains the spin-induced activation of O2.

In contrast, N2-S-OMCHS exhibits a less favorable evolution during the ADT. The
quaternary-N species, initially dominant, were progressively oxidized to N-oxide forms,
while S remained exclusively as oxidized-S (C–SOx–C) without regeneration of thiophene-S.
This loss of conductive N-species and the absence of spin-active sulfur centers reduce the
electronic density at the Fermi level, weakening the O2 adsorption and *OOH dissociation
steps. Consequently, both onset and half-wave potential slightly decrease (≈−10 mV), and
the current density drops, indicating partial deactivation of the catalytic surface.

Overall, the results confirm that the electrocatalytic durability and activity of these
OMCHS materials are governed by the dynamic stability of heteroatom sites. The retention
or regeneration of thiophene-S and the adaptive transformation of nitrogen species toward
pyridinic/pyrrolic configurations contribute positively to long-term ORR performance,
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while excessive oxidation or the absence of spin-active sulfur leads to degradation. This
interplay between chemical composition and electrochemical behavior highlights the crucial
role of heteroatom engineering in achieving both activity and durability in metal-free
carbon-based electrocatalysts.

4. Conclusions
This work systematically explored the influence of heteroatom doping and elec-

trochemical aging on the physicochemical and catalytic behavior of sulfur-doped (S-
OMCHS) and nitrogen/sulfur co-doped ordered mesoporous carbon hollow spheres
(N1-S-OMCHS and N2-S-OMCHS) as metal-free electrocatalysts for the oxygen reduc-
tion reaction (ORR) in alkaline media. The study demonstrates that the simultaneous
incorporation of nitrogen and sulfur through molecular precursors—2-thiophenemethanol,
2-pyridinecarboxaldehyde, and pyrrole—enables precise control over the formation of
thiophene-S, N-quaternary, N-pyridinic, and N-pyrrolic species within a robust carbon
framework. The hard-template route based on silica cores produced uniform hollow
spheres with ordered mesoporosity, high structural integrity, and accessible surface area,
which together enhanced mass transport and exposure of active sites.

Comprehensive XPS analysis before and after ADT revealed that the catalytic stability
and ORR activity are governed by the dynamic evolution of surface heteroatom species.
For S-OMCHS, the regeneration and persistence of thiophene-S groups after ADT, together
with mild surface oxidation (formation of C=O/quinone groups), led to improved onset
and half-wave potentials, confirming the robustness of spin-active sulfur centers. In N1-S-
OMCHS, the partial transformation of N-quaternary into N-pyridinic and pyrrolic species
generated new electroactive sites, maintaining high durability and even enhancing the
onset potential. In contrast, N2-S-OMCHS suffered oxidation of N-species and absence
of thiophene-S regeneration, resulting in a moderate decline in activity. These findings
establish a clear structure–function correlation between heteroatom configuration, surface
chemistry evolution, and catalytic response. The results also highlight the complemen-
tary electronic roles of nitrogen and sulfur: nitrogen modulates charge distribution and
conductivity, whereas sulfur adjusts spin density and facilitates O2 activation. Their coop-
erative interaction yields a favorable spin–charge coupling environment that sustains the
four-electron ORR pathway even after prolonged cycling.

In summary, this work provides fundamental insight into the stability mechanisms
of heteroatom-doped carbon electrocatalysts, demonstrating that controlled doping with
thiophene- and pyridinic-type functionalities can achieve both high activity and long-term
durability without relying on noble metals. The approach presented here offers a rational
design platform for the next generation of metal-free cathode catalysts in alkaline fuel cells
and other electrochemical energy conversion systems.
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and (c–f) N2-S-OMCHS performed in O2-saturated 0.5 mol L−1 KOH, at a scan rate of 5 mV s−1;
Figure S3. Deconvoluted high-resolution spectra of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS
in the S 2p region; Figure S4. High-resolution O 1s spectra of S-OMCHS, N1-S-OMCHS, and N2-S-
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electrocatalysts for the ORR.; Table S2. Comparison of catalytic performance for the ORR in terms of
the Eonset, E½, %HO-, and n of recently reported non-platinum electrocatalysts; Table S3. XPS atomic
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