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Abstract: This study presents a sustainable strategy for the
development of metal-free electrocatalysts derived from
degraded aromatic co-poly(urea-thiourea)s. Upon pyrolysis
under a nitrogen atmosphere, the polymers are trans-
formed into N, S-co-doped turbostratic carbon nanomater-
ials with a high specific surface area exceeding 1,000 m2·g−1

and an optimized electronic structure. The resulting mate-
rials exhibit outstanding electrocatalytic performance in
the oxygen reduction reaction (ORR), characterized by a
high onset potential (0.96 V), half-wave potential (0.82 V),
large limiting current density (−6.21 mA·cm−2), and a low
Tafel slope (87.6 mV·dec−1). The number of electrons trans-
ferred during ORR is close to 3.9, approaching the ideal
four-electron pathway. The material delivers a maximum
power density of 443.8 mW·cm−2, outperforming that of
commercial Pt/C.

Keywords: metal-free, carbon materials, alkaline catalyst,
oxygen reduction reaction

1 Introduction

The challenge of acid etching remains a persistent issue for
metal catalysts in proton exchange membrane fuel cells
due to their acidic operating environment. Transitioning
to an alkaline system, such as anion exchange membrane
fuel cells (AEMFCs), may mitigate oxidation concerns.

Currently, platinum–carbon (Pt/C) catalysts are the only
successfully commercialized catalysts for AEMFCs. However,
Pt/C catalysts suffer from several inherent drawbacks,
including carbon monoxide poisoning, poor methanol toler-
ance, long-term instability, and high cost. These limitations
significantly impede the advancement of AEMFC technology.
Various research approaches have been explored to reduce
catalyst costs, including replacing Pt with low-cost transition
metals in non-precious metal catalysts and developing non-
metallic catalysts by incorporating heteroatoms into the
carbon matrix. While non-precious metal catalysts offer a
balance between efficiency and cost, transition metals tend
to aggregate under high-temperature sintering conditions,
resulting in uneven catalytic activity. Additionally, the dis-
posal of metal-based catalysts raises environmental concerns.
Therefore, the necessity of recycling metal-containing cata-
lysts remains. These challenges could be addressed through
the development of metal-free catalysts for AEMFCs.

The main part of electrode catalysts is a conductive
carbon matrix, which also needs to behave as an oxygen
absorber to conduct the redox reactions. However, it lacks
the polarity required to efficiently catalyze the oxygen
reduction reaction (ORR) as the cathode catalysts on a large
scale. This limitation, however, can be overcome by doping
the carbon matrix with more electronegative atoms to
introduce the necessary polarity.

Besides improving the polarity of the catalyst’s carbon
matrix, other physical properties are crucial for enabling
metal-free carbon-based materials to serve as promising
cathode catalysts. These include a high surface area and
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appropriately sized pores to accommodate absorbed oxygen.
However, obtaining carbon catalysts with a high surface area
and abundant micropores from conductive carbon matrices
such as carbon nanotubes (CNTs), graphenes (GFs), or gra-
phene oxides is particularly challenging due to their
well-defined structures. Such modifications typically require
treatment with strong acids or highly reactive chemicals at
high temperatures. Furthermore, doping highly conjugated
structures like CNTs or GF with heteroatoms of high polarity
can only be achieved through high-temperature calcination
under harsh conditions (1–7).

Metal-free catalysts of carbonaceous materials cal-
cined at high temperatures have attracted significant
attention as environmentally friendly electrochemical cat-
alysts, especially for their high electrical conductivity and
electrochemical stability. They exhibit ORR activity com-
parable to or surpassing their metal-containing counter-
parts (8), making them a highly competitive alternative
for ORR applications. The ORR mechanism involves the
reduction of oxygen molecules that are adsorbed onto
the carbon framework.

Among the carbon-based catalysts, polymer-derived
carbon (PDC) precursors are a promising class of materials
synthesized from calcined organic polymer precursors. It
transforms long polymer chains into carbon materials via
dehydration, cyclization, cross-linking, and carbonization.
PDCs offer high design flexibility, allowing for precise compo-
sitional control and the facile incorporation of heteroatoms
(9). The high cross-linking density or aromaticity of PDCs can
enhance the final catalyst yield and conductivity. The thermal
decomposition of the polymer also promotes the formation of
a desirable porous structure. For example, Xing et al. (10)
developed a yolk–shell nanostructure by calcining polyanili-
ne@SiO2 particles and etching the silica template. Such an
approach formed a well-preserved nanostructure with meso-
pores and effective oxygen doping, significantly boosting cat-
alytic activity. The specific properties of PDCs, including their
tunable structure and composition, have provided wide-
spread applications in energy storage, particularly for ORR
catalysis. Common polymer precursors include polyaniline
(10,11), polypyrrole (12,13), and polyimide (14). However,
PDCs have limitations; some precursors can be complex to
synthesize, exhibit low carbon yields, or are prone to struc-
tural collapse during processing.

Heteroatoms like N, S, and co-doping are common stra-
tegies to improve catalytic performance further. Palm et al.
(15) prepared N, S co-doped nanocarbon composites based on
silicon carbide-derived carbon, CNTs, and mesoporous
carbon for ORR in anion-exchange membrane fuel cells
(AEMFCs). Their best catalyst achieved a peak power density
of 379mW·cm−2, comparable to the performance of a

commercial Pt/C catalyst (347mW·cm−2). Similarly, Gong
et al. (16) demonstrated that vertically aligned nitrogen-con-
taining carbon nanotubes (VA-NCNTs) can be a superior
metal-free electrode, revealing enhanced methanol crossover
effects compared to platinum in alkaline fuel cells. These
studies suggest that doping heteroatoms, such as nitrogen
and sulfur, into the carbon framework, as in this work, plays
a crucial role. These heteroatoms, which have an electrone-
gativity compared to carbon, alter the local charge distribu-
tion of the carbon framework (16), which in turn enhances
the adsorption of oxygen molecules and accelerates the ORR.

An approach to increase the porosity of the carbon-
based catalysts and improve the capability of catalysis can
be fulfilled by a thermal gas generator, ammonium
chloride (NH4Cl), which can be mixed with the polymer
precursors (17–19) to release NH3 and HCl gases during
calcination to enhance the surface porosity. It can gradu-
ally decompose to produce a significant amount of mixed
gases of NH3 and HCl at around 350°C to further expand the
carbon matrix. Thermally evolved ammonia is also a
nitrogen dopant that increases the nitrogen content in
the resulting materials. Additionally, the large molecular
structure of ammonia and the gas expansion resulting
from the decomposition of NH4Cl generate substantial
internal stress, acting as a pore-forming agent. Such an
approach successfully fabricated graphite carbon mate-
rials with high specific surface areas and elevated nitrogen
content. Furthermore, releasing small gas molecules, such
as NH3, H2O, and H2S, during the calcination of co-poly
(urea-thiourea)s (PUTrs) can facilitate the formation of
tiny pores in the catalyst, enhancing its surface area.

In this study, we synthesized aromatic PUTrs with a
high density of aromatic units as precursors. Upon calcina-
tion in an N2 atmosphere, these polymers undergo thermal
degradation or crosslinking, forming a graphene-like
(GF-like) conductive structure. Specifically, thermal degra-
dation (calcination) increases porosity by generating new
surface area by releasing small gas molecules such as NH₃,
H2O, and H2S. Meanwhile, crosslinking reactions between
intra- or intermolecular aromatic units in PUTr molecules
contribute to forming highly conductive GF-like surfaces.
Since direct heteroatom implantation onto a graphene-like
surface is challenging, we developed aromatic sulfur-con-
taining polyurea (PUr) polymers with two nitrogen atoms
per urea unit (–NH–CS–NH–) as catalyst precursors. This
approach enabled the synthesis of N, S co-doped GF-like car-
bonaceous catalysts for AEMFCs. Furthermore, by performing
calcination in the presence of NH4Cl, we successfully synthe-
sized a metal-free, N, S co-doped conductive carbon substrate
with an exceptionally high surface area and excellent cata-
lytic activity for the ORR.
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2 Materials and methods

2.1 Preparation of metal-free nitrogen-
doped cathode catalyst (MFNCC)

Based on a molar ratio of 1.25:1, 0.685 g of p-phenylenedia-
mine (PDA) and 0.8 g of p-phenylene isocyanate (PDI) are
placed separately in beakers with 50 mL of acetone as the
solvent. The individual solutions are subjected to 15 min of
ultrasonic agitation before mixing. Subsequently, the solu-
tions are mixed and heated to 70°C under vigorous mag-
netic stirring, and a gel-like substance gradually forms
after a few seconds. The reaction is allowed to proceed at
room temperature for 6 h. Vacuum filtration is then per-
formed, and the products are washed with abundant
acetone several times to remove unreacted monomers
and are vacuum-dried at 70°C for 12 h to obtain the catalyst
precursor (PUr).

The catalyst precursor (PUr) was then finely ground
into powders, and equal amounts of powders (1.0 g) and
NH4Cl (1.0 g) were mixed thoroughly in an agitator. The
mixture was placed in a ceramic crucible, and a tube fur-
nace was purged with a high-purity nitrogen atmosphere.
The temperature was increased to 1,000°C at 10°C·min−1,
holding at 1,000°C for 30 min. Once the sample was cooled
to room temperature, the preparation of the nitrogen-
doped catalyst was complete (Figure S1).

2.2 Preparation of nitrogen, sulfur-co-doped
carbon catalyst

The preparation of N, S-co-doped carbon catalyst follows a
procedure similar to that described in the above section,
except that 0.96 g of p-phenylene diisothiocyanate was mixed
with 1 g of PDI before the polymerization, and the obtained
precursor polymer is named as PUTr (polyurea-thiourea).

2.3 Electrochemical measurements

2.3.1 Preparation of catalyst ink for cyclic voltammetry
(CV) and linear sweep voltammetry (LSV)

Catalyst ink is prepared by mixing 2.9 mg of the catalyst
with 357 μL of deionized water, 357 μL of ethanol as the
solvent, and 7.2 μL of a 20% Nafion solution. The mixture
is then subjected to ultrasonic treatment for at least 1 h to
complete the ink preparation.

2.3.2 LSV analyses

The LSV tests were conducted using an AutoLab system in a
0.1M KOH solution saturated with oxygen. To prepare for the
test, 5 μL of the catalyst ink was repeatedly drop-casted and
dried onto a glassy carbon working electrode, ensuring com-
plete coverage. The working electrode was then mounted on a
rotating disk electrode (RDE). A platinum wire served as the
counter electrode, and an Ag/AgCl electrode was used as the
reference electrode. The testing conditions involved a scan rate
of 5m·V−1, rotation speeds ranging from 400 to 2,500 rpm, and
a potential range from 1.2 to 0 V (vs reversible hydrogen elec-
trode [RHE]). The setup for the LSV tests at different rotation
speeds is illustrated in Figure S2.

2.3.3 RRDE measurements

RRDE measurements were conducted using a CHI three-
electrode electrochemical workstation in a 0.1 M KOH solu-
tion (200 mL) saturated with oxygen. In all, 14.4 μL of the
slurry prepared in Section 2.3.1 was drop-cast onto a glassy
carbon electrode in multiple layers and dried. A platinum
wire was used as the counter electrode, while an Hg/HgO
electrode was the reference electrode. The ring potential
was maintained at 0.5 V (vs Hg/HgO), with a rotation speed
of 1,600 rpm. The potential was scanned from 0.1 to 0.3 V
(vs Hg/HgO) at 5 mV·s−1 scan rate.

2.3.4 CV analyses

The CV analyses were conducted using an AutoLab system
in a 0.1 M KOH solution, saturated with oxygen and
nitrogen. These tests were performed without applying a
rotation speed. The potential was scanned from 1.2 to 0 V
(vs RHE), with a scan rate of 50 mV·s−1. The experimental
setup for CV tests was consistent with Figure S2.

2.3.5 Durability testing

The durability of the catalyst was evaluated using chron-
oamperometry, carried out in a 0.1 M KOH solution satu-
rated with oxygen. During a 25,000 s run, the system was
maintained at a constant rotational speed of 1,200 rpm and
a fixed potential of 0.5 V (vs RHE). This test was performed
to observe how the current density changed over time
under these specific conditions.

To assess methanol tolerance, at 300 s into the test, 3 M
methanol solution was introduced to the system to monitor
its performance in the presence of methanol.
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2.3.6 Membrane electrode assembly (MEA) fabrication

2.3.6.1 Membrane pre-treatment
The X37-50RT anion exchange membrane was immersed in
a 1 M KOH solution for 48–72 h to activate it, ensuring its
complete transformation into the OH− form. The activated
membrane was then stored in 1 M KOH for future use.

2.3.6.2 Catalyst ink for MEA
The anode employed a Pt/C catalyst with an anode loading of
0.8mg Pt cm−2. The cathode used catalysts, including NCs and
NCSs, with a cathode loading of 3.5mg·cm−2 for this experiment.
A total of 9mgof Pt/C catalyst and 7.875mgof the cathode catalyst
for this experiment were separately weighed into sample vials.
Subsequently, 400mg of DI water and 400mg of isopropanol
were added and subjected to 30min of ultrasonication. Then,

90mg of XB-7 alkaline ionomer was mixed in, and ultrasonica-
tion was continued for 90min until the powder was completely
dispersed, resulting in a uniform black ink.

2.3.7 Assembly of single-cell components

The components are assembled into an MEA using a sand-
wich structure, and it is placed in the center of the single-cell
component. A torque wrench is used to compress the compo-
nents at 8 kgf·cm−2, ensuring even force application diagon-
ally to complete the component assembly (Figure S3).

2.3.8 Analyses of single cell

The anode and cathode of the component are connected to
the gas inlet and outlet pipes to ensure there is no gas

Figure 1: (a) Intermolecular H-bonding of PUr and PUTr, (b) IR spectra of monomers and PUTr, (c) TGA and DTG thermograms of PUTr, and (d) IR
spectra of PUTr measured at various calcination temperatures.
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leakage and to prevent any hazards. The polarization
curve measurement is then conducted to obtain the
open-circuit voltage (OCV) and power density from the
actual operating fuel cell. The operating parameters for
single testing are listed in Table S1.

3 Results and discussion

3.1 Characterization

Aromatic PUrs were synthesized via the condensation poly-
merization of PDA with either PDI or p-phenylene dii-
sothiocyanate, as illustrated in Figure S4. The resulting
polymers feature a regular, alternating sequence of urea
and phenylene units, facilitating extensive, ordered inter-
molecular hydrogen bonding (Figure 1(a)).

The functional groups of both monomers and polymer
intermediates were confirmed by Fourier-transform
infrared (FTIR) spectroscopy (Figure 1(b)). In the spectra
of the PUr precursors, the characteristic isocyanate
(–N]C]O) stretching band at 2,274 cm−1 and the isothio-
cyanate (–N]C]S) band at 2,059 cm−1 disappear comple-
tely, indicating complete conversion of the diisocyanate
and diisothiocyanate reactants. Concurrently, the primary
amine signals of PDA (–NH2) in the 3,300–3,500 cm−1 region
diminish, replaced by secondary amine vibrations in the
polymer. The appearance of aromatic C]C stretching at

1,512 cm−1 and the urea C]O band at 1,636 cm−1 further
corroborates the successful formation of aromatic
PUrs (20).

Moreover, the hydrogen-bonding environment within
the polymer matrix is evidenced by the redshift of the N–H
stretching band from 3,450 cm−1 (free) to 3,413 cm−1, and of the
C]O stretching band from 1,690 cm−1 (free) to 1,636 cm−1.
These shifts reflect the establishment of a robust, ordered
hydrogen-bond network, which also accounts for the gel-
like character of the as-prepared PUrs.

Thermogravimetric analyses under an inert atmo-
sphere reveal a multistage thermal decomposition profile
for the PUr derived from PDA and PDI (PUTr) (Figure 1(c)).
In the initial stage (300–600°C), cleavage of urea
(–NH–CO–NH–) and thiourea (–NH–CS–NH–) linkages
yields isocyanate/isothiocyanate species, amines, and car-
bodiimide (–N]C]N–) intermediates (21–24), accompa-
nied by the evolution of small gaseous molecules such as
H2O, NH3, CO2, and H2S (Figure S5). The resulting aromatic
fragments, enriched in reactive functional groups, undergo
cyclization and condensation upon further heating
(600–800°C), leading to sulfur-doped polycyclic aromatic
hydrocarbons, including thiophene and thiazole moieties
(Figure S6). These transformations enhance the material’s
conjugation and electrical conductivity while retaining
nitrogen and sulfur heteroatoms for catalytic activity. At
higher temperatures (800–1,000°C), extensive condensa-
tion drives graphitization and the formation of graphene-
like domains (Figure S7), with residual N and S atoms
embedded within the carbon lattice, thereby augmenting

Figure 2: SEM micrographs of (a) PUTr, (b) NC-800, (c) NC-900, (d) NC-1000, (e) NC-100N, and (f) NCS-1000N.
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the electronic and catalytic properties of the carbonized
product.

The proposed degradation mechanisms were further
elucidated by in situ FTIR analyses of samples calcined at
incremental temperatures (Figure 1(d)). Initial cleavage
reactions generate aromatic isocyanate and amine frag-
ments, followed by the formation of carbodiimide func-
tionalities. Between 600°C and 800°C, biuret–imine units

reorganize into reactive N]C]N-containing carbodii-
mide intermediates, which facilitate additional cycliza-
tion and cross-linking reactions. These observations
reveal that the thermal degradation of aromatic PUrs
proceeds through an interconnected network of bond
scission, rearrangement, and aromatization reactions,
culminating in heteroatom-doped carbonaceous frame-
works (Figures S5–S7).

Figure 3: EDs of C, N, O, and S mappings in (a) NC-800, (b) NC-900, (c) NC-1000, (d) NC-1000N, and (e) NCS-1000N.
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3.2 Scanning electron microscopy (SEM)

As shown in Figure 2(a), the initially compact, block-like
precursor aggregates (PUTr) undergo high-temperature
pyrolysis and transform into two-dimensional, rose-like
creation of the nanosheets (25) due to the strong
hydrogen-bonding interactions within the aromatic PUr
framework (26). Such ultra-thin nanosheets facilitate
superior electrical conductivity and reduce ohmic polari-
zation. Some of the aggregated polymer molecules by
H-bonding even convert to nanofibers after calcination,
as seen in Figure 2(b)–(f).

According to the TGA results, no additional weight loss
occurs above 900°C, indicating that N-containing segments
generated from PUTr decomposition and pores formed by
small molecule release are primarily responsible for the
structural changes. Consequently, NC-900 (Figure 2(c)) and
NC-1000 (Figure 2(d)) exhibit more porous architectures
than NC-800 (Figure 2(b)). As the pyrolysis temperature
increases, the carbon framework experiences more signif-
icant disruption, resulting in a defect-rich structure in NC-
1000 that suggests a higher specific surface area. Figure
2(e) demonstrates the effect of NH4Cl-assisted pyrolysis
on the carbon morphology. The decomposition of NH4Cl
releases substantial ammonia gas, whose relatively large
molecules induce further pore formation. This process pro-
duces a more fractured microstructure in NC-1000N com-
pared to NC-1000, rendering it markedly different from the
original PU precursor, which agrees with transmission
electron microscopy (TEM) observations. The newly
formed pores increase the specific surface area. In
contrast, the high degree of graphitization and expanded
surface area in NC-1000N confer excellent electrical con-
ductivity and oxygen mass-transfer capabilities, enhancing
oxygen diffusion and improving the overall current den-
sity reduction. Eventually, the SEM image of the N, S
co-doped catalyst (Figure 2(f)) shows that NCS-1000N and
NC-1000N share similar porous surface morphologies.
However, compared to TEM analyses, the sulfur-induced
defects in the graphene-like carbon nanosheets are not as
significant in the SEM micrographs. Further investigation
based on BET analyses is necessary to clarify the porous
characteristics of these materials.

Energy-dispersive X-ray spectroscopy mapping was
employed to investigate the elemental distribution and
composition of the catalysts, as presented in Figure 3. The
quantitative elemental compositions of each sample are sum-
marized in Table 1. The catalysts were synthesized under
varying conditions, including different calcination tempera-
tures (Figure 3(a)–(c)), the presence of NH4Cl (Figure 3(d)),
and sulfur doping (Figure 3(e)). The EDs mapping results

demonstrate a uniform distribution of carbon (C), nitrogen
(N), and oxygen (O) across all samples, indicating the absence
of metal catalyst agglomeration. As the calcination tempera-
ture increases, an enhancement in the graphitization degree
of the carbon framework is evident, with the NC-1000 sample
exhibiting the highest carbon content (86.76%), as shown in
Table 1.

Moreover, the effect of the second nitrogen doping via
NH4Cl treatment is apparent in the NC-1000N sample,
which shows a relatively higher nitrogen content (7.53%)
compared to NC-1000 (7.01%). It means that NH4Cl can
practically supply nitrogen loss at elevated temperatures,
preserving active nitrogen sites while maintaining elec-
trical conductivity, which are factors essential for
improved catalytic performance.

Besides, the elemental mapping of the NCS-1000N illus-
trates successful sulfur doping into the carbon matrix, as
indicated by the presence of S signals in Figure 3(e). It
verifies the effective synthesis of N, S-co-doped carbon
materials, supporting the feasibility of the designed doping
strategy.

3.3 TEM

The pristine PUTr (Figure 4a) displays a flower‑like mor-
phology composed of fibrous, self‑assembled bundles held
together by hydrogen bonds. Upon heating, the release of
H2O and NH3 disrupts these hydrogen bonds, driving cross-
linking and conjugation into a robust, single‑layer, graphe-
ne‑like structure. As the calcination temperature
approaches 1,000°C, π–π stacking between sheets leads to
turbostratic fringes (Figure S8). The surface of the catalyst
gradually evolves into a more porous, defect‑rich network.
Such transformation is primarily attributed to the evolu-
tion of gaseous byproducts such as H2O, CO2, and NH3

during thermal decomposition (Figure 4(b)–(d)).
Figure 4(e) compares NC-1000 and NC-1000N, the latter

synthesized with NH4Cl as a pore-forming additive. During
calcination, NH4Cl decomposes to release NH3 gas, thereby

Table 1: Element analyses of various NCs

NCs

Element NC-800 NC-900 NC-1000 NC-1000N NCS-1000N

C 76.18 78.88 86.76 78.29 85.99
N 10.43 8.14 7.01 7.53 3.5
O 13.39 12.97 6.23 14.18 10.24
S — — — — 0.28
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promoting the formation of additional porosity and
increasing the density of electrochemically active sites.
As observed in Figure 4(e), NC-1000N displays a more
open and irregular microstructure than NC-1000, indica-
tive of a higher surface area favorable for ORR activity.

Furthermore, the effect of sulfur doping on catalyst
morphology was investigated through TEM analyses
of NCS-1000N (Figure 4(f)). Previous studies have demon-
strated that sulfur incorporation via C–S–C bonding
introduces structural defects that can enhance catalytic
performance (27,28). The TEM images reveal that sulfur
doping results in a significantly rougher and more irre-
gular surface (Figure 4(f)), suggesting an increase in spe-
cific surface area and improved mass transport properties,
both beneficial for ORR performance.

To confirm the presence of turbostratic carbon – a
structure typically observed in carbonaceous materials cal-
cined at approximately 1,000°C – a high-resolution TEM
image of NCS-1000N was obtained and is provided in
Figure S9. The image reveals that turbostratic structures

are prevalent throughout the material, consisting of mul-
tiple layers of graphene fragment clusters, which are
known to exhibit high surface area and structural disorder
advantageous for catalytic applications.

3.4 Structural analyses

Figure 5(a) presents the X-ray diffraction (XRD) patterns of
the PUr precursor and various MFNCC materials synthe-
sized under different processing conditions, serving as the
basis for structural analyses. The Pur precursor exhibits
sharp and well-defined diffraction peaks, which can be
attributed to its fibrous structure, as shown in the top
spectrum of Figure 5(a). In contrast, the diffraction pat-
terns of the NC-series materials reveal prominent peaks
at 2θ = 25.5° and 2θ = 43.8°, corresponding to the (002)
and (100) planes of graphitic carbon, respectively. These
findings indicate that the calcination process effectively

Figure 4: TEM micropictures of (a) PUr, (b) NC-800, (c) NC-900, (d) NC-1000, (e) NC-1000N, and (f) NCS-1000N.
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converts the carbonaceous precursors into ordered gra-
phitic structures, enhancing electrical conductivity.

Notably, the peak intensity at 2θ = 43.8° increases signifi-
cantly in the NC-1000, NC-1000N, and NCS-1000N samples fol-
lowing calcination at 1,000°C. As XRD peak intensity and
sharpness indicate crystallinity, this enhancement suggests
a higher degree of graphitization and a potentially increased
graphene content. These structural improvements are
expected to result in enhanced electrical conductivity, a
hypothesis that subsequent performance evaluations will
confirm, as more efficient charge transport pathways facili-
tate rapid electron transfer during electrocatalytic reactions.

Figure 5(b) shows the Raman spectra of the catalysts
synthesized under varying calcination conditions, which
were analyzed to assess lattice disorder and the degree
of graphitization. The area ratios D (∼1,350 cm−1) and G
bands (∼1,590 cm−1) are summarized in Table S2. As the
calcination temperature increases from 800 to 1,000°C,
the relative areas of the D band gradually decrease while

that of the G band increases (Figure 5(c)). This trend
reflects a reduction in structural disorder and sp³-hybri-
dized carbon defects, consistent with the thermal conver-
sion of sp³ carbon into more ordered sp2-hybridized
graphitic domains.

The G band, representing in-plane vibrational modes
of sp2-bonded carbon atoms, directly indicates graphitiza-
tion. Its increased intensity at higher calcination tempera-
tures confirms the improved structural ordering. However,
the introduction of NH4Cl as a pore generator, which
decomposes to release NH3 during calcination, disrupts
the graphitic order. This disruption is evident from the
increased D band areas and the decreased G band intensity
in NC-1000N compared to NC-1000 (Figure 5I, Table S2). In
contrast, sulfur doping in NCS-1000N does not significantly
alter the relative band areas, suggesting minimal struc-
tural disruption.

Figure 5(d) and Table S2 further summarize the ID/IG
intensity ratios for all NC samples, remaining less than one.

Figure 5: (a) X-ray diffraction patterns of PUr and various NCs, (b) Raman spectra of various NCs, (c) area ratios of various bands, and (d) ID/IG ratio
and resistivity of various NCs.
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It indicates that sp2-hybridized carbon is predominant, and
the materials are well graphitized. Interestingly, the ID/IG
ratio initially decreases with increasing calcination tem-
perature from 800 to 1,000°C in accordance with Table
S2, reflecting the formation of more ordered graphite-like
domains. However, in NC-1000N and NCS-1000N, the ID/IG
ratio slightly increases. This increase can be attributed to
the structural defects introduced by the gaseous bypro-
ducts from NH4Cl decomposition and the heteroatom
incorporation during sulfur doping.

These additional defects and the resultant increase in
porosity contribute to a more disordered carbon structure.
Such an increase in surface area shifts the catalyst towards
a more disordered structure, increasing the intensity ratio.

The affluent defects and pores can help facilitate the access
of reactant gases to active sites, increasing the overall effi-
ciency of active site utilization and improving the cell’s
power output.

3.5 Element analyses – X-ray Photoelectron
Spectroscopy (XPS)

The catalyst’s elemental properties and percentage content
were analyzed using XPS to understand which type of
nitrides can effectively promote the ORR. The high-resolu-
tion N1s spectrum obtained from XPS can be fitted into four

Figure 6: XPS of various NCs: N1s of (a) NC-800, (b) NC-900, (c) NC-1000, (d) NC-1000N, (e) NCS-1000N; S2p of (f) NCS-1000N and (g) various types of
N-composition of different NCs.
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different nitrogen species, including pyridinic-N (398.6 eV),
pyrrolic-N (400.5 eV), graphitic-N (401.4 eV), and pyridine
nitrogen oxide (402.0–405.0 eV), as illustrated in Figure S10.

Among these, pyridinic-N and graphitic-N are consid-
ered beneficial nitrogen species for catalysis (29,30). Pyri-
dinic-N is bonded to two carbon atoms at the edges of
graphene defects, providing an electron to the conjugated
π-bond and possessing a pair of lone electrons, making it
capable of attracting oxygen molecules for reactions (29). It
can also promote an increase in the onset potential (31).
Graphitic-N is found within the graphite plane, bonded to
three carbon atoms, without lone electron pairs, and is
more stable (30). It has a lower bandgap energy (32), which
can enhance the desorption of neighboring carbon atoms
and reduce the ORR activation energy (33), optimizing the
limiting current density (31,34). In contrast, pyrrolic-N and
pyridine-N oxide are generally considered to be nitrogen
species without catalytic capabilities.

The deconvolution results reveal that NC-1000N and NCS-
1000N are dominated by active configurations involving pyr-
idinic-N and graphitic-N species, indicating the presence of
themost abundant active site numbers. It can be inferred that
they will exhibit superior electrochemical performance.
Figure 6(a)–(e) displays the deconvolution results of the N1s

spectrum after sulfur doping. The results show a slight reduc-
tion in the pyridinic-N content while, in contrast, the content
of graphitic-N has increased. Some literature suggests that
sulfur co-doping alters the composition of nitrogen species.
Sulfur co-doping tends to replace pyridinic-N located at the
edges, resulting in a decrease in pyridinic-N content (35). It
also leads to an enhancement in the overall content of gra-
phitic-N, optimizing the catalyst’s overall stability. Relevant
studies have indicated that sulfur co-doping creates active
sites at carbon atoms adjacent to graphitic-N, improving
ORR performance (36).

S2p can be deconvoluted into three peaks: thiophene-
sulfur 2p3/2 (C]S–C; 164.0 eV), thiophene-sulfur 2p1/2
(C–S–C; 165.2 eV), and sulfur oxide (C–SOx–C; 168.4 eV)
(Figure 6(f)). The last column of Table 3S reveals that thio-
phene-sulfur species are predominant in NCS-1000N, con-
firming the presence of sulfur atoms doped into the carbon
material. Sulfur-doped species have a significant impact on
the positivity of the ORR. Prior literature suggests that
thiophene-sulfur contributes to increasing the density of
active catalytic sites (37) and improving the limiting diffu-
sion current density of the ORR (38,39).

The results from Table S3 indicate that NCS-1000N has
abundant pyridinic and graphitic-N species, with thio-
phene-sulfur species predominating. It suggests an excel-
lent catalytic configuration; thus, NCS-1000N is expected
to exhibit superior catalytic performance. As shown in

Figure 6(g) and Table S3, it is evident that all the catalysts
under different conditions exhibit favorable activity con-
figurations with abundant pyridinic-N and graphitic-N con-
tent. Figure 6(g) and Table S3 indicate that the content of
pyrrolic-N gradually decreases with increasing tempera-
ture. In contrast, the content of other active nitrogen spe-
cies, pyridinic-N and graphitic-N, gradually increases. Such
a phenomenon can be attributed to the decomposition
of pyrrolic-N at 600°C, resulting in the formation of pyri-
dinic-N, and with complete graphitization, temperatures
exceeding 900°C lead to a gradual transformation into gra-
phitic-N as an active nitrogen species.

3.6 ORR mechanism

Figure S11 illustrates the ORR pathways catalyzed by a
metal-free, nitrogen-doped carbon catalyst involving both
four-electron (4e−) and two-electron (2e−) mechanisms. In
the 4e− pathway (Figure S11(a), top), molecular oxygen (O2)
is first adsorbed onto the N-doped carbon active site,
forming an adsorbed oxygen species stabilized via electron
transfer from the conductive carbon matrix. It leads to the
formation of a peroxide-like intermediate (*O–O−), a strong
base capable of abstracting hydrogen from water. The clea-
vage of the O–O bond then produces hydroxide ions (OH−).
The overall reaction can be summarized as:

+ + →− −O 2H O 4e 4OH2 2

This catalytic cycle begins with O2 adsorption and elec-
tron transfer to yield the *O–O− species, which interacts
with water to form *O–OH. This intermediate subsequently
undergoes O–O bond cleavage upon further electron
transfer, producing OH− and leaving behind an *O species.
This species is further reduced to *OH through additional
hydrogen abstraction from water and electron acceptance.
Finally, *OH is reduced to OH−, regenerating the original
active site and completing the catalytic cycle. This pathway
ensures efficient oxygen reduction and high selectivity
toward OH− generation in alkaline conditions.

In contrast, the 2e− pathway (Figure S11(b), bottom)
represents a less desirable mechanism. Here, O2 undergoes
single-electron reduction to form the superoxide (*O–O−),
which extracts a hydrogen atom from water to form
*O–OH. Rather than undergoing full O–O bond cleavage,
the intermediate receives another electron and desorbs
from the catalyst as hydroperoxide ( −

HO2), terminating
the reaction prematurely:

+ + → +− − −O H O 2e HO OH2 2 2
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The partial reduction is unfavorable for fuel cell appli-
cations, as −

HO2 . It is known to degrade catalyst stability
and reduce overall ORR efficiency. Therefore, improving
the 4e− pathway is required for efficient energy conver-
sion. The N-doped carbon catalyst facilitates this pathway
by enabling efficient oxygen adsorption, activation, and
electron transfer without metal-based active sites.

3.7 Surface property analyses
(Brunauer–Emmett–Teller [BET])

The surface properties of the catalysts were characterized
with nitrogen adsorption-desorption isotherms and BET ana-
lyses. All samples exhibit mesoporous structures, as defined by
the IUPAC classification, and thus, the Barrett–Joyner–Halenda
(BJH) method was applied to determine pore size distributions.
The nitrogen adsorption–desorption isotherms of the synthe-
sized catalysts display typical Type IV behavior with pro-
nounced hysteresis loops, confirming theirmesoporous nature.

H3-type hysteresis loops indicate slit-like pores, typically asso-
ciated with layered carbonaceous structures.

Figure 7(a) displays the BET surface area results for
catalysts calcined at various temperatures. The NC-800
sample, obtained at the lowest calcination temperature,
already demonstrates a high specific surface area of
676.47 m2·g−1 due to the decomposition of thermally
unstable urea units in the PU precursor, which release
nitrogen-containing gases during pyrolysis. As the calcina-
tion temperature increases, the nitrogen adsorption capa-
city and the specific surface area increase significantly. It is
attributed to enhanced decomposition of organic matter
and the release of volatiles, such as water, up to 500°C.
Consequently, the NC-1000 sample achieves a specific sur-
face area of 997.10 m2·g−1, surpassing that of many reported
N-doped carbon materials (Figure 7(a), Table 2).

Figure 7(b) compares the pore structures of catalysts
prepared with and without NH4Cl assistance at 1,000°C.
NH4Cl acts as a sacrificial template and pore-generator,
releasing NH3 and HCl gases during thermal decomposi-
tion. The evolution of these gases creates structural craters

Figure 7: BET adsorption and desorption diagrams of (a) catalysts prepared at different temperatures, (b) different treatment catalysts prepared at
1,000°C, and (c) size distribution of various NCs.
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and micropores within the carbon framework, particularly
through the etching effect of the larger NH3 molecules. As a
result, the NC-1000N catalyst exhibits a significantly higher
micropore surface area and reduced average pore size,
yielding a BET surface area of 1,136.44 m2·g−1 (Table 2).
This hierarchical pore structure improves the accessibility
of active sites by facilitating oxygen diffusion through
micropores, while mesopores enhance mass transport
and product desorption, collectively boosting electrocata-
lytic activity (40).

Further surface analyses of sulfur- and nitrogen-co-
doped carbon catalysts (Figure 7(b)) reveal that sulfur
incorporation induces additional surface defects by
bonding with carbon atoms in the graphitic plane. It
increases disorder and contributes to further surface
area enhancement. The resulting NCS-1000N sample exhi-
bits the highest BET surface area of 1,256.67 m2·g−1, corro-
borating TEM observations of its well-developed, porous
layered structure. The co-doping strategy, therefore, signif-
icantly amplifies porosity and surface complexity, which is
favorable for ORR catalysis.

Combining the average pore sizes from Table 2 and the
BJH pore size distribution profiles shown in Figure 7(c), it is
evident that the catalysts primarily consist of mesoporous
structures with embedded micropores. This hierarchical
architecture is advantageous for fuel cell applications, as
mesopores facilitate effective mass transport and water
management. At the same time, micropores enhance active
site exposure, which is critical for improving catalyst per-
formance and operational longevity (41,42).

3.8 Electrochemical analyses

3.8.1 CV

Figure 8(a) reveals that, with an increase in material calci-
nation temperature, the reduction peaks become more

prominent, confirming that the reduction activity is
directly proportional to the calcination temperature. The
NC-1000N catalyst prepared with NH4Cl as an assistive
pore-forming agent exhibits a significantly more positive
reduction peak position and higher current density than
NC-1000. It demonstrates the successful strategy of using
NH4Cl as a pore-forming agent, significantly increasing the
micro-pore area and enhancing the reducibility towards
oxygen. The reduction peak position of the NCS-1000N cat-
alyst is similar to that of NC-1000N. However, sulfur doping
significantly increases the current intensity of the reduc-
tion peak, indicating that double-atom-doped catalysts
have better mass transfer rates, slowing down concentra-
tion polarization and leading to increased current density.
None of the catalysts exhibit significant current peaks in
nitrogen, showing selectivity towards oxygen. The size of
the CV curve area can be used to infer the relative surface
area of the materials. Materials with higher surface areas
typically have more pores, higher specific capacitance, and
larger CV curve areas. The results in Figure 8(a) show that
NCS-1000N has a larger CV curve area, consistent with the
high surface area indicated by the BET results in Sec-
tion 3.8.

3.8.2 LSV

Figure 8(b) shows that NC-1000 outperforms the catalysts
calcined at the other two temperatures in all three regions:
kinetic, mixed kinetics, and mass transport diffusion. Its
excellent performance can be attributed to the complete
graphitization level explained earlier in Section 3.5, which
reduces Ohmic resistivity, resulting in higher conductivity
and a more advanced E1/2. This performance improvement
is also supported by the TGA results in Section 3.1 and the
BET results in Section 3.5. The pyrolysis condition at 1000°C
allows for the complete release of urea units and water
molecules from the precursor, optimizing its surface area
and improving the diffusion current density of NC-1000.

Table 2: BET analyses of various cathode catalysts obtained from the N2 adsorption–desorption curves

Cathode
catalysts

BET surface
area (m2·g−1)

Micropore
surface
area (m2·g−1)

External
surface
area (m2·g−1)

Pore volume
(cm3·g−1)

Micropore
volume
(cm3·g−1)

External pore
volume
(cm3·g−1)

BJH adsorption
average pore
diameter (nm)

NC-800 676.47 194.14 452.33 1.69 0.09 1.66 10.46
NC-900 701.38 235.40 465.98 1.62 0.12 1.55 9.23
NC-1000 997.10 422.48 574.60 2.47 0.21 2.32 9.94
NC-1000N 1,136.44 467.60 668.84 2.27 0.24 2.15 8.00
NCS-1000N 1,256.67 643.48 613.18 2.33 0.33 2.04 7.40
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Figure 8: (a) CV cycles recorded in O2-saturated solution. (b)–(d) LSVs recorded in an O2-saturated 0.1 M KOH with a scan rate of 5 mV·s−1and
1,600 rpm. (e) Tafel curves. (f) Average number of e-transferred of various NCs.
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The XPS results in Section 3.6 reveal that higher calcination
temperatures generate more active nitrogen species, such
as graphitic-N or pyridinic-N. The LSV results demonstrate
that NC-1000 exhibits better catalytic ability, confirming
the critical role played by these two active configurations
in the ORR. The results indicate that a higher pyrolysis
temperature is the key parameter for further experiments.

In Figure 8(b), the LSV curve was used to assess the
ORR capabilities of catalysts prepared under different con-
ditions. These catalysts were compared to commercial Pt/C
catalysts. Figure 8(c) and Table 3 provide electrochemical
parameters for the prepared NC-1000, NC-1000N, and NCS-
1000N catalysts in an alkaline environment, and they all
exhibit higher LRCDs (NC-1000: −5.73, NC-1000N: −5.92,
NCS-1000N: −6.21) compared to Pt/C (−5.30). Furthermore,
the half-wave potential for NCS-1000N is even more posi-
tive at 0.82 V (Figure 8(d)), indicating that sulfur doping
plays a significant role in improving the ORR. It is attrib-
uted to the sulfur doping, which increases the defects in
planar graphene, thus enhancing the surface area. Addi-
tionally, it can modify the spin of material defects and
redistribute charge density, promoting oxygen adsorption
and the synergic effect between nitrogen and sulfur, ulti-
mately increasing the density of active sites and improving
electrochemical performance.

Moreover, all the catalysts in this experiment have
excellent surface areas, highlighting the importance of a
high surface area in preparing highly active non-metallic
catalysts. Among them, NC-1000N exhibits more positive E1/
2, a more negative LRCD, and a higher Eonset than NC-1000.
It demonstrates the successful strategy of using NH4Cl for
assisted calcination, as NH4Cl generates NH3, modifying the
number of micropores in the material to facilitate the for-
mation of a catalytically friendly layered porous structure.
These porous, reticulated channels increase the exposure
of active sites, enabling gases and electrolytes to enter for
the ORR catalysis. The results suggest that the catalyst NCS-
1000N is particularly promising, showcasing the signifi-
cance of sulfur doping and NH4Cl-assisted calcination in
enhancing the ORR catalytic performance.

In an alkaline environment, the Tafel slopes for the
NC-1000N and NCS-1000N (Figure 8(e)) catalysts are 96.1
and 87.6 mV·dec–1, respectively, which are close to the Tafel
slope of 75.5 mV·dec–1 for commercial Pt/C. It confirms that
the catalyst materials synthesized in this experiment
exhibit a rate-determining step comparable to commercial
Pt/C, and it also validates the high electrical conductivity of
the materials mentioned in Section 3.5.

3.8.3 Electron transfer number

Based on the LSV results, the catalysts NC-1000N and
NCS-1000N, which exhibited superior oxygen reduction per-
formance,were further investigated by recording ORRpolar-
ization curves at varying rotation speeds (400–2,500 rpm) in
O2-saturated 0.1M KOH solution. As illustrated in Figure S12,
increasing the rotation speed leads to a corresponding
increase in current density. This enhancement arises from
a reduced diffusion layer thickness between the RDE and the
bulk electrolyte, accelerating oxygen mass transport and
increasing the diffusion-limited current.

To gain deeper insights into the ORR kinetics, current
densities within the potential range of 0.4 V–0.2 V (vs RHE)
were used to construct Koutecky–Levich (K–L) plots. The
slopes of the K–L plots were applied to the K–L equation to
determine the average number of electrons transferred
per oxygen molecule (n). The results reveal that NC-
1000N exhibits an average electron transfer number of
approximately 4.0, while NCS-1000N demonstrates an
average of 3.9. These values are close to the theoretical
maximum of four electrons, indicating that both catalysts
predominantly follow a four-electron ORR pathway, effec-
tively reducing O2 to OH− and suppressing the formation of
peroxide intermediates ( −

HO2).
Additionally, the influence of calcination temperature

on electron transfer behavior was examined (Figure 8f).
The data show that the average electron transfer number
increases with increasing pyrolysis temperature, indi-
cating improved ORR selectivity toward the 4e− pathway

Table 3: Electrochemical properties of various NCs and Pt/C

NCs Eonset (V) E1/2 (V) LRCD (mA·cm−2) Tafel slope (mV·dec−2) Average no. of e-transferred

NC-800 0.77 0.71 −4.54 143.0 2.4
NC-900 0.82 0.71 −5.54 135.6 3.1
NC-1000 0.83 0.77 −5.73 96.3 3.5
NC-1000N 0.94 0.80 −5.92 96.1 4.0
NCS-1000N 0.96 0.82 −6.21 87.6 3.9
Pt/C 1.00 0.81 −5.30 75.5 3.8
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at higher temperatures. The observation agrees with the
LSV results and suggests that elevated temperatures pro-
mote the formation of more catalytically active nitrogen
configurations (e.g., graphitic-N or pyridinic-N), which
favor the complete four-electron reduction of oxygen.

3.8.4 Durability testing

Figure 9(a) shows that the NC-1000N and NCS-1000N cata-
lysts prepared in this study exhibit excellent stability. After
running for 25,000 s, the current density of both catalysts
decreased by less than 2%, while the commercial platinum
carbon catalyst experienced a reduction of approximately
15% in the initial current. The experimental results high-
light the significant advantages of non-metal nitrogen-
doped materials. The absence of precious metals elimi-
nates the issue of carbon monoxide poisoning, and it also
avoids performance degradation due to metal corrosion
during operation. As a result, the non-metal catalyst mate-
rials in this study demonstrate much better ORR durability
than commercial Pt/C, with NCS-1000N retaining 99% of its
initial current density. This high level of stability indicates
the potential for practical commercial applications.

The results in Figure 9(b) indicate that the commercial
Pt/C catalyst is significantly affected by methanol poi-
soning, as it rapidly deactivates after methanol introduc-
tion. In contrast, the NC-1000N and NCS-1000N catalysts in
this study maintain stable current values and remain unaf-
fected by methanol poisoning. It demonstrates that the
non-metal catalysts in this study have excellent methanol
tolerance.

3.9 Single-cell testing

Figure 10 displays the results of single fuel cell polarization
tests at different temperatures and the OCV, max. power
density (Pmax) and max. The current density (Imax) of cells
with various types of cathode catalysts is listed in Table 4.
As mentioned, catalysts with higher calcination tempera-
tures possess favorable catalytic factors such as higher
specific surface area, high conductivity, and enhanced
ORR activity. Consequently, the single fuel cell polarization
testing results show that the current density and Pmaxs of
the MEA increase as the catalyst calcination temperature
rises. These results align with the trends observed in the
LSV tests. In particular, the NC-1000 catalyst exhibits
superior current density compared to NC-800 and
NC-900, highlighting the catalyst’s high mass transport
capability and an impressive maximum power density of
333.2 mW·cm−2.

The results for the three non-metallic materials
synthesized in this experiment consistently outperform
the commercial Pt/C catalyst in current density and
maximum power density, highlighting their practical
application value. NC-1000N, prepared using NH4Cl as a
pore-forming agent, exhibits a layered porous material
with micro-mesoporous channels. This configuration accel-
erates mass transport, improving NC-1000N’s Ohmic polar-
ization and concentration polarization, and the power
density is significantly superior to that of the NC-1000 cat-
alyst. In contrast, N, S co-doped NCS-1000N presents milder
activation polarization, making the reaction easier. The
OCV of NCS-1000N is approximately 0.96 V, close to Pt/C’s
1.0 V, consistent with LSV results. The exceptional fuel cell

Figure 9: (a) The current–time (I–t) chronoamperometric response of ORR at NC-1000N, NCS-1000N, and Pt/C electrodes in O2-saturated 0.1 M KOH
solution with the rotation rate of 1,200 rpm at a bias voltage of 0.4 V (vs RHE). (b) Chronoamperometric responses on injection of CH3OH at t = 300 s
(1,600 rpm in O2-saturated aqueous electrolyte).
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performance is attributed to sulfur doping, which increases
defects and enhances the specific surface area. As a result, the
NCS-1000N catalyst achieves a Pmax of 443.0mW·cm−2, sur-
passing Pt/C by approximately 147.8mW·cm−2 under the
same loading conditions. The comparison of the single-
cell performance with other metal-free cathode catalysts
is listed in Table S4. This work demonstrates high Pmax

and OCV for the single cell with cathode catalysts of
MFNCCs; only cells with PtRu/C anode catalysts outper-
form our system in Pmax.

Combining these results demonstrates the potential of
the NC-1000N and NCS-1000N catalysts in the actual AEMFC
market, offering higher power density than Pt/C. The non-
metallic catalysts are also cost-effective and eco-friendly as
they do not require metals, eliminating the energy con-
sumption and pollution associated with acid washing and
secondary pyrolysis. These results suggest that further
optimization of the MEA manufacturing process or
ionomer ratio may lead to even more significant improve-
ments in the single-cell performance.

4 Conclusions

This study reports a rapid and facile synthetic strategy for
fabricating non-metallic, nitrogen–sulfur co-doped aro-
matic PUrs using diamine, diisocyanate, and diisothiocya-
nate monomers as precursors. Direct polymerization
followed by pyrolysis in an inert gas atmosphere yields
high-surface-area, defect-rich graphitic carbon materials
with excellent electrical conductivity and catalytic activity.
The electrochemical performance of these metal-free cata-
lysts rivals that of conventional precious metal-based
materials, highlighting their potential as cost-effective
alternatives for energy conversion applications.

Morphological analyses via SEM and TEM reveal that
increasing the pyrolysis temperature promotes defect
formation across the flower-like carbon nanosheets,
enhancing the accessibility of active sites. Structural char-
acterizations using XRD and Raman spectroscopy confirm
the development of a well-graphitized carbon matrix at
elevated temperatures. In addition, the four-point probe
and electrochemical measurements demonstrate improved
conductivity and reduced ohmic losses at 1,000°C, particu-
larly for the NC-1000N catalyst.

The pore-forming role of NH4Cl significantly enhances
the surface area and microporosity of NC-1000N, achieving
a BET-specific surface area of 1,136.44 m2·g−1, facilitating
oxygen transport and access to catalytic sites. XPS analyses
indicate that NH4Cl-assisted pyrolysis promotes the forma-
tion of active nitrogen configurations, contributing to
high catalytic efficiency. As a result, NC-1000N delivers
an impressive LRCD of −5.92 mA·cm−2, while the sulfur

Figure 10: Single-cell polarization curves of various NCs and commercial Pt/C cathode catalysts.

Table 4: Properties of cells with Pt/C and various NC cathode catalysts

Cathode Anode OCV (V) Pmax (mW cm−2) Imax (mA cm−2)

Pt/C Pt/C 1.0 295.2 1,244.0
NC-800 Pt/C 0.86 190.1 822.5
NC-900 Pt/C 0.87 213.9 921.1
NC-1000 Pt/C 0.93 333.2 1,351.3
NC-1000N Pt/C 0.94 357.2 1,407.0
NCS-1000N Pt/C 0.96 443.8 1,756.9
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co-doped NCS-1000N exhibits a slightly higher LRCD of
−6.12 mA·cm−2.

Incorporating sulfur into the carbon lattice introduces
additional structural defects and modulates the spin-charge
distribution, further improving oxygen adsorption kinetics.
Consequently, NCS-1000N achieves a high open-circuit voltage
of 0.96 V and a half-wave potential of 0.82 V in alkaline con-
ditions. NC-1000N and NCS-1000N show excellent durability
and methanol tolerance, maintaining stable performance
over 25,000 s of continuous operation.

Fuel cell single-cell evaluations further confirm the cata-
lysts’ potential: NC-1000N delivers a Pmax of 357.2mW·cm−2,
while NCS-1000N achieves 443.0mW·cm−2, significantly sur-
passing that of commercial Pt/C-based MEAs (295.2mW·cm−2)
under comparable loading conditions. These results demon-
strate that high-activity, metal-free ORR catalysts can be
synthesized through a scalable, environmentally benign pro-
cess without reliance on noble metals.

This work offers a promising pathway for developing
low-cost, high-performance cathode materials for AEMFCs.
Further optimization, like fine-tuning the monomer com-
position, polymerization ratios, or MEA fabrication proto-
cols, may lead to even greater performance enhancements
and facilitate broader commercialization of these metal-
free catalyst systems.
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