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Upcycling plastic waste into functional electrocatalyst supports enables a sustainable pathway for advancing fuel
cell technologies. Herein, we develop nitrogen-doped carbon supports via a one-pot Friedel-Crafts reaction be-
tween waste polystyrene and pyrrole, enabling simultaneous hyper-crosslinking and nitrogen (N) incorporation
without post-treatment. Upon carbonization, the resulting framework exhibits tunable N content and hierar-
chical porosity, providing a robust platform for proton exchange membrane fuel cell catalysts. N doping regulates
ionomer distribution and strengthens Co—N coordination, promoting the formation of uniformly dispersed
intermetallic PtCo nanoparticles with enhanced structural stability. Density functional theory calculations reveal
that subsurface Co induces a downshift of the Pt d-band center, weakening *O adsorption and accelerating
oxygen reduction reaction kinetics. As a result, the catalysts deliver a mass activity of 0.84 A mgp. at 0.9 V,
approaching twice the U.S. DOE 2025 target. In full-cell tests, a peak power density of 1180 mW cm 2 is achieved
and retained at 1024 mW cm ™2 after 30,000 potential cycles, demonstrating excellent durability. This work
presents a scalable and cost-effective strategy that integrates plastic waste upcycling with rational catalyst
design, offering a viable route toward high-performance PEMFC systems.

1. Introduction catalyst layer remains a critical bottleneck, where limited ORR activity,

inefficient oxygen transport, poor proton conduction, and structural

Proton exchange membrane fuel cells (PEMFCs) are among the most
promising electrochemical energy conversion technologies for
hydrogen-powered transportation and stationary power systems [1-3].
However, their widespread adoption is impeded by the intrinsically
sluggish kinetics of the oxygen reduction reaction (ORR) at the cathode,
the reliance on scarce and expensive platinum (Pt)-based catalysts, and
insufficient long-term durability [4-6]. In particular, the cathode

degradation of carbon supports collectively restrict overall performance
[7,8]. While advances in catalyst nanostructuring have enabled mass
activities surpassing the U.S. Department of Energy (DOE) target (0.44 A
mgp{ at 0.9 V), these systems often fail to maintain performance under
operating conditions due to Pt dissolution, nanoparticle agglomeration,
and carbon support corrosion [9-11]. Therefore, developing catalyst
architectures that simultaneously enhance activity and durability under
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practical operating conditions remains a critical challenge for PEMFC
commercialization [12].

Heteroatom doping of carbon materials, particularly nitrogen (N)
doping, has been widely explored as an effective strategy to enhance
ORR catalyst performance by improving metal nanoparticle anchoring
and regulating ionomer distribution within catalyst layers [13-21]. For
example, Ott et al. demonstrated that N-doped carbon surfaces enable
homogeneous ionomer dispersion through electrostatic interactions,
thereby enhancing proton conductivity and catalyst utilization in
membrane electrode assemblies (MEAs) [22]. Gong et al. further re-
ported that amino-functionalized carbon supports guide the selective
deposition of PtCo nanoparticles onto mesoporous external surfaces,
minimizing micropore blockage and reducing mass transport resistance
[23]. Despite these advantages, conventional doping approaches,
including ammonia annealing, plasma treatment, and precursor
blending, often suffer from limited scalability, low carbon yield, and
insufficient control over doping levels [24-28]. Therefore, developing
scalable synthetic strategies that enable efficient N incorporation while
maintaining structural integrity remains essential for the practical pro-
duction of high-performance N-doped carbon supports for PEMFC
applications.

A promising strategy for synthesizing N-doped porous carbons in-
volves the Friedel-Crafts reaction, which has been widely employed to
construct hyper-crosslinked polymer networks from aromatic monomers
[29-31]. This reaction proceeds under relatively mild conditions and
accommodates a wide range of N-containing precursors, including het-
erocyclic compounds such as pyridine and pyrrole, enabling efficient
incorporation of N functionalities [32-35]. Importantly, the Friedel—
Crafts reaction is also compatible with polystyrene (PS), an abundant
plastic waste composed of aromatic repeating units [36-39]. The aro-
matic structure of PS makes it a suitable carbon precursor for con-
structing porous carbon frameworks through hyper-crosslinking and
carbonization. Utilizing waste PS as a carbon source not only provides a
sustainable route for plastic waste valorization but also enables scalable
synthesis of N-rich carbon frameworks through a cost-effective upcy-
cling process. Despite increasing interest in plastic-derived carbons,
most reported systems lack precise control over interfacial properties,
particularly carbon-ionomer interactions that critically govern catalyst
layer performance under practical operating conditions. Therefore,
scalable strategies that enable simultaneous control of composition,
porosity, and interfacial characteristics are urgently needed.

Herein, we report the development of N-doped carbon supports
derived from upcycled PS (NPS) for high-performance and durable
PEMFC electrocatalysts. A solvent-assisted Friedel-Crafts hyper-
crosslinking strategy using pyrrole enables the formation of N-rich
polymer networks with precisely tunable compositions, which are sub-
sequently converted into N-doped carbon frameworks through carbon-
ization. The resulting carbon supports provide abundant N
functionalities that promote strong metal-support interactions and sta-
bilize intermetallic PtCo nanoparticles via Co—N coordination. In
addition to stabilizing the catalyst structure, the N-doped surface mod-
ulates carbon-ionomer interactions, leading to improved ionomer
dispersion and optimized triple-phase boundary formation within the
catalyst layer. As a result, the PtCo catalysts supported on the N-doped
carbons (PtCo/NPS) exhibit enhanced ORR activity and remarkable
durability in both half-cell and membrane electrode assembly (MEA)
tests, delivering a mass activity of 0.84 A mgp¢ at 0.9 V and a peak
power density of 1180 mW cm 2, with the latter retaining 86.8% of its
initial value after 30,000 cycles. This work demonstrates a scalable and
economically viable strategy for transforming plastic waste into func-
tional catalyst supports while simultaneously improving catalyst utili-
zation and durability in practical PEMFC systems.
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2. Experimental section
2.1. Materials

Waste PS was collected from packaging materials used for chemical
bottles. Formaldehyde dimethyl acetal (FDA, 99%), iron (III) chloride
(FeCls, 97%), pyrrole (98%), chloroplatinic acid hexahydrate
(HyPtClg-6H20, >37.5% Pt) and cobalt(Il) chloride hexahydrate
(CoCly-6H20, 97%) were purchased from Sigma-Aldrich. 1,2-Dichloro-
ethane (DCE, 99%), methanol (99.5%), acetone (99.5%), ethanol
(99%) and isopropanol (IPA, 99.5%) were supplied by Daejung. Com-
mercial Pt/C (20 wt%, Tanaka Kikinzoku Kogyo, TEC10E20E), and
Nafion 212 membrane (50 pm, DuPont) and all reagents were used as
received, without further purification.

2.2. Synthesis of NPS

1 g of waste PS and 1 g of FeCls were mixed in 100 mL of DCE. After
the reactants were uniformly dispersed in the solution, pyrrole was
added in varying amounts to control the N doping level. Subsequently, 1
mL of FDA was added dropwise, and the reaction mixture was stirred at
80 °C for 24 h. The resulting product was washed with methanol to
remove FeCls and dried overnight in a vacuum oven at 60 °C. Here,
FeCl3 served only as a Lewis acid catalyst for the Friedel-Crafts cross-
linking reaction, and other Lewis acid salts such as AlCls could also be
employed. Residual Fe species were effectively removed by the washing
process [40]. The obtained polymer precursor was then carbonized at
950 °C for 1.5 h under a N, atmosphere to produce NPS. The resulting
samples were denoted as NPSO, NPS1, NPS2, and NPS3, corresponding
to pyrrole-to-styrene repeat unit molar ratios of 0, 1/8, 1/4, and 1/2,
respectively.

2.3. Synthesis of PtCo/NPS catalysts

H,PtClg-6H20 (114 mg) and CoCly-6H20 (101 mg) were dissolved in
acetone (50 mL) and mixed with the NPS support (100 mg). The sus-
pension was sonicated until the precursors were uniformly dispersed.
The solvent was subsequently removed by evaporation in a vacuum
oven. The obtained mixture was then pyrolyzed at 600 °C for 2 h under a
reducing atmosphere (Hy/Ar = 100/900 sccm) with a ramp rate of 10 °C
min~! to form PtCo intermetallic nanoparticles, yielding the PtCo/NPS
catalysts. The ordering degree was calculated using the following
equation: [41].

S110/S111
1(1)10/1(1)11

Here, S110 and Sp1; represent the integrated peak areas of the (110)
superlattice and (111) fundamental reflections, respectively, obtained
from the XRD patterns. I11¢ and I11; denote the corresponding peak in-
tensities of the (110) and (111) reflections obtained from the PtCo
reference pattern (#96-152-5473).

ordering degree (%) = x 100

2.4. Characterization

Morphological and structural properties of the carbon supports were
characterized using scanning electron microscopy (SEM, Nova Nano
SEM 450) and Raman spectroscopy (Horiba LabRam GR UV/Vis/NIR).
The Brunauer-Emmett-Teller (BET) surface area and pore size distri-
bution were determined using a surface area and pore size analyzer
(Quantachrome Autosorb IQ). The chemical compositions of NPS and
PtCo/NPS were analyzed using an elemental analyzer (EA, Ckic 5E-
CHN2200), X-ray photoelectron spectroscopy (XPS, Thermo Fisher Sci-
entific K-Alpha), X-ray diffraction (XRD, Rigaku SmartLab 9 kW), and
inductively coupled plasma optical emission spectroscopy (ICP-OES,
Thermo Fisher Scientific iCAP7600). X-ray absorption near-edge
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structure (XANES) and extended X-ray absorption fine structure
(EXAFS) measurements were conducted at the Pohang Light Source
(PLS) 8C Nano XAFS beamline. The morphology and composition of
PtCo/NPS were further investigated using transmission electron micro-
scopy (TEM, Titan G2 Cube 60-300) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM, Thermo
Fisher Scientific Spectra Ultra).

2.5. Electrochemical characterization

Half-cell electrochemical measurements were performed using a
three-electrode system equipped with a CHI760E potentiostat and a
rotating ring-disk electrode (RRDE). All potentials were initially
measured against an Ag/AgCl reference electrode and converted to the
reversible hydrogen electrode (RHE) scale. Catalyst ink was prepared by
dispersing 5 mg of catalyst in a mixed solution containing 20 pL of
Nafion solution, 0.5 mL of deionized water, and 2 mL of IPA, followed by
ultrasonication for 1 h to ensure homogeneous dispersion. 15 pL of ink
was drop-cast onto a glassy carbon electrode. Cyclic voltammetry (CV)
measurements were conducted in Ar-saturated 0.1 M HClO4 electrolyte
at a scan rate of 100 mV s~1. ORR activity was evaluated using linear
sweep voltammetry (LSV) in Oz-saturated 0.1 M HCIO4 at a scan rate of
10 mV s ! with a rotation speed of 1600 rpm. Accelerated durability
tests were performed by cycling the potential between 0.6 and 1.0 Vgyg
for 10,000 cycles in an Ar-saturated electrolyte.

Single-cell performance was evaluated using a PEM fuel cell testing
system (SMART2, WonATech). The electrodes were prepared using the
catalyst-coated substrate (CCS) method by spray-coating catalyst ink
onto a gas diffusion layer (GDL) with an active area of 5 cm?. The
catalyst ink consisted of 30 mg catalyst powder, 1 mL deionized water, 3
mL IPA, and 5 wt% Nafion solution to achieve an ionomer-to-carbon (I/
C) ratio of 0.8. A Nafion 212 membrane was used as the polymer elec-
trolyte membrane and assembled between the anode and cathode at
elevated temperature to form the MEA. The fuel cell was operated at
80 °C and 100% relative humidity (RH). H, and O, were supplied at flow
rates of 300 and 600 sccm, respectively, with a backpressure of 1.5 bar.

Catalyst durability was further evaluated using an accelerated stress
test (AST) based on the DOE protocol. The AST was performed for
30,000 potential cycles between 0.6 and 0.95 V, with a holding time of 3
s at each potential. During the test, Ny (75 sccm) was supplied to the
cathode, while humidified Hy (200 sccm) was fed to the anode.

2.6. Computational method

All DFT calculations were performed using the Vienna ab initio
simulation package (VASP, version 5.4.4) [42,43]. The generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional was used to account for exchange-correlation effects, and the
projector augmented-wave (PAW) method was applied [44-46]. The
surfaces were modeled using a 4 x 4 supercell with four atomic layers
and 15 A vacuum in the z-direction to eliminate image—image in-
teractions under periodic boundary conditions. For all the surface cal-
culations, we fixed the bottom two layers of the slab, while the top two
layers and the adsorbates were allowed to relax. The plane-wave cutoff
used for all the geometry optimizations was set to 550 eV [47]. The
Brillouin zone was sampled using a I'-centered k-point mesh: 9 x 9 x 9
for Pt bulk, 7 x 7 x 7 for PtCo bulk, and 3 x 3 x 1 for all slab models and
adsorption models. The thresholds for force and energy convergence
were set to 0.02 eV/A and 107° ev.

The adsorption energy of every adsorbate on the catalyst surface,
represented as AE, is defined as follows:

AE = Eadsorbate+ - (Eadsorbate(gas) +E-« ) (l)

Where * denotes the catalyst surface, and Ex, Eadsorbate(gas) and
Eadsorbate+* represent the energies for a bare catalyst surface, an
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adsorbate molecule in the gas phase, and an adsorbed catalyst surface,
respectively.

Free energies of the ORR intermediates in electrochemical reaction
pathways were calculated based on the computational hydrogen elec-
trode (CHE) model proposed by Ngrskov et al. [48]. The CHE model
suggests that the chemical potential of a proton/electron (H' + ™) is
equal to half of the chemical potential of a gas-phase Hy molecule. Free
energy changes (AG) of all ORR steps on the catalyst surface were
determined as follows.

AG = AE+ AZPE — TAS + AGpy, 2)

AE is the total energy change obtained from DFT calculation, AZPE
and AS are the zero-point energy difference and the entropy difference
between the adsorbed state and the gas phase, respectively, and T is the
system temperature (353.15 K in this work). AGy is the free energy
contribution due to variations in H' concentration, and in this work the
value of pH was assumed to be 1 for 0.1 M HClO4 medium.

3. Results and discussion
3.1. Synthesis of NPS

A one-pot scalable strategy was developed to synthesize N-doped
carbon materials via a Friedel-Crafts alkylation reaction. As illustrated
in Fig. 1, this approach enables simultaneous hyper-crosslinking of PS
and incorporation of N functionalities into the resulting carbon frame-
work through a Friedel-Crafts reaction between PS and pyrrole. To
demonstrate the concept of plastic upcycling, waste PS collected from
chemical bottle packaging was used as the primary carbon source
(Fig. S1). During synthesis, waste PS, FeCls, pyrrole, and FDA were
dissolved in DCE. The Friedel-Crafts reaction between styrene units in
PS and pyrrole enabled concurrent network formation and N incorpo-
ration in a single step. To systematically tune the N content, pyrrole was
introduced at molar ratios of 0, 1/8, 1/4, and 1/2 relative to the styrene
units, yielding samples denoted as NPSO, NPS1, NPS2, and NPS3,
respectively. After filtration and solvent removal, the crosslinked poly-
mers were carbonized at 950 °C under N3 to produce the corresponding
NPS materials. To investigate the influence of N doping on catalytic
performance, PtCo intermetallic nanoparticles were deposited onto
NPSO0 and NPS3 using a wet impregnation method. Pt and Co precursors
were co-dissolved in acetone, impregnated onto the carbon supports,
and subsequently thermally treated at 600 °C under Hy/Ar to yield alloy
catalysts denoted as PtCo/NPS0O and PtCo/NPS3.

Thermogravimetric analysis (TGA) highlights the critical role of
hyper-crosslinking in improving carbonization yield (Fig. $2). Pristine
waste PS exhibited a low residual yield of 4.38%, whereas hyper-
crosslinked NPSO showed a substantially higher residual yield of
30.81%, demonstrating that the Friedel-Crafts reaction improves the
thermal stability and carbonization behavior of the PS precursor. The
residual yield further increased to 40.6% for NPS3 after pyrrole incor-
poration, indicating that pyrrole contributes significantly to the carbon
yield. Consistently, a polypyrrole control sample exhibited a relatively
high residual yield of 45.9%. However, the thermal decomposition
profile of NPS3 was distinct from that of polypyrrole, with NPS3
maintaining a high weight fraction up to approximately 400 °C before
undergoing a distinct decomposition step. These results indicate that
pyrrole contributes to the increased carbon yield, while the
Friedel-Crafts-derived network governs the distinct thermal decompo-
sition behavior of NPS3. This network formation facilitates the devel-
opment of graphitic domains and enables uniform N incorporation
throughout the carbon matrix.

Pristine waste PS exhibits a macroporous morphology with pore sizes
exceeding ~100 pm, likely originating from residual foaming agents
used during manufacturing (Fig. S3a). The waste PS readily dissolves in
the reaction solvent (e.g., DCE), as shown in Fig. S3b. During the re-
action, in situ crosslinking induces collapse of the original porous
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Carbonization
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Fig. 1. Schematic illustration of the one-pot synthesis of NPS from waste polystyrene via pyrrole-assisted Friedel-Crafts hyper-crosslinking and the subsequent

formation of PtCo/NPS catalysts.

structure, leading to the formation of crosslinked polymer domains. The
inclusion of pyrrole significantly influences this morphological evolu-
tion, yielding an increasing number of smaller spherical domains with
higher pyrrole content, as confirmed by SEM (Fig. S4). After carbon-
ization, the hyper-crosslinked nanostructure is well retained across the

(e)

Weight percentage (%)

NOC NOC NOC

NPSO NPS1  NPS2

N OC
NPS3

NPS series, producing carbon materials composed of uniformly
dispersed nanoscale domains with diameters of approximately 50-60
nm (Fig. 2a—d). This result indicates that the polymer-derived archi-
tecture effectively serves as a morphological template for generating
finely structured carbon frameworks. To verify whether the N content in

(f) [ Pyridinic N
[ Pyrrolic N
_ | =1 Graphitic N 46.6 % ,
=5 Oxidized N 30.3%
i 10.5% 12.6 % NPS1
45.8 %
% ° 307 %
c N .
8 13.2%_10.2% —
= 54.8 %
28.3 %
58% 111 % NPS3

408 406 404 402 400 398 396 394
Binding Energy (eV)

Fig. 2. SEM images of (a) NPSO, (b) NPS1, (c) NPS2, and (d) NPS3. (e) EA results showing the weight composition of C, N, and O in the NPS samples. (f) High-
resolution XPS N 1 s spectra of NPS1, NPS2, and NPS3 with deconvolution into different N species.
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the carbon framework could be modulated by the amount of pyrrole,
elemental analysis (EA) was performed. The N content in NPS1, NPS2,
and NPS3 gradually increased to 1.62%, 2.61%, and 3.24%, respec-
tively, demonstrating that pyrrole acts as an effective N source during
the crosslinking and carbonization processes (Fig. 2e, Table S1). In
addition, the waste PS exhibited a high carbon content, while trace
amounts of N, O, and S were detected, which may originate from minor
additives or surface contaminants associated with commercial pack-
aging foam. S was no longer detected in the resulting NPS samples,
indicating that S-containing impurities were effectively removed during
the synthetic process. To examine the attainable N content, NPS4 and
NPS5 were prepared at higher PS:pyrrole molar ratios of 1:1.0 and
1:1.33, respectively. EA showed N contents of 3.59% for NPS4 and
3.03% for NPS5, indicating that the N content attainable under the
present synthesis conditions is approximately 3-4 wt%.

XRD analysis of the pristine NPS supports revealed a broad carbon
(002) diffraction feature, suggesting the formation of a turbostratic
carbon framework (Fig. S5a). XPS was employed to investigate the
chemical bonding environments of N and carbon species in the NPS
samples. The surface atomic concentration of N, determined from the
survey spectra, increased from 1.42% in NPS1 to 2.15% in NPS2 and
5.09% in NPS3, consistent with the EA results (Fig. S5b, Table S2).
High-resolution N 1 s and C 1 s spectra provided further insight into the
bonding configurations within the carbon framework. The N 1 s spectra
were deconvoluted into four components corresponding to pyridinic N
(~398 eV), pyrrolic N (~400 eV), graphitic N (~401-402 eV), and
oxidized N (~405 eV) (Fig. 2f) [49]. Among these, pyrrolic N was the
dominant species (~50%), followed by pyridinic N (~30%), graphitic N
(~11%), and oxidized N (~10%). These N functionalities are known to
modulate the electronic structure of carbon materials and facilitate
electron transfer during electrocatalytic reactions [50,51]. In addition,
the presence of N functionalities may promote improved ionomer dis-
tribution on the catalyst surface, which can enhance catalyst—electrolyte
interfacial interactions relevant to fuel cell performance [52]. The high-

(a)

PtCo #96-152-5473 (b)

PtCo/NPS3

PtCo/NPSO

Intensity (a.u.)

| Il 1 " 2l
20 30 40 50 60 70 80
2 Theta (degree)
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resolution C 1 s spectra were deconvoluted into five components cor-
responding to C—C (sp?, 284.5 eV), C—C (sp°, 285.4 eV), C—N (286.2
eV), C—O0 (287.0 eV), and C=0 (288.8 eV) (Fig. S$6). Notably, the C—N
bonding contribution increased with pyrrole content, from 4.82%
(NPS1) to 5.77% (NPS2) and 6.69% (NPS3), confirming successful N
incorporation into the carbon framework [53]. Furthermore, the
absence of detectable Fe signals in the XPS survey spectra confirms that
residual Fe species from the Friedel-Crafts reaction were effectively
removed during the washing process.

Raman spectroscopy provided complementary insights into the car-
bon structure (Fig. S7). All samples exhibited characteristic D and G
bands at ~1350 and ~ 1580 cm™!, respectively, corresponding to
disordered and graphitic carbon structures [54]. The Ip/Ig ratio gradu-
ally increased from 1.02 for NPSO to 1.21 for NPS3, suggesting that N
incorporation introduces additional structural defects into the carbon
lattice. Ny adsorption—desorption isotherms revealed distinct evolution
of the pore structure (Fig. $8). While NPSO displayed a type I isotherm
characteristic of microporous materials, NPS1-NPS3 exhibited H3-type
hysteresis loops indicative of mesopore formation [55,56]. The BET
surface area increased with N incorporation, from 31.95 m? g~ for
NPS1 to 115.61 m? g~ ! for NPS3 (Table S3).

3.2. Characterization of PtCo/NPS catalysts

To systematically investigate the role of N-doping in metal-support
interactions, PtCo catalysts were supported on N-free (NPS0) and N-rich
(NPS3) carbon frameworks. XRD analysis confirmed the formation of an
ordered PtCo intermetallic phase (Fig. 3a). The characteristic (111),
(200), and (220) diffraction peaks appeared at higher angles (41.0°,
47.6°, and 69.9°), indicating lattice contraction resulting from Co
incorporation into the Pt lattice [57,58]. Notably, PtCo/NPS3 exhibited
a more discernible (110) superlattice reflection together with clearer
splitting of the (200)/(002) diffraction peaks at around 47-49° than
PtCo/NPSO0, suggesting a higher degree of ordered intermetallic PtCo

8 ()

(d) e Picopss |(€) pt.pt — PICONPS3 (f) —— PtCo/NPS3
Pyrrolic __ 20+ n  — Ptfoil 9 Co foil (x 0.5)
Graphitic 5 : &4
—_~ < Pt-Coj: < Co-Pt
3 byl ~ 15 i ©
) L | T T
e c =
@ PtCo/NPS0O | 2 101 21
8 £ £
= L s =
AN/ as
, i i : i 0 ‘ : : : : 0
408 406 404 402 400 398 396 0 1 2 3 4 5 6 0 6
Binding energy (eV) R (A) R (A)

Fig. 3. (a) XRD patterns of PtCo/NPS3 and PtCo/NPS0. (b) STEM images of PtCo/NPS catalysts. (c) High-resolution STEM image and corresponding EDS elemental
mapping of PtCo/NPS3. (d) High-resolution N 1 s XPS spectra of PtCo/NPS3 and PtCo/NPSO0. (e) Pt Ls-edge and (f) Co K-edge EXAFS spectra of PtCo/NPS3.
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formation on the N-rich support. Such ordered intermetallic structures
are known to enhance structural stability and modulate the Pt electronic
structure, thereby optimizing ORR intermediate adsorption [59,60]. The
ordering degree was further estimated from the integrated intensity
ratio of the (110) superlattice peak to the (111) fundamental peak using
the PtCo reference pattern. The ordering degrees of PtCo/NPSO and
PtCo/NPS3 were approximately 11% and 25%, respectively. ICP-OES
analysis confirmed that the Pt loading was consistently around 30 wt%
across all samples (Table S4). TEM images suggest that PtCo nano-
particles are uniformly dispersed on both NPSO and NPS3 supports
(Fig. 3b, Fig. S9a-b). This uniform dispersion, despite the moderate BET
surface area of NPS3, is attributed to the N-containing and defect-rich
carbon surface, which provides preferential anchoring sites for Pt/Co
precursors and promotes more homogeneous nucleation during catalyst
synthesis [61,62]. The average particle sizes of PtCo/NPSO and PtCo/
NPS3 were 5.33 + 1.75 nm and 4.28 + 1.10 nm, respectively (Fig. S9c-
d). High-resolution STEM images revealed clear lattice fringes charac-
teristic of the ordered PtCo intermetallic structure (Fig. S10a-b). EDS
mapping showed uniform distribution of C, N, Pt, and Co across the
catalyst surface, suggesting possible interactions between N function-
alities and PtCo nanoparticles (Fig. 3c). This observation is further
supported by line profile analysis showing a Pt-enriched outer layer
surrounding the Co-containing core, consistent with the formation of a
Pt-skin intermetallic structure (Fig. S10c).

XPS was performed to investigate the surface chemical states of the
catalysts. Both catalysts exhibit characteristic peaks corresponding to C
1s,01s, Co2p, and Pt 4f, whereas the N 1 s signal is observed only for
PtCo/NPS3 (Fig. S11). The high-resolution N 1 s spectrum of PtCo/NPS3
was deconvoluted into five components corresponding to pyridinic N
(~399.0 eV), Co-Nyx (~399.8 eV), pyrrolic N (~401.0 eV), graphitic N
(~402.0 eV), and oxidized N (~403-405 eV) (Fig. 3d) [63,64]. The
presence of the Co-Ny component suggests possible coordination be-
tween N functionalities and Co atoms, indicating enhanced metal-
—support interactions induced by N-doping [65]. In contrast, the
corresponding spectrum of PtCo/NPSO prepared on N-free carbon ex-
hibits no detectable N 1 s signal, confirming the absence of N func-
tionalities. The Pt 4f spectrum reveals a significantly higher fraction of
metallic Pt° (74.3%) in PtCo/NPS3 compared to commercial Pt/C
(51.9%), indicating that Pt exists in a more reduced state (Fig. S11b). A
similar Pt® fraction is observed for PtCo/NPSO, indicating that the
reduced Pt state primarily originates from alloying with Co.

XANES and EXAFS measurements were performed to further probe
the local coordination environment and electronic structure of PtCo/
NPS3. The Pt Lz-edge XANES spectrum of PtCo/NPS3 shows a profile
similar to that of Pt foil, indicating that Pt predominantly exists in a
metallic state within the intermetallic phase (Fig. S12a) [66,67]. This
observation is consistent with the high Pt° fraction identified in the Pt 4f
XPS spectrum. In contrast, the Co K-edge XANES spectrum exhibits an
edge position close to that of Co foil but with a slightly higher white-line
intensity, suggesting the presence of partially oxidized Co species in
addition to metallic Co (Fig. S12b). The k3—weighted Fourier-
transformed EXAFS spectra at the Pt Lz-edge display a dominant peak
at a shorter radial distance compared with Pt foil, which can be assigned
to Pt—Co coordination (Fig. 3e) [68,69]. This feature confirms the for-
mation of an ordered Pt—Co intermetallic structure. At the Co K-edge,
the dominant coordination is attributed to Co—Pt interactions, while no
obvious Co—Co feature is observed, further confirming the alloyed na-
ture of the catalyst structure (Fig. 3f). Notably, an additional peak at
lower radial distance may originate from Co-N/O coordination,
consistent with the Co-Ny component observed in the N 1 s XPS spec-
trum. This result suggests strong interactions between Co species and N
functionalities in the doped carbon support, which can serve as effective
anchoring sites for the alloy nanoparticles [70,71].
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3.3. Electrochemical characterization

The ORR activities of the NPS-supported catalysts were systemati-
cally investigated using a standard three-electrode half-cell rotating
ring-disk electrode (RRDE) setup. For comparison, commercial Pt/C (20
wt% Pt) was also evaluated under the same conditions. Linear sweep
voltammetry (LSV) and cyclic voltammetry (CV) curves were obtained
in 0.1 M HClOy4 solution, yielding mass activities of 0.20, 0.42, and 1.03
A mgﬁtl at 0.9 Vryg with iR compensation for commercial 20 wt% Pt/C,
PtCo/NPSO0, and PtCo/NPS3, respectively (Fig. S13, Fig. S14a). All NPS-
supported catalysts outperformed commercial Pt/C, highlighting the
beneficial effect of Co alloying on ORR activity. The electrochemical
surface area (ECSA) was determined from the hydrogen underpotential
deposition (HUPD) region by averaging the integrated areas of hydrogen
adsorption and desorption. The initial ECSA values were calculated to be
63.2, 40.8, and 62.8 m?> gl?tl for commercial Pt/C, PtCo/NPSO0, and PtCo/
NPS3, respectively. Accelerated durability tests (ADT) were conducted
by potential cycling between 0.6 and 1.0 V at a scan rate of 100 mV s~}
for 10,000 cycles. After 10,000 cycles, PtCo/NPS3 retained a high mass
activity of 0.95 A mgp{ at 0.9 Vgryg, significantly outperforming PtCo/
NPSO (0.28 A mgl?tl) and commercial Pt/C (0.09 A mgl?tl) (Fig. S14b).
The enhanced durability is ascribed to strong Co-N interactions that
anchor the intermetallic structure, as revealed by X-ray analysis, thereby
suppressing metal dissolution and structural degradation. A similar
trend was observed in the ECSA retention after durability testing. PtCo/
NPS3 preserved 84.9% of its initial ECSA, while PtCo/NPSO and Pt/C
retained 63.2% and 66.6% respectively (Fig. S14c).

To elucidate the microscopic origins of the enhanced catalytic per-
formance of the PtCo/NPS catalysts relative to commercial Pt/C, density
functional theory (DFT) calculations were performed. TEM and XRD
analyses reveal that the PtCo/NPS catalyst exhibits an intermetallic
structure with a Pt-enriched shell, which serves as the basis for con-
structing the PtCo@Pt model. Pt-alloy nanoparticles are known to
develop Pt-enriched surface layers due to the lower surface energy of Pt
and the partial dissolution of surface transition metals under operating
conditions [72]. Accordingly, a single-layer Pt-skin model on an inter-
metallic core, denoted as PtCo@Pt (111), was constructed (Fig. S15).

To verify the thermodynamic structural stability and integrity of this
Pt-skin architecture, we systematically evaluated the segregation en-
ergies (Eseg) within the PtCo@Pt slab (Fig. S16, Table S5). The segre-
gation energy is defined as Eseg = Esegregated — Epristines where Esegregated
represents the total energy of the slab after interchanging atoms be-
tween adjacent layers, and Epyigtine is the energy of the initial PtCo@Pt
configuration. Positive Egeg values quantitatively indicate a thermody-
namic preference for the pristine state. First, we examined the stability
of the outermost Pt skin against the diffusion of subsurface Co atoms.
The exposure of subsurface Co via an exchange with a surface skin Pt
atom required a substantial thermodynamic penalty of +0.76 eV. This
high positive Eseg value confirms that the Pt skin is remarkably stable
and effectively suppresses the outward segregation of Co, which is
crucial for preventing transition metal leaching during fuel cell opera-
tion. Furthermore, we evaluated the stability of the internal ordered
structure by calculating atomic exchanges within the subsurface and
core regions. Exchanging a subsurface Pt atom with a core Co atom
yielded an Egeg of +0.39 eV, while the reverse exchange (subsurface Co
with core Pt) necessitated an Egeg of +-0.50 eV. The consistent positivity
of these values indicates that the intermetallic PtCo core is thermody-
namically robust and preferentially preserved, rather than structurally
degrading or driving further subsurface reconstructions. Consequently,
these rigorous thermodynamic assessments confirm that the core-shell-
like PtCo@Pt structure is a highly stable configuration, validating its
use as the representative model for our highly durable PtCo/NPS
catalyst.

To clarify the role of NPS and validate PtCo@Pt (111) as the repre-
sentative ORR-active surface, we evaluated O5 and Co adsorption be-
haviors. On pyrrolic-N- and pyridinic-N-doped graphene, O, adsorption
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induces spontaneous O—O bond dissociation, yielding excessively
strong adsorption energies of —5.6 and — 6.0 eV, respectively. The
resulting *O species are therefore expected to bind too strongly to the
carbon framework, creating a deep thermodynamic sink that hinders
subsequent proton-electron transfer steps and increases the over-
potential of the dissociative ORR pathway. In contrast, O, remains
molecularly adsorbed on PtCo@Pt with a moderate adsorption energy of
—0.2 eV, indicating that ORR occurs predominantly on the PtCo nano-
particle surface rather than on the N-doped carbon support. To assess the
structural role of NPS, Co adsorption energies were calculated on pris-
tine and pyrrolic-N-doped graphene. Co adsorption is thermodynami-
cally unfavorable on pristine graphene (+3.87 eV) but favorable on
pyrrolic-N-doped graphene (—0.43 eV), indicating that pyrrolic-N sites
can effectively anchor PtCo nanoparticles. These results suggest that
NPS primarily enhances catalyst stability through strengthened metal-
—support interactions, whereas the PtCo surface provides the main ORR-
active sites.

Using this validated model, Gibbs free-energy diagrams were con-
structed to map the ORR pathways on both the pure Pt (111) and the
PtCo@Pt (111) surfaces (Fig. 4a). While AG(*OOH) is similar for both
surfaces, AG(*O) differs significantly by 0.63 eV. The *O — *OH step is
identified as the rate-determining step for Pt and the *OH — H5O step for
PtCo@Pt (Fig. S17). The calculated overpotentials are 0.70 V for Pt and
0.36 V for PtCo@Pt, indicating substantially enhanced ORR kinetics.
This improvement originates from the weakened *O adsorption induced
by subsurface Co atoms.

To unravel the fundamental origin of the weakened *O binding, we
evaluated the d-band center (gq) of clean Pt (111) and PtCo@Pt (111)
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surfaces. According to the d-band model, subsurface Co induces
compressive strain on the Pt skin and modifies the electronic structure
via ligand effects. These combined effects result in a broadened d-band
and a downward shift of ed relative to the Fermi level. The g4 of PtCo@Pt
is shifted to —1.98 eV, compared to —1.71 eV for Pt (111) (Fig. 4c). This
shift increases the occupancy of antibonding states in the Pt—O inter-
action, thereby weakening the overall chemisorption strength.

Charge density difference (CDD) analysis shows reduced charge
redistribution along the Pt—O bond on PtCo@Pt compared to Pt, indi-
cating suppressed interfacial charge transfer (Fig. 4b, Fig. $18). This
trend is further supported by projected density of states (PDOS) analysis,
where the hybridization between O 2p and Pt 5d orbitals is significantly
attenuated (Fig. 4d). The pure Pt (111) surface exhibits strong orbital
hybridization between the O 2p and Pt 5d states near the Fermi level. In
contrast, the PtCo@Pt surface displays a noticeable attenuation of this
hybridization, which is mathematically validated by a reduced overlap
metric (from 0.1279 for Pt to 0.0822 for PtCo@Pt) derived from the
integration of the normalized Pt 5d and O 2p PDOS. Finally, to quanti-
tatively evaluate the bonding strength, crystal orbital Hamilton popu-
lation (COHP) and integrated COHP (ICOHP) analyses were performed
using LOBSTER (Fig. 4e) [73]. The interaction between the adsorbed *O
and the three adjacent Pt atoms at the FCC hollow site yielded an ICOHP
value of —6.91 eV for Pt (111), whereas it shifted to —6.50 eV for
PtCo@Pt. This less negative ICOHP value for PtCo@Pt provides defini-
tive quantitative evidence of weakened Pt—O covalent bonding relative
to pure Pt. The collective theoretical insights from Eseg, £4, CDD, PDOS,
and COHP unequivocally demonstrate that the Pt-skin-terminated PtCo
alloy optimally tailors the electronic structure, effectively weakening
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the oxygen intermediate binding strength to drive the exceptional ORR
activity observed experimentally.

Single-cell fuel cell performance and durability were evaluated using
MEAs fabricated with PtCo/NPS0, PtCo/NPS3, and commercial Pt/C
catalysts. The cathode Pt loading was 0.07 mgp; cm™2 for PtCo/NPSO
and PtCo/NPS3, and 0.10 mgp; em 2 for Pt/C. All MEAs had an active
area of 5 cm?, with commercial Pt/C (0.1 mgpt em™2) as the anode
catalyst. The fuel cells were operated under fully humidified Hy/O5
conditions at 1.5 bar backpressure. At beginning-of-lifetime (BOL),
PtCo/NPS3 showed the highest mass activity of 0.84 A mgp¢ at 0.9 V,
outperforming PtCo/NPSO (0.53 A mgﬁtl) and Pt/C (0.21 A mgl?tl), and
exceeding the US DOE 2025 target (0.44 A mgﬁtl) (Fig. 5a). The corre-
sponding peak power densities reached 1180, 983, and 1076 mW cm ™2
for PtCo/NPS3, PtCo/NPSO0, and Pt/C, respectively (Fig. 5b). AST was
performed by square-wave voltage cycling between 0.6 and 0.95 V for
30,000 cycles. After end-of-lifetime (EOL), PtCo/NPS3 retained a high
mass activity of 0.65 A mgp¢, significantly higher than that of PtCo/
NPSO (0.26 A mgﬁtl) and Pt/C (0.07 A mgﬁtl) (Fig. 5¢). The peak power
densities decreased from 1180 to 1024 mW cm ™2 for PtCo/NPS3, from
983 to 769 mW cm ™2 for PtCo/NPS0, and from 1076 to 815 mW cm ™2
for commercial Pt/C, corresponding to retention values of 86.8%,
78.2%, and 75.7%, respectively. These results highlight the superior
performance and durability of PtCo/NPS3 as a cathode catalyst for
PEMEFC applications.

To further evaluate the practical water-management behavior of the
NPS3-based catalyst layer, Hy/air single-cell tests were performed under
fully humidified conditions (Fig. 5d-e). PtCo/NPS3 exhibited superior
Ho/air polarization behavior over the full current-density range
compared with PtCo/NPSO and commercial Pt/C, even at a lower
cathode Pt loading of 0.07 mgp; cm 2. The maximum power density of
PtCo/NPS3 reached 549 mW cm ™2 at BOL and remained 376 mW cm ™2
after 30,000 AST cycles. In contrast, commercial Pt/C decreased from
508 mW cm 2 to 323 mW cm*2, while PtCo/NPSO decreased from 348
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mW cm 2 to 201 mW cm 2. These results indicate that the increased
hydrophilicity of NPS3 does not cause an evident flooding-induced
mass-transport loss under the fully humidified Hy/air operating condi-
tions used in this study. The improved Hy/air performance is consistent
with more balanced wettability and effective ionomer accessibility
within the catalyst layer.

In addition to the Hy/air assessment, the role of N-doping in the NPS
support was further validated using a control catalyst prepared by
depositing PtCo nanoparticles onto Vulcan carbon (PtCo/C, 20 wt% Pt
and 6 wt% Co) with the same Pt loading (0.10 mgp¢ cm2) as the com-
mercial Pt/C (Fig. S19). Despite the identical Pt loading, PtCo/NPS3
exhibited superior performance, delivering higher mass activity and
power density than PtCo/C. Notably, the mass activity and durability of
this catalyst system surpass those of most previously reported catalysts
(Table S6). To further evaluate the catalyst performance under a more
representative cathode loading, additional MEA tests were performed at
0.1 mgp; cm ™2, where PtCo/NPS3 still exhibited superior performance
compared with commercial Pt/C (Fig. $20).

The differences in performance are likely related to the surface
characteristics of the carbon supports, particularly the presence of N
species. N-doping is widely recognized for enhancing the interaction
between the carbon surface and ionomers, which can improve catalyst
layer morphology and facilitate proton transport [22,49,74]. To
examine this effect, water contact angle measurements were performed
on carbon films composed of Vulcan, NPSO, and NPS3 (Fig. 6a—c). The
measured contact angles were 146°, 154°, and 135° for Vulcan, NPSO,
and NPS3, respectively, indicating that NPS3 possesses a more hydro-
philic surface. While excessively hydrophilic surfaces may lead to
flooding at high current densities, a moderately hydrophilic character is
beneficial for ionomer dispersion and the formation of an efficient triple-
phase boundary [75]. The intermediate wettability of NPS3 therefore
suggests an optimal balance between water management and ionomer
accessibility.
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and EOL mass activities at 0.9 V. (d) Hp/air polarization curves, (e) corresponding power density curves, and (f) BOL and EOL peak power densities. Solid and dashed
lines indicate BOL and EOL, respectively. The anode was 20 wt% Pt/C with a Pt loading of 0.1 mgp, cm~2. The cathode Pt loading was 0.07 mgp; cm 2 for PtCo/NPS0O
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mixtures of the carbons with Nafion ionomer.

To further investigate possible interactions between the carbon
surface and the Nafion ionomer, XPS measurements were performed on
physical mixtures of the carbon materials with Nafion (Fig. 6d-e). In the
S 2p spectra, NPS3 exhibited a pronounced binding-energy shift from
169.4 eV for free Nafion to 168.3 eV, which is substantially larger than
the slight shift observed for Vulcan. This negative shift suggests strong
acid-base interactions between the sulfonic groups of the ionomer and
the basic N functionalities on the N-doped carbon surface [76,77]. In
parallel, the N 1 s spectra of NPS3 mixed with ionomer revealed the
appearance of a new component at ~401.6 eV, which can be assigned to
protonated N species (NH™) and is absent in pristine NPS3. The simul-
taneous observation of the S 2p shift and the NHT feature is consistent
with proton transfer from the sulfonic acid groups to N sites, supporting
the proposed acid-base interaction mechanism. These XPS results indi-
cate that N doping strengthens the interfacial interaction with the ion-
omer compared to undoped carbons, which can facilitate more uniform
ionomer distribution, improved triple-phase boundary formation, and
enhanced proton transport within the catalyst layer. To directly visu-
alize the spatial distribution of the ionomer within the catalyst layer,
Microtomed HAADF-STEM and EDS elemental mapping were performed
after ionomer incorporation (Fig. $21). Since fluorine (F) mainly orig-
inates from the Nafion ionomer, the F signal was used as an indicator of
ionomer distribution. Compared with PtCo/NPS0, PtCo/NPS3 exhibited
a more homogeneous F distribution within the imaged microtomed
catalyst-layer regions, whereas PtCo/NPS0 showed locally concentrated
F-rich regions. These results suggest improved ionomer dispersion on
the N-doped carbon support. The EDS observations are consistent with
the XPS results and suggest that acid-base interactions between the N
functionalities and sulfonic acid groups contribute to the improved
ionomer distribution.

4. Conclusions

In this work, we developed N-doped carbon supports derived from
upcycled PS via a facile one-pot crosslinking and N-doping strategy. The
supports were constructed via a Friedel-Crafts reaction followed by
carbonization and exhibit tunable N content with tailored surface
functionalities. N doping enables uniform ionomer distribution and
promotes strong coordination between Co species and N functionalities,
providing robust anchoring sites for the formation of ordered

intermetallic PtCo nanoparticles. DFT calculations provide additional
insight by evaluating the adsorption energetics of oxygen intermediates
on PtCo surfaces, supporting the experimentally observed enhancement
in ORR activity. These combined structural and interfacial features
strengthen metal-support interactions and improve oxygen accessibility
within the catalyst layer, thereby enhancing both catalytic activity and
durability. PtCo/NPS3 delivers a mass activity of 0.84 A mgp{ at 0.9 V
and retains 0.65 A mgl?tl after AST. In MEA tests, it achieves a peak
power density of 1180 mW cm™2 and maintains 86.8% of its initial
performance after 30,000 cycles. These results demonstrate that PtCo/
NPS3 is a cost-effective and durable PEMFC catalyst, while highlighting
plastic-waste upcycling as a viable strategy for scalable, high-
performance fuel cell systems.

CRediT authorship contribution statement

Yewon Kim: Writing — original draft, Methodology, Formal analysis,
Data curation, Conceptualization. Daehyeon Seo: Writing — original
draft, Methodology, Formal analysis, Data curation, Conceptualization.
Min Seo Kim: Formal analysis. Su Min Ahn: Formal analysis. Se Youn
Cho: Formal analysis. Yunji Kim: Formal analysis. Jiho Choi: Formal
analysis. Byung-Hyun Kim: Writing — review & editing, Formal anal-
ysis, Data curation, Conceptualization. Hongseok Yun: Writing — orig-
inal draft, Data curation, Conceptualization. Young Jun Lee: Writing —
review & editing, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the National Research Council of Sci-
ence & Technology (NST) grant by the Korea government (MSIT)
(CRC23013-000) and National Research Foundation of Korea (NRF)
Grant of the Korean Government (2020R1A6A1A06046728). This
research was supported by Korea Basic Science Institute (National
Research Facilities and Equipment Center) grant funded by the Ministry



Y. Kim et al.

of Education (2022R1A6C101A779).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.cej.2026.180588.

Data availability

Data will be made available on request.

References

[1]

[2]

[3

=

[4]

(5]

[6

—

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

1. Staffell, D. Scamman, A.V. Abad, P. Balcombe, P.E. Dodds, P. Ekins, N. Shah, K.
R. Ward, The role of hydrogen and fuel cells in the global energy system, Energy
Environ. Sci. 12 (2019) 463-491, https://doi.org/10.1039/c8ee01157e.

X.F. Ren, Y.R. Wang, A.M. Liu, Z.H. Zhang, Q.Y. Lv, B.H. Liu, Current progress and
performance improvement of Pt/C catalysts for fuel cells, J. Mater. Chem. A 8
(2020) 24284-24306, https://doi.org/10.1039/d0ta08312g.

R. Borup, J. Meyers, B. Pivovar, Y.S. Kim, R. Mukundan, N. Garland, D. Myers,
M. Wilson, F. Garzon, D. Wood, P. Zelenay, K. More, K. Stroh, T. Zawodzinski,

J. Boncella, J.E. McGrath, M. Inaba, K. Miyatake, M. Hori, K. Ota, Z. Ogumi,

S. Miyata, A. Nishikata, Z. Siroma, Y. Uchimoto, K. Yasuda, K. Kimijima,

N. Iwashita, Scientific aspects of polymer electrolyte fuel cell durability and
degradation, Chem. Rev. 107 (2007) 3904-3951, https://doi.org/10.1021/
cr050182L.

M.K. Debe, Electrocatalyst approaches and challenges for automotive fuel cells,
Nature 486 (2012) 43-51, https://doi.org/10.1038/naturel1115.

X.X. Wang, M.T. Swihart, G. Wu, Achievements, challenges and perspectives on
cathode catalysts in proton exchange membrane fuel cells for transportation, Nat.
Catal. 2 (2019) 578-589, https://doi.org/10.1038/s41929-019-0304-9.

F. Xiao, Y.C. Wang, Z.P. Wu, G. Chen, F. Yang, S. Zhu, K. Siddharth, Z. Kong, A. Lu,
J.C. Li, C.J. Zhong, Z.Y. Zhou, M. Shao, Recent advances in electrocatalysts for
proton exchange membrane fuel cells and alkaline membrane fuel cells, Adv.
Mater. 33 (2021) 2006292, https://doi.org/10.1002/adma.202006292.

J.T. Fan, M. Chen, Z.L. Zhao, Z. Zhang, S.Y. Ye, S.Y. Xu, H.J. Wang, H. Li, Bridging
the gap between highly active oxygen reduction reaction catalysts and effective
catalyst layers for proton exchange membrane fuel cells, Nat. Energy 6 (2021)
475-486, https://doi.org/10.1038/s41560-021-00824-7.

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

U.S.D.o. Energy, Fuel Cell Technical Team Roadmap, U.S. Department of Energy,
Washington, DC, 2017.

J.C. Meier, C. Galeano, 1. Katsounaros, A.A. Topalov, A. Kostka, F. Schiith, K.J.
J. Mayrhofer, Degradation mechanisms of Pt/C fuel cell catalysts under simulated
start-stop conditions, ACS Catal. 2 (2012) 832-843, https://doi.org/10.1021/
¢s300024h.

J. Zhang, Y. Yuan, L. Gao, G. Zeng, M. Li, H. Huang, Stabilizing Pt-based
electrocatalysts for oxygen reduction reaction: fundamental understanding and
design strategies, Adv. Mater. 33 (2021) e2006494, https://doi.org/10.1002/
adma.202006494.

H. Seong, D. Lee, Atomically precise metal nanoclusters for energy conversion,
Bull. Korean Chem. Soc. 45 (2024) 435-450, https://doi.org/10.1002/bkes.12842.
S. Campisi, C.E. Chan-Thaw, A. Villa, Understanding heteroatom-mediated metal-
support interactions in functionalized carbons: a perspective review, Appl. Sci. 8
(2018) 1159, https://doi.org/10.3390/app8071159.

J.R. Li, M.X. Liu, X. Liu, X.H. Yu, Q.Z. Li, Q. Sun, T. Sun, S. Cao, C.C. Hou, The
recent progress of oxygen reduction electrocatalysts used at fuel cell level, Small
Methods 8 (2024) e2301249, https://doi.org/10.1002/smtd.202301249.

L. Chong, J. Wen, J. Kubal, F.G. Sen, J. Zou, J. Greeley, M. Chan, H. Barkholtz,
W. Ding, D.J. Liu, Ultralow-loading platinum-cobalt fuel cell catalysts derived from
imidazolate frameworks, Science 362 (2018) 1276-1281, https://doi.org/
10.1126/science.aau0630.

L.L. Ling, W.J. Liu, S.Q. Chen, X. Hu, H. Jiang, MOF templated nitrogen doped
carbon stabilized Pt-co bimetallic nanoparticles: low Pt content and robust activity
toward Electrocatalytic oxygen reduction reaction, ACS Appl. Nano Mater. 1
(2018) 3331-3338, https://doi.org/10.1021/acsanm.8b00533.

B. Li, L. Zhang, J. Zhang, Y. Su, Recent insight in transition metal anchored on
nitrogen-doped carbon catalysts: preparation and catalysis application,
Electrochem 3 (2022) 520-537, https://doi.org/10.3390/electrochem3030036.
Y.Y. Shao, J.H. Sui, G.P. Yin, Y.Z. Gao, Nitrogen-doped carbon nanostructures and
their composites as catalytic materials for proton exchange membrane fuel cell,
Appl. Catal. B Environ. 79 (2008) 89-99, https://doi.org/10.1016/].
apcatb.2007.09.047.

Y. Shin, S. Park, One pot production of co core/carbon shell materials and their
electrocatalytic properties, Bull. Korean Chem. Soc. 45 (2024) 23-31, https://doi.
org/10.1002/bkes.12798.

N. Xue, X. Xue, A. Aihemaiti, H. Zhu, J. Yin, Atomically dispersed Ce sites
augmenting activity and durability of Fe-based oxygen reduction catalyst in
PEMFC, Small 20 (2024) 2311034, https://doi.org/10.1002/smll.202311034.

10

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Chemical Engineering Journal 547 (2026) 180588

N. Xue, X. Xue, J. Yin, L. Yang, H. Zhu, Enhancing Fe single-atom catalyst
performance for oxygen reduction via nanoclusters coupling, J. Power Sources 653
(2025) 237771, https://doi.org/10.1016/j.jpowsour.2025.237771.

S. Ott, A. Orfanidi, H. Schmies, B. Anke, H.N. Nong, J. Hubner, U. Gernert,

M. Gliech, M. Lerch, P. Strasser, Ionomer distribution control in porous carbon-
supported catalyst layers for high-power and low Pt-loaded proton exchange
membrane fuel cells, Nat. Mater. 19 (2020) 77-85, https://doi.org/10.1038/
s41563-019-0487-0.

Q. Gong, H. Zhang, H. Yu, S. Jeon, Y. Ren, Z. Yang, C.-J. Sun, E.A. Stach, A.

C. Foucher, Y. Yu, Amino-tethering synthesis strategy toward highly accessible sub-
3-nm L1¢-PtM catalysts for high-power fuel cells, Matter 6 (2023) 963-982,
https://doi.org/10.1016/j.matt.2022.12.011.

D. Wei, Y. Liu, Y. Wang, H. Zhang, L. Huang, G. Yu, Synthesis of N-doped graphene
by chemical vapor deposition and its electrical properties, Nano Lett. 9 (2009)
1752-1758, https://doi.org/10.1021/n1803279t.

D.S. Geng, Y. Chen, Y.G. Chen, Y.L. Li, R.Y. Li, X.L. Sun, S.Y. Ye, S. Knights, High
oxygen-reduction activity and durability of nitrogen-doped graphene, Energy
Environ. Sci. 4 (2011) 760-764, https://doi.org/10.1039/c0ee00326c.

R.L Jafri, N. Rajalakshmi, S. Ramaprabhu, Nitrogen doped graphene nanoplatelets
as catalyst support for oxygen reduction reaction in proton exchange membrane
fuel cell, J. Mater. Chem. 20 (2010) 7114-7117, https://doi.org/10.1039/
c0jm00467g.

D.H. Deng, X.L. Pan, L.A. Yu, Y. Cui, Y.P. Jiang, J. Qi, W.X. Li, Q.A. Fu, X.C. Ma, Q.
K. Xue, G.Q. Sun, X.H. Bao, Toward N-doped graphene via solvothermal synthesis,
Chem. Mater. 23 (2011) 1188-1193, https://doi.org/10.1021/cm102666r.

D. Long, W. Li, L. Ling, J. Miyawaki, I. Mochida, S.H. Yoon, Preparation of
nitrogen-doped graphene sheets by a combined chemical and hydrothermal
reduction of graphene oxide, Langmuir 26 (2010) 16096-16102, https://doi.org/
10.1021/1a102425a.

C. Zou, D. Wu, M. Li, Q. Zeng, F. Xu, Z. Huang, R. Fu, Template-free fabrication of
hierarchical porous carbon by constructing carbonyl crosslinking bridges between
polystyrene chains, J. Mater. Chem. 20 (2010) 731-735, https://doi.org/10.1039/
B917960G.

Z.H. Li, H.Y. Zhang, H.P. Zhu, L.Q. Li, H.Y. Liao, Facile synthesis of graphitic
porous carbons with three-dimensional nanonetwork for high-rate supercapacitive
energy storage, J. Mater. Sci. 51 (2016) 5676-5684, https://doi.org/10.1007/
s10853-016-9870-2.

B.Y. Li, R.N. Gong, W. Wang, X. Huang, W. Zhang, H.M. Li, C.X. Hu, B.E. Tan,

A new strategy to microporous polymers: knitting rigid aromatic building blocks by
external cross-linker, Macromolecules 44 (2011) 2410-2414, https://doi.org/
10.1021/ma200630s.

G. Jiangfei, W. Lizhi, D. Zhang, J. Huang, Amino-functionalized porphyrin-based
porous organic polymers for CO, capture and Hg?* removal, Energy Fuel 34 (2020)
9771-9778, https://doi.org/10.1021/acs.energyfuels.9b04206.

M. Huang, L. Yang, X. Li, G. Chang, An indole-derived porous organic polymer for
the efficient visual colorimetric capture of iodine in aqueous media via the
synergistic effects of cation-pi and electrostatic forces, Chem. Commun. (Camb.) 56
(2020) 1401-1404, https://doi.org/10.1039/c9cc08699d.

S.K. Kundu, A. Bhaumik, Novel nitrogen and sulfur rich hyper-cross-linked
microporous poly-Triazine-Thiophene copolymer for superior CO capture, ACS
Sustain. Chem. Eng. 4 (2016) 3697-3703, https://doi.org/10.1021/
acssuschemeng.6b00262.

M. Yang, H.B. Chen, D.G. Yang, Y. Gao, H.M. Li, High-performance electrocatalyst
for oxygen reduction reaction derived from copolymer networks and iron(II)
acetate, RSC Adv. 6 (2016) 97259-97265, https://doi.org/10.1039/c6ra24314b.
J. Kwon, H. Lee, L. Natarajan, S. Shin, J. Choi, S. Lee, B.J. Kim, H. Lee, Y.J. Lee,
Highly durable fuel cells using carbon-bound platinum alloy catalysts derived from
upcycled polystyrene, Chem. Mater. 37 (2025) 2047-2057, https://doi.org/
10.1021/acs.chemmater.5c00103.

J.C. Capricho, K. Prasad, N. Hameed, M. Nikzad, N. Salim, Upcycling polystyrene,
Polymers (Basel) 14 (2022) 5010, https://doi.org/10.3390/polym14225010.
M.T. Chin, T. Diao, Industrial and Laboratory Technologies for the Chemical
Recycling of plastic waste, ACS Catal. 14 (2024) 12437-12453, https://doi.org/
10.1021/acscatal.4c03194.

Y.J. Lee, H.E. Kim, E. Lee, J. Lee, S. Shin, H. Yun, E.J. Kim, H. Jung, H.C. Ham, B.
J. Kim, H. Lee, Ultra-low Pt loaded porous carbon microparticles with controlled
channel structure for high-performance fuel cell catalysts, Adv. Energy Mater. 11
(2021) 2102970, https://doi.org/10.1002/aenm.202102970.

N. Taheri, M. Dinari, M. Asgari, Recent applications of porous organic polymers
prepared via Friedel-crafts reaction under the catalysis of AlCl3: a review, ACS
Appl. Polym. Mater. 4 (2022) 6288-6302, https://doi.org/10.1021/
acsapm.2c00927.

J. Liang, K. Lee, J. Li, J. Guo, Q. Zhao, C. Dun, G. Wu, Mn doping to break the
trade-off of ordering degree and particle size for PtCo intermetallic catalysts for
heavy-duty fuel cells, ACS Catal. (2026), https://doi.org/10.1021/
acscatal.6c01444.

G. Kresse, J. Furthmiiller, Efficiency of ab-initio total energy calculations for metals
and semiconductors using a plane-wave basis set, Comput. Mater. Sci. 6 (1996)
15-50, https://doi.org/10.1016,/0927-0256(96)00008-0.

G. Kresse, J. Furthmiiller, Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set, Phys. Rev. B 54 (1996) 11169, https://
doi.org/10.1103/PhysRevB.54.11169.

J.P. Perdew, A. Ruzsinszky, G.I. Csonka, O.A. Vydrov, G.E. Scuseria, L.

A. Constantin, X. Zhou, K. Burke, Restoring the density-gradient expansion for
exchange in solids and surfaces, Phys. Rev. Lett. 100 (2008) 136406, https://doi.
org/10.1103/PhysRevLett.100.136406.


https://doi.org/10.1016/j.cej.2026.180588
https://doi.org/10.1016/j.cej.2026.180588
https://doi.org/10.1039/c8ee01157e
https://doi.org/10.1039/d0ta08312g
https://doi.org/10.1021/cr050182l
https://doi.org/10.1021/cr050182l
https://doi.org/10.1038/nature11115
https://doi.org/10.1038/s41929-019-0304-9
https://doi.org/10.1002/adma.202006292
https://doi.org/10.1038/s41560-021-00824-7
https://doi.org/10.1021/acs.chemrev.7b00488
http://refhub.elsevier.com/S1385-8947(26)08050-2/rf0045
http://refhub.elsevier.com/S1385-8947(26)08050-2/rf0045
https://doi.org/10.1021/cs300024h
https://doi.org/10.1021/cs300024h
https://doi.org/10.1002/adma.202006494
https://doi.org/10.1002/adma.202006494
https://doi.org/10.1002/bkcs.12842
https://doi.org/10.3390/app8071159
https://doi.org/10.1002/smtd.202301249
https://doi.org/10.1126/science.aau0630
https://doi.org/10.1126/science.aau0630
https://doi.org/10.1021/acsanm.8b00533
https://doi.org/10.3390/electrochem3030036
https://doi.org/10.1016/j.apcatb.2007.09.047
https://doi.org/10.1016/j.apcatb.2007.09.047
https://doi.org/10.1002/bkcs.12798
https://doi.org/10.1002/bkcs.12798
https://doi.org/10.1002/smll.202311034
https://doi.org/10.1016/j.jpowsour.2025.237771
https://doi.org/10.1038/s41563-019-0487-0
https://doi.org/10.1038/s41563-019-0487-0
https://doi.org/10.1016/j.matt.2022.12.011
https://doi.org/10.1021/nl803279t
https://doi.org/10.1039/c0ee00326c
https://doi.org/10.1039/c0jm00467g
https://doi.org/10.1039/c0jm00467g
https://doi.org/10.1021/cm102666r
https://doi.org/10.1021/la102425a
https://doi.org/10.1021/la102425a
https://doi.org/10.1039/B917960G
https://doi.org/10.1039/B917960G
https://doi.org/10.1007/s10853-016-9870-2
https://doi.org/10.1007/s10853-016-9870-2
https://doi.org/10.1021/ma200630s
https://doi.org/10.1021/ma200630s
https://doi.org/10.1021/acs.energyfuels.9b04206
https://doi.org/10.1039/c9cc08699d
https://doi.org/10.1021/acssuschemeng.6b00262
https://doi.org/10.1021/acssuschemeng.6b00262
https://doi.org/10.1039/c6ra24314b
https://doi.org/10.1021/acs.chemmater.5c00103
https://doi.org/10.1021/acs.chemmater.5c00103
https://doi.org/10.3390/polym14225010
https://doi.org/10.1021/acscatal.4c03194
https://doi.org/10.1021/acscatal.4c03194
https://doi.org/10.1002/aenm.202102970
https://doi.org/10.1021/acsapm.2c00927
https://doi.org/10.1021/acsapm.2c00927
https://doi.org/10.1021/acscatal.6c01444
https://doi.org/10.1021/acscatal.6c01444
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.100.136406

Y. Kim et al.

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented-
wave method, Phys. Rev. B 59 (1999) 1758, https://doi.org/10.1103/
PhysRevB.59.1758.

J.P. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jackson, M.R. Pederson, D.J. Singh,
C. Fiolhais, Atoms, molecules, solids, and surfaces: applications of the generalized
gradient approximation for exchange and correlation, Phys. Rev. B 46 (1992)
6671, https://doi.org/10.1103/PhysRevB.46.6671.

P. Blochl, O. Jepsen, O. Andersen, Projector augmented-wave method, Phys. Rev. B
50 (1994) 17953, https://doi.org/10.1103/physrevb.50.17953.

A.A. Peterson, F. Abild-Pedersen, F. Studt, J. Rossmeisl, J.K. Ngrskov, How copper
catalyzes the electroreduction of carbon dioxide into hydrocarbon fuels, Energy
Environ. Sci. 3 (2010) 1311-1315, https://doi.org/10.1039/COEE00071J.

E. Hornberger, T. Merzdorf, H. Schmies, J. Hubner, M. Klingenhof, U. Gernert,
M. Kroschel, B. Anke, M. Lerch, J. Schmidt, A. Thomas, R. Chattot, I. Martens,

J. Drnec, P. Strasser, Impact of carbon N-doping and Pyridinic-N content on the
fuel cell performance and durability of carbon-supported Pt nanoparticle catalysts,
ACS Appl. Mater. Interfaces 14 (2022) 18420-18430, https://doi.org/10.1021/
acsami.2c00762.

Z. Li, Q. Gao, H. Zhang, W. Tian, Y. Tan, W. Qian, Z. Liu, Low content Pt
nanoparticles anchored on N-doped reduced graphene oxide with high and stable
electrocatalytic activity for oxygen reduction reaction, Sci. Rep. 7 (2017) 43352,
https://doi.org/10.1038/srep43352.

M. Zhong, E.K. Kim, J.P. McGann, S.E. Chun, J.F. Whitacre, M. Jaroniec,

K. Matyjaszewski, T. Kowalewski, Electrochemically active nitrogen-enriched
nanocarbons with well-defined morphology synthesized by pyrolysis of self-
assembled block copolymer, J. Am. Chem. Soc. 134 (2012) 14846-14857, https://
doi.org/10.1021/ja304352n.

W. Yoshimune, N. Kikkawa, H. Yoneyama, N. Takahashi, S. Minami, Y. Akimoto,
T. Mitsuoka, H. Kawaura, M. Harada, N.L. Yamada, H. Aoki, Interfacial distribution
of Nafion ionomer thin films on nitrogen-modified carbon surfaces, ACS Appl.
Mater. Interfaces 14 (2022) 53744-53754, https://doi.org/10.1021/
acsami.2c14574.

J.W. Ma, A. Habrioux, Y. Luo, G. Ramos-Sanchez, L. Calvillo, G. Granozzi, P.

B. Balbuena, N. Alonso-Vante, Electronic interaction between platinum
nanoparticles and nitrogen-doped reduced graphene oxide: effect on the oxygen
reduction reaction, J. Mater. Chem. A 3 (2015) 11891-11904, https://doi.org/
10.1039/c5ta01285f.

L. Zhang, Z. Su, F. Jiang, L. Yang, J. Qian, Y. Zhou, W. Li, M. Hong, Highly
graphitized nitrogen-doped porous carbon nanopolyhedra derived from ZIF-8
nanocrystals as efficient electrocatalysts for oxygen reduction reactions, Nanoscale
6 (2014) 6590-6602, https://doi.org/10.1039/c4nr00348a.

E. Alwin, M. Zielinski, A. Suchora, I. Gulaczyk, Z. Piskula, M. Pietrowski, High
surface area, spongy graphitic carbon nitride derived by selective etching by Pt and
Ru nanoparticles in hydrogen, J. Mater. Sci. 57 (2022) 15705-15721, https://doi.
org/10.1007/s10853-022-07621-x.

Y. Tang, J. Chen, Z. Mao, C. Roth, D. Wang, Highly N-doped carbon with low
graphitic-N content as anode material for enhanced initial coulombic efficiency of
lithium-ion batteries, Carbon Energy 5 (2023) €257, https://doi.org/10.1002/
cey2.257.

D. Wang, H.L. Xin, R. Hovden, H. Wang, Y. Yu, D.A. Muller, F.J. DiSalvo, H.

D. Abruna, Structurally ordered intermetallic platinum-cobalt core-shell
nanoparticles with enhanced activity and stability as oxygen reduction
electrocatalysts, Nat. Mater. 12 (2013) 81-87, https://doi.org/10.1038/nmat3458.
Y. Zhao, J. Liu, Y. Zhao, F. Wang, Composition-controlled synthesis of carbon-
supported Pt-co alloy nanoparticles and the origin of their ORR activity
enhancement, Phys. Chem. Chem. Phys. 16 (2014) 19298-19306, https://doi.org/
10.1039/c4cp02531h.

M. Shao, Q. Chang, J.P. Dodelet, R. Chenitz, Recent advances in Electrocatalysts for
oxygen reduction reaction, Chem. Rev. 116 (2016) 3594-3657, https://doi.org/
10.1021/acs.chemrev.5b00462.

W.P. Xiao, W. Lei, M.X. Gong, H.L. Xin, D.L. Wang, Recent advances of structurally
ordered intermetallic nanoparticles for electrocatalysis, ACS Catal. 8 (2018)
3237-3256, https://doi.org/10.1021/acscatal.7b04420.

C. Roiron, A. Cosenza, G. Ferro, J.L. Chen, H. Wang, P. Atanassov, Carbon catalyst
supports for Pt-based polymer electrolyte membrane fuel cells: porosity,

11

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Chemical Engineering Journal 547 (2026) 180588

graphitization, and chemical modifications, Adv. Sci. 12 (2025) e08841, https://
doi.org/10.1002/advs.202508841.

M. Sakthivel, J.-F. Drillet, An extensive study about influence of the carbon support
morphology on Pt activity and stability for oxygen reduction reaction, Appl. Catal.
B Environ. 231 (2018) 62-72, https://doi.org/10.1016/j.apcatb.2018.02.050.

P. Guo, Y. Xia, B. Liu, M. Ma, L. Shen, Y. Dai, Z. Zhang, Z. Zhao, Y. Zhang, L. Zhao,
Z. Wang, Low-loading Sub-3 nm PtCo nanoparticles supported on co-N-C with dual
effect for oxygen reduction reaction in proton exchange membrane fuel cells, ACS
Appl. Mater. Interfaces 14 (2022) 53819-53827, https://doi.org/10.1021/
acsami.2c15996.

X.X. Wang, S. Hwang, Y.T. Pan, K. Chen, Y. He, S. Karakalos, H. Zhang, J.

S. Spendelow, D. Su, G. Wu, Ordered Pt(3)co intermetallic nanoparticles derived
from metal-organic frameworks for oxygen reduction, Nano Lett. 18 (2018)
4163-4171, https://doi.org/10.1021/acs.nanolett.8b00978.

J. Chen, J. Dong, J. Huo, C. Li, L. Du, Z. Cui, S. Liao, Ultrathin co-N-C layer
modified Pt-co intermetallic nanoparticles leading to a high-performance
electrocatalyst toward oxygen reduction and methanol oxidation, Small 19 (2023)
2301337, https://doi.org/10.1002/smll.202301337.

Q. Cheng, S. Yang, C. Fu, L. Zou, Z. Zou, Z. Jiang, J. Zhang, H. Yang, High-loaded
sub-6 nm Pt1Col intermetallic compounds with highly efficient performance
expression in PEMFCs, Energy Environ. Sci. 15 (2022) 278-286, https://doi.org/
10.1039/D1EE02530A.

M.IL. Maulana, T.H. Jo, H.Y. Lee, C. Lee, C. Gyan-Barimah, C.H. Shin, J.H. Yu, K.
S. Lee, S. Back, J.S. Yu, Cobalt nitride-implanted PtCo intermetallic Nanocatalysts
for ultrahigh fuel cell cathode performance, J. Am. Chem. Soc. 146 (2024)
30922-30932, https://doi.org/10.1021/jacs.4c09514.

L. Huang, M. Wei, R. Qi, C.-L. Dong, D. Dang, C.-C. Yang, C. Xia, C. Chen, S. Zaman,
F.-M. Li, An integrated platinum-nanocarbon electrocatalyst for efficient oxygen
reduction, Nat. Commun. 13 (2022) 6703, https://doi.org/10.1038/541467-022-
34444-w.

X. Liu, Y. Wang, J. Liang, S. Li, S. Zhang, D. Su, Z. Cai, Y. Huang, L. Elbaz, Q. Li,
Introducing Electron buffers into intermetallic Pt alloys against surface
polarization for high-performing fuel cells, J. Am. Chem. Soc. 146 (2024)
2033-2042, https://doi.org/10.1021/jacs.3c10681.

X. Zhu, X. Zhang, L. Huang, Y. Liu, H. Zhang, S. Dong, Cobalt doped beta-
molybdenum carbide nanoparticles encapsulated within nitrogen-doped carbon for
oxygen evolution, Chem. Commun. (Camb.) 55 (2019) 9995-9998, https://doi.
0rg/10.1039/c9¢cc04892h.

K. Chen, J.H. Huang, J.X. Chen, J.Y. Gao, Z.W. Lu, X. Liu, S.C. Lan, G.H. Jia, S.
Q. Ci, Z.H. Wen, Neighboring iron single atomic sites boost PtCo intermetallic
activity for high-durability ORR electrocatalysis, Energy Environ. Sci. 18 (2025)
6732-6743, https://doi.org/10.1039/d5ee00624d.

M. Oezaslan, F. Hasché, P. Strasser, Oxygen electroreduction on PtCo3, PtCo and
Pt3Co alloy nanoparticles for alkaline and acidic PEM fuel cells, J. Electrochem.
Soc. 159 (2012) B394-B405, https://doi.org/10.1149/2.075204jes.

R. Nelson, C. Ertural, J. George, V.L. Deringer, G. Hautier, R. Dronskowski,
LOBSTER: local orbital projections, atomic charges, and chemical-bonding analysis
from projector-augmented-wave-based density-functional theory, J. Comput.
Chem. 41 (2020) 1931-1940, https://doi.org/10.1002/jcc.26353.

S. Ott, F. Du, M.L. Luna, T.A. Dao, S. Selve, B.R. Cuenya, A. Orfanidi, P. Strasser,
Property-reactivity relations of N-doped PEM fuel cell cathode catalyst supports,
Appl. Catal. B Environ. Energy 306 (2022) 121118, https://doi.org/10.1016/j.
apcatb.2022.121118.

S.-N. Hu, W.-C. Xu, N. Tian, S.-M. Chen, M.-Y. Li, J.-F. Shen, J.-X. Lin, S.-L. Guo, X.-
Y. Huang, Z.-Y. Zhou, AP-O functional group anchoring Pt-co electrocatalyst for
high-durability PEMFCs, Energy Environ. Sci. 17 (2024) 3099-3111, https://doi.
org/10.1039/D3EE04503J.

X. Cao, H. Guo, Y. Han, M. Li, C. Shang, R. Zhao, Q. Huang, M. Li, Q. Zhang, F. Lv,
H. Tan, Z. Qian, M. Luo, S. Guo, Sandwiching intermetallic Pt(3)Fe and ionomer
with porous N-doped carbon layers for oxygen reduction reaction, Nat. Commun.
16 (2025) 2851, https://doi.org/10.1038/541467-025-58116-7.

M.R. Berber, I.H. Hafez, T. Fujigaya, N. Nakashima, A highly durable fuel cell
electrocatalyst based on double-polymer-coated carbon nanotubes, Sci. Rep. 5
(2015) 16711, https://doi.org/10.1038/srep16711.


https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1039/C0EE00071J
https://doi.org/10.1021/acsami.2c00762
https://doi.org/10.1021/acsami.2c00762
https://doi.org/10.1038/srep43352
https://doi.org/10.1021/ja304352n
https://doi.org/10.1021/ja304352n
https://doi.org/10.1021/acsami.2c14574
https://doi.org/10.1021/acsami.2c14574
https://doi.org/10.1039/c5ta01285f
https://doi.org/10.1039/c5ta01285f
https://doi.org/10.1039/c4nr00348a
https://doi.org/10.1007/s10853-022-07621-x
https://doi.org/10.1007/s10853-022-07621-x
https://doi.org/10.1002/cey2.257
https://doi.org/10.1002/cey2.257
https://doi.org/10.1038/nmat3458
https://doi.org/10.1039/c4cp02531h
https://doi.org/10.1039/c4cp02531h
https://doi.org/10.1021/acs.chemrev.5b00462
https://doi.org/10.1021/acs.chemrev.5b00462
https://doi.org/10.1021/acscatal.7b04420
https://doi.org/10.1002/advs.202508841
https://doi.org/10.1002/advs.202508841
https://doi.org/10.1016/j.apcatb.2018.02.050
https://doi.org/10.1021/acsami.2c15996
https://doi.org/10.1021/acsami.2c15996
https://doi.org/10.1021/acs.nanolett.8b00978
https://doi.org/10.1002/smll.202301337
https://doi.org/10.1039/D1EE02530A
https://doi.org/10.1039/D1EE02530A
https://doi.org/10.1021/jacs.4c09514
https://doi.org/10.1038/s41467-022-34444-w
https://doi.org/10.1038/s41467-022-34444-w
https://doi.org/10.1021/jacs.3c10681
https://doi.org/10.1039/c9cc04892h
https://doi.org/10.1039/c9cc04892h
https://doi.org/10.1039/d5ee00624d
https://doi.org/10.1149/2.075204jes
https://doi.org/10.1002/jcc.26353
https://doi.org/10.1016/j.apcatb.2022.121118
https://doi.org/10.1016/j.apcatb.2022.121118
https://doi.org/10.1039/D3EE04503J
https://doi.org/10.1039/D3EE04503J
https://doi.org/10.1038/s41467-025-58116-7
https://doi.org/10.1038/srep16711

	Upcycled polymer waste-derived N-doped carbon supports enabling durable PtCo catalysts for PEM fuel cells
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Synthesis of NPS
	2.3 Synthesis of PtCo/NPS catalysts
	2.4 Characterization
	2.5 Electrochemical characterization
	2.6 Computational method

	3 Results and discussion
	3.1 Synthesis of NPS
	3.2 Characterization of PtCo/NPS catalysts
	3.3 Electrochemical characterization

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


