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Abstract 
The urgent need to reduce carbon emissions and transition toward cleaner energy systems has 
intensified the search for electrocatalysts that are both efficient and resource-sustainable. Proton 
exchange membrane fuel cells (PEMFCs), powered by the oxygen reduction reaction (ORR), 
represent a key technology in this shift, but their reliance on platinum-group metals (PGMs) limits 
large-scale deployment. Single-atom Fe–N–C catalysts have emerged as promising PGM-free 
alternatives in acidic electrolytes, offering a balance of performance, cost, and environmental 
benefits. In this study, we report Fe-N-DPC-1000, an iron- and nitrogen-doped porous carbon 
synthesized at 1000 °C through a polyvinylpyrrolidone (PVP)-assisted metal–organic framework 
(MOF) strategy. The introduction of PVP during precursor formation promotes nitrogen 
incorporation, ensures atomic-level Fe dispersion, and stabilizes the framework during pyrolysis. 
The resulting material exhibits a hierarchical micro–mesoporous structure with a BET surface area 
~ 1580 m²g⁻¹ along with a micropore volume of 0.54 cm³g⁻¹. Single-cell PEMFC testing 
demonstrated a peak power density of 1205 mWcm⁻², approaching the level of Pt/C performance 
and outperforming its PVP-free counterpart by 35.3%, while maintaining strong stability. These 
results establish polymer-assisted MOF engineering as a scalable approach to designing high-
performance Fe–N–C catalysts for next-generation, environmentally sustainable fuel cell 
technologies. 
 
Keywords: Proton exchange membrane fuel cells (PEMFCs), Oxygen reduction reaction (ORR), 
Platinum-group-metal-free (PGM-free) catalysts, Fe–N–C catalysts, Sustainable energy 
conversion. 

 
Introduction 

The global shift toward cleaner, more 
sustainable, and low-carbon energy systems 
has been gathering tremendous pace in recent 
years. This change is largely fueled by 
growing public and scientific concern over the 
escalating impacts of climate change, 
depletion of fossil fuel reserves, and the 
urgent global call to curb greenhouse gas 
emissions. So, there is an increasing emphasis 

on developing efficient, renewable, and 
carbon-neutral technologies. Among the 
various emerging alternatives, proton 
exchange membrane fuel cells (PEMFCs) are 
known as one of the most promising solutions. 
These systems can convert hydrogen directly 
into electricity through an electrochemical 
process that emits only water as a byproduct, 
offering a clean and efficient pathway toward 

Cross Mark



Pak. J. Anal. Environ. Chem. Vol. 27, No. 1 (2026) 2

a truly sustainable energy future [1, 2]. They 
also provide high energy density, rapid 
startup, and reliable operation at moderate 
temperatures, making them attractive for use 
in transportation, stationary power, and 
portable applications [2, 3]. Nevertheless, the 
widespread commercialization of PEMFCs 
has been constrained by their dependence on 
platinum-group metals (PGMs), particularly 
platinum, as catalysts for the oxygen reduction 
reaction (ORR) at the cathode [4, 5]. The 
limited availability, high cost, and supply  
risks associated with PGMs remain major 
barriers to cost-competitive and sustainable 
fuel cell systems [6, 7]. This challenge has 
spurred extensive efforts to design catalysts 
that do not rely on PGMs [4, 8, 9]. In 
particular, atomically dispersed Fe species 
coordinated with nitrogen (Fe–Nₓ sites) have 
been  reported to achieve ORR activity in 
acidic electrolytes comparable to that of 
platinum [10, 11]. Beyond their strong 
intrinsic activity, Fe–N–C catalysts are 
attractive due to their low cost, earth-abundant 
precursors, and compatibility with current 
PEMFC configurations. However, limitations 
in durability, active site density, and mass 
transport continue to hinder their 
commercialization [12, 13]. 
 

The ORR performance of Fe–N–C 
catalysts is strongly influenced by their 
structural and compositional characteristics [3, 
14]. Maximizing the density of Fe–Nₓ sites 
requires maintaining atomic dispersion of Fe 
while suppressing the formation of metallic 
nanoparticles, which not only diminishes 
activity but also dissolves readily under acidic 
conditions [15, 16]. Porosity is another critical 
parameter: micropores provide anchoring sites 
for Fe–Nₓ centers, whereas mesopores 
facilitate oxygen and proton transport and help 
remove product water [17, 18]. A carefully 
engineered micro–mesoporous architecture is 
therefore regarded as essential for high 

catalytic activity and optimal utilization of 
active sites [17, 19]. Yet, constructing such 
hierarchically integrated structures remains 
challenging. Metal–organic frameworks 
(MOFs) have recently attracted significant 
attention as precursors for Fe–N–C catalysts, 
owing to their large surface areas, uniform 
distribution of metal and nitrogen atoms, and 
tunable chemical environments [20–22]. 
Among them, zeolitic imidazolate frameworks 
(ZIFs), particularly ZIF-8, are the most widely 
used because of their simple synthesis, 
structural robustness, and inherent 
microporosity [23–25]. Upon pyrolysis, these 
frameworks transform into nitrogen-doped 
porous carbon matrices that effectively anchor 
and disperse Fe species [26, 27]. Despite these 
advantages, MOF-derived Fe–N–C catalysts 
also face drawbacks: high-temperature 
treatment can partially collapse the 
framework, reduce microporosity, and 
promote uncontrolled Fe particle aggregation, 
all of which impair catalytic activity and 
durability [3, 5, 13, 28]. 
 

To overcome these challenges, several 
approaches have been explored, including the 
introduction of secondary nitrogen sources, 
the design of bimetallic systems, and the use 
of templating methods to control porosity [29–
34]. More recently, attention has shifted to 
incorporating polymer additives as a 
promising strategy. Incorporated during MOF 
precursor synthesis, polymers can serve as 
structure-directing agents, stabilizers, or 
dopants. In this role, they affect the 
distribution of metal ions, help maintain the 
framework during pyrolysis, and enrich the 
final carbon with nitrogen functionalities    
[35–38]. Among the various options, 
polyvinylpyrrolidone (PVP) has attracted 
particular interest because it binds        
strongly with transition-metal ions, supplies 
nitrogen upon pyrolysis, and prevents 
sintering of particles at elevated temperatures 
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[24, 39, 40]. These attributes suggest that PVP 
could be highly effective in enhancing the 
structural integrity and catalytic activity of 
MOF-derived Fe–N–C systems. Yet,             
its use as a deliberate directing agent in 
synthesizing Fe–N–C catalysts for PEMFC 
applications has not been systematically 
examined. 

 
This gap is significant, since the 

multifunctional role of PVP could directly 
address key limitations in Fe–N–C catalyst 
development. Through enhanced nitrogen 
incorporation, stabilization of the MOF crystal 
framework, and promotion of atomic-level Fe 
dispersion, PVP-assisted synthesis offers a 
promising route to catalysts with both high 
active-site density and well-preserved 
microporous channels [24, 26, 36, 41]. To 
fully establish its potential, however, a 
systematic investigation is required to assess 
not only the effectiveness of this method but 
also its scalability for practical PEMFC 
applications. In this work, we introduce a 
PVP-assisted MOF strategy for preparing Fe-
N-DPC-1000, a hierarchically porous Fe–N–C 
catalyst designed for oxygen reduction in 
acidic fuel cells. Incorporation of PVP during 
MOF precursor formation modifies the 
carbonization pathway, leading to preserved 
microporosity, enhanced nitrogen 
coordination, and atomically dispersed Fe 
species without detectable nanoparticle 
formation. These structural advantages 
translate into notably enhanced fuel cell 
performance, with Fe-N-DPC-1000 reaching a 
peak power density of 1205 mWcm⁻², 
approaching the benchmark of commercial 
Pt/C under identical conditions. Importantly, 
the introduction of PVP during synthesis 
enhances the power density by nearly 35.3% 
compared with the non-PVP analogue. This 
PVP-assisted MOF strategy offers a scalable 
and environmentally sustainable pathway 
toward platinum-free ORR catalysts, 
supporting the advancement of durable,    

cost-effective PEMFC systems as part of the 
global transition to a low-carbon energy 
future. 

 
Materials and Methods 
Chemicals and Reagents 
 

All chemicals used in this work were 
of analytical grade and were employed 
without any further purification. The organic 
linker 2-methylimidazole (2-MeIm, C₄H₆N₂, 
≥99%) and zinc nitrate hexahydrate 
(Zn(NO₃)₂·6H₂O, ≥99%) were purchased    
from Sigma-Aldrich and used as the      
starting precursors for the formation of ZIF-8. 
Iron(III) nitrate nonahydrate (Fe(NO₃)₃·9H₂O, 
≥98%), also obtained from Sigma-Aldrich, 
served as the source of iron for the Fe–N–C 
catalysts. Polyvinylpyrrolidone (PVP, Mw ≈ 
10,000) was employed as a polymeric   
additive to regulate crystal growth          
during MOF formation and to contribute 
nitrogen functionalities during subsequent 
pyrolysis. 
 

For electrode and MEA preparation, 
Nafion® ionomer (5 wt% dispersion, D2020) 
was purchased from Alfa Aesar and used as 
the proton-conducting binder in catalyst inks. 
Sulfuric acid (H₂SO₄, 98%) from Alfa Aesar 
was used as the electrolyte for electrochemical 
tests in acidic media. Solvents including 
methanol, ethanol, and isopropanol were of 
analytical grade and were obtained from local 
suppliers. Ultrapure water with a resistivity 
greater than 18.2 MΩ·cm was employed in all 
solution preparations and washing steps to 
ensure purity. 
 

High-purity gases were used 
throughout the experimental work. Oxygen 
(99.999%), nitrogen (99.9999%), and 
hydrogen (99.999%) were supplied in 
compressed cylinders; compressed air was 
used for PEMFC single-cell testing. These 
specifications align with standard practice in 
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catalyst synthesis and electrochemical 
evaluation and help ensure that results are not 
confounded by impurities or reagent 
variability. 

 
Catalyst Synthesis 
 

The preparation of the Fe–N–C 
electrocatalyst was carried out through a PVP-
mediated MOF method, following our 
previous method [42]. To prepare the sample, 
2-methylimidazole (MeIm, C₄H₆N₂) having 
mass of 1 g was first dissolved in 62.5 mL of 
methanol, forming what was designated as 
solution A. Into this mixture, 0.3125 g of PVP 
was introduced and stirred until the solution 
became completely clear. Meanwhile, another 
mixture—referred to as solution B—was made 
by dissolving 0.6 g of zinc nitrate hexahydrate 
(Zn(NO₃)₂·6H₂O) along with 0.026 g of 
iron(III) nitrate nonahydrate (Fe(NO₃)₃·9H₂O) 
in an equal volume (62.5 mL) of methanol. 
Afterwards, solution B was then poured into 
solution A while mixing vigorously, resulting 
in immediate nucleation of PVP-stabilized Fe-
incorporated ZIF-8 crystals. The resulting 
mixture was kept under continuous stirring at 
room temperature for 12 h, allowing for 
complete crystal growth. 
 

The crystals were recovered by 
centrifugation at 7200 rpm for 10 min, rinsed 
three times with ethanol to eliminate residual 
precursors, and dried under vacuum at 60 °C 
for 8 h. The dry precursor was then carbonized 
in a tube furnace under flowing nitrogen, 
where the temperature was ramped to 1000 °C 
at a heating rate of 5 °C per min and 
maintained for 2 h. The resulting porous 
carbon material, with iron and nitrogen 
functionalities, was designated Fe-N-DPC-
1000. To provide a reference, a second sample 
was synthesized under identical conditions but 
without the addition of PVP, referred to as Fe-
N-C-1000. 

 

Structural and Compositional Analysis 
 

To evaluate the physicochemical 
properties of the synthesized catalysts, 
multiple characterization techniques were 
employed. X-ray diffraction (XRD) patterns 
were recorded on a PANalytical X’Pert PRO 
diffractometer using Cu Kα radiation (λ = 
1.5406 Å). The patterns were measured over a 
2θ range of 10–80° with a scan rate of 4° 
min⁻¹. The surface and bulk morphologies 
were characterized by electron microscopy. 
(SEM) images were obtained with a Zeiss 
Ultra55 operating at 5 kV, whereas high-
resolution % Transmission Electron 
Microscopy (TEM) pictures were carried out 
on a Hitachi H-9500 at 300 kV. Textural 
properties, including the specific surface    
area and porosity were analyzed through      
N₂ adsorption–desorption measurements 
conducted at 77 K, measured on a 
Quantachrome Autosorb-1-C analyzer. All 
specimens were degassed at 473 K for 2 h 
prior to measurement. The pore size 
distribution was further evaluated using BET, 
DR, and DFT models. PHI-5000C was used 
for the surface chemistry determination by X-
ray photoelectron spectroscopy (XPS) with 
Mg Kα radiation. Spectral fitting and 
quantification were performed using XPS 
Peak 4.1 software. Finally, the total Fe content 
was measured by ICP-OES (Agilent 5900) 
after complete acid digestion of the catalyst 
powders. 

 
Electrochemical Evaluation Under PEMFC 
Conditions 
MEA fabrication and cell assembly 
 

To assess their functionality in fuel 
cell operation, the catalysts were incorporated 
into membrane electrode assemblies (MEAs) 
and tested under PEMFC conditions, in line 
with best practices for platinum-group-metal-
free cathodes [43]. Catalyst inks were 
formulated by sonicating a mixture of 10 mg 



Pak. J. Anal. Environ. Chem. Vol. 27, No. 1 (2026) 5

of the synthesized catalyst, 200 mg of 5      
wt% Nafion solution, 0.50 mL of isopropanol, 
and 0.25 mL of deionized water. The 
homogeneous ink was applied onto carbon 
paper substrates, producing cathodes with a 
catalyst loading of 3.0 mg cm⁻². The anode 
side was prepared using a commercial 
platinum-on-carbon catalyst (28.6 wt% Pt), 
with a Pt loading of 0.10 mg cm⁻². Both 
electrodes were combined with a Nafion 212 
proton-conducting membrane by hot pressing 
under 0.6 MPa pressure at 130 °C for 120 sec. 
The resulting MEA was mounted into a 
single-cell PEMFC test fixture. 
Electrochemical measurements were 
conducted on an Arbin testing system at 80 °C 
using fully humidified reactant gases supplied 
under the designated back pressure. During 
operation, hydrogen was continuously 
supplied to the anode, whereas oxygen or air 
was introduced to the cathode, each at a 
controlled flow rate of 300 standard cubic 
centimeters per minute, ensuring smooth and 
balanced fuel cell operation [44, 45]. 
 
Operational testing 
 

After assembly, the MEAs were gently 
conditioned to reach stable operating  
behavior before performance testing. The 
electrochemical activity was then examined by 
recording polarization curves using either H2–
air or H2–O2 as the reactant gases. All tests 
were carried out in a PEMFC setup at 80 °C 
under 2 bar back pressure and 100% relative 
humidity to closely simulate realistic 
operating conditions [46]. Voltage–current   
(V–I) curves and corresponding power density 
profiles were obtained by gradually increasing 
the current and monitoring the resulting cell 
voltage. This procedure made it possible to 
clearly distinguish between kinetic, ohmic, 
and mass-transport losses, offering a detailed 
understanding of fuel cell performance under 
practical working environments. 

Results and Discussion 
Morphological and Microscopic 
Characteristics 
 
Electron microscopy offered the first insights 
into how the synthesis route affected particle 
morphology and nanoscale features. SEM 
images (Fig. 1a and 1b) show that Fe-N-DPC-
1000 retains the clean, faceted polyhedral 
shape of the parent ZIF-8 crystals [22,47]. The 
particles retain flat faces and sharp corners 
even after treatment at 1000 °C, pointing to 
the “scaffold” role of PVP, which helps 
control shrinkage and prevents necking during 
carbonization [24,39]. In contrast, the PVP-
free sample (Fe-N-C-1000) maintains only a 
rough polyhedral outline, with uneven 
surfaces, partial fusion at contact points, and 
greater variability in particle shape — features 
that suggest local sintering when the 
framework lacks polymer stabilization 
[34,41]. 
 

 

 
 
Figure 1. SEM images of (a) Fe-N-DPC-1000 and (b) Fe-N-C-1000 

(a) 

(b) 
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Figure 2. (a – b) TEM and HRTEM images of Fe-N-DPC-1000, (c – d) TEM and HRTEM images of Fe-N-C-1000 
 

TEM further refines these observations 
(Fig. 2a and 2c). Both materials remain in the 
50–60 nm size range, yet Fe-N-DPC-1000 
exhibits uniform internal contrast and sharply 
defined boundaries, suggesting even porosity 

and an absence of dense Fe-rich pockets. 
High-resolution TEM (Fig. 2b and 2d) reveals 
largely amorphous carbon in both catalysts; no 
lattice fringes attributable to metallic Fe, Fe₃C, 
or Fe oxides are visible [48]. In Fe-N-DPC-

(a) (b) 

(c) (d) 
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1000, bright, point-like spots are evenly 
dispersed throughout the carbon matrix, a 
hallmark of isolated Fe centers [49]. By 
contrast, Fe-N-C-1000 occasionally shows 
clusters of bright speckles, indicative of 
localized metal accumulation [24]. The PVP-
enabled route therefore produces a more 
homogeneous distribution of atomically 
dispersed Fe-an essential prerequisite for 
maximizing the density and accessibility of 
Fe–Nₓ sites. 

 
Elemental Distribution and Atomic 
Dispersion 
 

To get a clearer picture of how the 
elements are distributed and whether the iron 
is incorporated evenly, we employed 
HAADF-STEM imaging along with Energy 

Dispersive X-ray (EDX) mapping for the Fe-
N-DPC-1000 catalyst as shown in Fig. 3. The 
HAADF-STEM images display particles 
characterized by smooth contours and a 
uniform intensity pattern, suggesting a 
consistent mass–thickness distribution 
throughout the material. Corresponding EDX 
elemental maps indicate that nitrogen is not 
only present in greater amounts but also 
homogeneously distributed. The Fe signal 
aligns closely with both N and C regions, 
implying a profoundly dispersed arrangement 
of Fe species and excellent Fe–Nₓ 
coordination. The lack of Fe-rich 
agglomerates further supports the idea that 
PVP acts as a stabilizing agent, preserving 
isolated Fe atoms or small clusters during the 
pyrolysis process and preventing their 
aggregation. 

 

 

 
 
Figure 3. HAADF-STEM image and corresponding EDX elemental mappings of Fe-N-DPC-1000. 
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Structural and Compositional Features 
 

To complement the microscopy and 
elemental mapping, we analyzed the bulk 
structure and composition using XRD and 
XPS. Powder XRD (Fig. 4) of the precursors 
shows the diagnostic ZIF-8 reflections at 2θ ≈ 
10.3°, 12.7°, 14.6°, 16.4°, 18.0°, 22.1°, 24.6°, 
26.7°, and 29.7°, in excellent agreement with 
the sodalite-type ZIF-8 reference, indexed to 
(002), (112), (022), (013), (222), (114), (233), 
(134), and (044), respectively [50–53]. These 
matches confirm correct framework formation 
and high crystallinity prior to pyrolysis. 
Additional weak features above 30° (31.6, 
34.1, 34.98, 36.62, 38.92, 39.62, 44.7, 47.87, 
56.3°) lack corroborating companion 
reflections (e.g., ZnO ≈ 62.9°, 66.4°; Zn ≈ 
43.3°, 54.3°; α-Fe ≈ 65.0°, 82.3°); therefore, 
we make no assignments beyond ZIF-8 and 
regard all other features as absent or at most 
trace. No Bragg peaks of crystalline Fe 
(metallic Fe, Fe oxides, or Fe₃C) are detected 
in any of the patterns; Fe is thus inferred to be 
atomically dispersed or in amorphous domains 
[54,55], consistent with HRTEM observations. 
After pyrolysis, both catalysts exhibit a broad 
feature at 2θ ≈ 25°, assignable to the 
turbostratic-carbon (002) reflection [56], 
indicating high-temperature carbonization of 
Fe-N-C-1000 and Fe-N-DPC-1000. 

 

 
 
Figure 4. XRD patterns of Fe–N–DPC-1000 and Fe–N–C-1000 
before and after heat treatment 

XPS survey spectra (Fig. 5a) register C 
1s, N 1s, O 1s, and Fe 2p signals for both 
samples [15, 57, 58]. Elemental analysis 
derived from XPS (Fig. 5b) shows that Fe-N-
DPC-1000 carries higher nitrogen content but 
slightly lower total Fe than Fe-N-C-1000, 
while carbon remains comparable. This 
compositional shift reflects the dual role of 
PVP during precursor synthesis and pyrolysis: 
it not only introduces nitrogen but also 
coordinates Fe, thereby limiting excessive Fe 
incorporation and suppressing aggregation. 
From a catalytic perspective, this balance is 
crucial.  

 

 

 
 
Figure 5. (a) XPS spectrum profiles of Fe-N-DPC-1000 and Fe-N-
C-1000, and (b) comparison of their relative atomic distributions 
as determined by XPS 

 
Enriching the nitrogen content while 

moderating Fe loading promotes the 
generation of Fe–Nₓ moieties and minimizes 

20 40 60 80

 

In
te

ns
ity

 (a
.u

.)

2Theta (degree)

 Fe-N-DPC
 Fe-N-C
 Fe-N-C-1000
 Fe-N-DPC-1000

0 200 400 600 800 1000 1200 1400

 

In
te

ns
ity

 (a
.u

.) 

Binding Energy (eV)

 Fe-N-DPC-1000
 Fe-N-C-1000

C1s

N1s
O1s

Fe2p

(a) 

(b) 



Pak. J. Anal. Environ. Chem. Vol. 27, No. 1 (2026) 9

the formation of inactive metallic Fe domains, 
which are prone to dissolution or parasitic 
reactions in acidic PEMFC environments 
[24,54]. In essence, PVP-assisted synthesis 
directs the chemistry toward a higher 
proportion of catalytically active Fe–Nₓ 
centers embedded in a stable carbon 
framework. 
 
Textural Properties and Pore Architecture 
 

Nitrogen adsorption–desorption 
measurements (Fig. 6a) reveal clear 
differences in porosity and surface area 
between the two samples. Fe-N-DPC-1000 
shows a rapid adsorption uptake in the low 
relative pressures region (P/P₀ < 0.1), 
characteristic of Type I isotherms, together 
with a modest hysteresis loop at higher 
pressures, features that point to a hierarchical 
micro–mesoporous structure [59, 60]. The Fe-
N-C-1000 sample, on the other hand, exhibits 
a noticeably broader isotherm with strong 
hysteresis and only a weak feature in the low-
pressure region, implying that its pore 
structure is dominated by mesopores while 
micropores are scarce [26,60]. 

 
BET analysis underscores the benefit 

of the PVP-assisted synthesis. Fe-N-DPC-
1000 achieves a specific surface area of 1580 
m² g⁻¹, far exceeding the 177.3 m² g⁻¹ of Fe-
N-C-1000. Micropore volume determined by 
the DR method is 0.642 cm³ g⁻¹, more than 
nine times higher than the corresponding 
0.077 cm³ g⁻¹ measured for the control. Pore-
size distributions derived from DFT analysis 
(Figure 6b) confirm this contrast: Fe-N-DPC-
1000 exhibits a dominant micropore mode at 
~0.55 nm together with mesopores centered 
near 3.8 nm, while Fe-N-C-1000 shows a 
broader pore width mode at ~14.6 nm, 
consistent with framework collapse and pore 
coarsening. 

 
These differences in pore structure 

have clear consequences for catalytic 

performance. In Fe-N-DPC-1000, micropores 
expose abundant Fe–Nₓ active sites, while 
mesopores act as diffusion channels for 
oxygen and facilitate the removal of water 
generated during operation [17,19,47]. Such a 
hierarchical pore system is especially 
advantageous at high current densities, where 
oxygen transport resistance and water 
accumulation often limit fuel cell output [34, 
61]. The Fe-N-DPC-1000 combines high site 
density with efficient mass transport, whereas 
the PVP-free counterpart, with its weak 
microporosity and oversized mesopores, 
cannot achieve the same balance. These 
structural shortcomings anticipate the 
performance gap observed in device-level 
testing. 
 

 

 
 
Figure 6.(a) Nitrogen adsorption–desorption curves obtained for 
Fe-N-DPC-1000 and Fe-N-C-1000; (b) DFT distribution of pore 
sizes for the catalysts Fe-N-DPC-1000 and Fe-N-C-1000 with 
emphasis on micropore region 
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Fuel Cell Performance 
 

To assess the practical applicability of 
the catalysts, Fe-N-DPC-1000 and Fe-N-C-
1000 were incorporated as cathodes in MEAs, 
with commercial Pt/C serving as the 
benchmark. Fig. 7 and 8 display the 
polarization and power density curves under 
both H₂–O₂ and H₂–air conditions at 
backpressures of 1 bar and 2 bar. The cathode 
loading was fixed at 3 mg cm⁻², with a Pt/C 
anode loading of 0.1 mg cm⁻². 
 

 

 
 
Figure 7. H2 - O2 polarization test for fuel cell at a loading of 3 mg 
cm-2 of Fe-N-DPC-1000 / Fe-N-C-1000 / Pt/C and 0.1 mg cm-2 of 
Pt/C in cathode and anode, respectively at a pressure of (a) 2 bar 
(b) 1 bar 
 

Under H₂–O₂ operation at 2 bar   (Fig. 
7a), Fe-N-DPC-1000 achieved a peak power 
density of 1205 mW cm⁻², far exceeding the 
performance of Fe-N-C-1000 and approaching 
the level of Pt/C. At 1 bar (Fig. 7b), the peak 

output of Fe-N-DPC-1000 decreased as 
expected due to lower oxygen availability, yet 
it still delivered significantly higher 
performance than Fe-N-C-1000 and remained 
competitive with Pt/C. These results confirm 
that the incorporation of PVP during synthesis 
yields a catalyst that translates half-cell 
activity gains into meaningful single-cell 
performance improvements. 
 

 

 
 
Figure 8. H2 - Air polarization test for fuel cell at a loading of 3 
mg cm-2 Fe-N-DPC-1000 / Fe-N-C-1000 / Pt/C and 0.1 mg cm-2 of 
Pt/C in cathode and anode, respectively at a pressure of (a) 2 bar 
(b) 1 bar 
 

The same performance hierarchy was 
observed under H₂–air operation (Fig. 8). At 2 
bar (Fig. 8a), Fe-N-DPC-1000 reached a peak 
power density of 708 mW cm⁻², whereas Fe-
N-C-1000 performed substantially worse. At 1 
bar (Fig. 8b), the PVP-assisted catalyst still 
achieved 420 mW cm⁻², confirming its ability 
to sustain activity under the more challenging 

(a) 

(b) 
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air feed, though with stronger mass-transport 
limitations. In both cases, Fe-N-DPC-1000 
maintained a clear advantage over Fe-N-C-
1000 and remained comparable to Pt/C under 
identical conditions.This is a remarkable result 
for a PGM-free catalyst in acidic media [3, 5, 
44, 46, 62–64] and puts it among the top-

performing PGM-free catalysts, as shown in 
Table 1. The advantage of the PVP-assisted 
route is clear: its peak power density is 35.3% 
greater than that of Fe-N-C-1000. This 
enhancement may be explained by the 
following main factors: 

 
Table 1. A comparison of the H2/O2 performance test of advanced and up-to-date PGM-free catalysts. 
 

Catalysts T(°C)/ Relative 
Humidity (RH) Back pressure Catalyst Loading 

Peak Power 
Density (W 

cm−2) Under O2 
Ref 

Fe-N-DPC-1000 80 °C, 
 100% RH 

2.00 bar for H2 and O2 Cathode loaded with 3.00 mg cat 
cm⁻² and anode with 0.10 mg Pt 
cm⁻² 
 

1.205 This 
work 

Fe/N/C(4mlm)-Oac 80 °C,  
100% RH 

1.00 bar 3.00 mg cat cm⁻² on cathode with 
0.40 mg Pt cm⁻² on anode 
 

1.18 (1.00 bar) [14] 

2.00 bar - 
 

1.33 (2.00 bar) 

Fe–S–NC/Fe3C 70 °C 1.00 bar Cathode loaded with 3.00 mg cat 
cm⁻²; anode loaded with 0.10 mg 
Pt cm⁻² 
 

0.836 [62] 

FeNCP 80 °C 1.50 bar for H2 and O2 Cathode contained 1.00 mg cat 
cm⁻², while anode had 0.20 mg Pt 
cm⁻² 
 

0.88 [63] 

Fe–NCBrCl 80 °C ,  
100% RH 

250 kPa absolute partial 
pressure H2 and O2, 

For Fe–NC: 3.5 mg cat cm⁻² on 
cathode; for Pt/C: 0.2 mg Pt cm⁻², 
with anode holding 0.4 mg Pt 
cm⁻² 
 

1.86 [64] 

(Fe,Co)/N-C 80 °C,  
100% RH 

0.10 Mpa for H2 and 0.2 
Mpa for O2 

0.77 mg cat cm⁻² placed on 
cathode; anode contained 0.10 
mg Pt cm⁻² 
 

0.98 (0.2 Mpa O2) [65] 

Co-N/C-1/4.4 80 °C,  
100% RH 

1.00/2.00 bar for O2 Cathode loaded with 3.50 mg cat 
cm⁻² and anode with 0.40 mg Pt 
cm⁻² 
 

1.12 (2.00 bar O2) [66] 

Fe SAC-MOF-5 80 °C, 
 100% RH 

0.10/0.20 Mpa for O2 Cathode included 0.10 mg Pt 
cm⁻² and anode 0.06 mg Pt cm⁻² 
 

0.84 (0.20 Mpa) [67] 

OM−Fe−N−C−stea
m−800 

80 °C,  
100% RH 

2.00 bar 3.00 mg cat cm⁻² applied on 
cathode; 0.10 mg Pt cm⁻² applied 
on anode 
 

0.78 [68] 

FeSA–N–C 80 °C,  
100% RH 

1.50 bar 3.00 mg cat cm⁻² 0.68 [69] 

Fe2-Z8-C 80 °C 2.50 bar 2.80 mg cat cm⁻² 1.141 [70] 

OP-Fe-NC 80 °C 2.00 bar Cathode loading: 4.00 mg cat 
cm⁻²; Anode loading: 0.20 mg Pt 
cm⁻² 
 

0.937 (2.00 bar) [71] 

Co–N–PCNFs 80 °C, 
 100% RH 

1.00 bar H2/O2 /air 4.00 mg cat cm⁻² assigned to 
cathode, 0.10 mg Pt cm⁻² to 
anode 
 

0.71 [72] 
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1. Maximized Fe Utilization. HRTEM (Fig. 
2b, 2d) shows isolated bright atomic 
features without detectable crystalline Fe 
by XRD (Fig. 4). This implies that a larger 
fraction of Fe resides as active Fe–Nₓ 
centers rather than as inactive 
nanoparticles prone to corrosion or 
agglomeration. 

2. Enhanced Nitrogen Environment. XPS 
quantification (Fig. 5b) indicates higher 
nitrogen content in Fe-N-DPC-1000, 
which supports the formation and 
stabilization of Fe–Nₓ motifs and 
beneficially tunes their electronic structure 
for oxygen reduction in acid. 

3. Transport-aware Porosity. The micro–
mesoporous configuration (Fig. 6) couples 
~0.55 nm micropores—hosting sites and 
boosting site density—with ~3.8 nm 
mesopores, which improve O₂ delivery 
and water removal. The PVP-free sample, 
dominated by ~14.6 nm mesopores and 
lacking strong microporosity, cannot 
simultaneously ensure high site density 
and efficient transport. 

 
These features yield improved 

polarization behavior across the current range 
and are especially impactful at high current 
densities, where Fe-N-DPC-1000 sustains 
higher voltages than Fe-N-C-1000. The 
reduced mass-transport overpotentials point to 
fewer diffusion barriers and better water 
management, confirming that the pore 
hierarchy functions as designed. In practice, 
this means that balancing active-site formation 
with transport pathways translates directly into 
better single-cell performance. 

 
Conclusion 
 

In brief, our investigation reveals a 
scalable route for preparing Fe-N-DPC-1000 
catalysts using a PVP-assisted MOF synthesis. 
Adding PVP during precursor formation 
fundamentally changed the carbonization 

process. It preserved the framework, enriched 
nitrogen sites, and promoted highly uniform 
iron dispersion without forming crystalline 
byproducts. As a result, the final carbon 
material retained its polyhedral shape and 
developed a hierarchical pore structure. 
Textural analysis confirmed the benefits of 
this approach. Fe-N-DPC-1000 exhibited a 
high BET surface area of 1580 m² g⁻¹ and a 
micropore volume of 0.642 cm³ g⁻¹, providing 
both a large number of accessible active sites 
and efficient oxygen pathways. 
 

The performance tests in single-cell 
PEMFCs further validated the catalyst design. 
At a cathode loading of only 3 mg cm⁻², Fe-N-
DPC-1000 achieved a peak power density of 
1205 mW cm⁻², approximating the Pt/C 
benchmark while outperforming the PVP-free 
control by 35.3%. Together, these results 
highlight PVP-assisted MOF synthesis as a 
powerful strategy for designing next-
generation Fe–N–C catalysts with balanced 
site density and mass-transport properties. The 
improved activity was sustained even in the 
high current density region, where mass 
transport effects usually dominate, indicating 
that the dual-scale pore system effectively 
integrates high site density with unhindered 
gas accessibility. Enhanced nitrogen 
incorporation, coupled with the uniform 
distribution of Fe–Nₓ centers, contributed to 
favorable electronic structures and robust 
turnover frequencies under operating 
conditions. 
 

Collectively, these findings establish 
that polymer-assisted MOF engineering is a 
powerful design strategy for tuning atomic-
level coordination, pore hierarchy, and overall 
catalyst stability in acidic media. The 
methodology outlined here is not restricted to 
Fe-based systems and can be applied to other 
transition-metal–nitrogen–carbon platforms. 
More broadly, the demonstrated combination 
of scalability, high activity, and structural 
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resilience highlights the potential of such 
catalysts as viable platinum-group-metal-free 
alternatives. By reducing reliance on scarce 
noble metals, this approach advances both the 
technological and environmental dimensions 
of fuel cell development, aligning with the 
broader pursuit of sustainable energy 
conversion. 
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