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Abstract

Fe-N-C is a good candidate as the alternative to the expensive Pt/C catalyst for oxygen reduction reaction (ORR).
However, its catalytic activity and durability are still inferior to the Pt/C catalyst. Recently, MXene has emerged as a
promising material as the catalyst support for the ORR application due to its good conductivity and mechanical
properties. In this work, the MXene-derived Fe-N-C catalyst was synthesized using the one-pot pyrolysis method, in
which the MXene was directly added during the preparation of Fe-N-C at various pyrolysis temperatures and mass
ratios of Fe salt. The works showed that the one-pot synthesis of Fe-N-C/MXene is ORR active, and has shown improved
current density over Fe-N-C with the optimum pyrolysis temperature of 900 °C and mass ratio of 1:1. In addition, the
Fe-N-C/MXene also demonstrated superior durability compared to Pt/C.
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1. Introduction

Oxygen reduction reaction (ORR) i1s an
Important step in various electrochemical energy
conversion devices, such as fuel cells and metal-
air batteries [1]. In these devices, the ORR
involves the reduction of oxygen molecules to
water. Due to the sluggish reaction of ORR, an
electrocatalyst is used to promote the reactions,
thus increasing the efficiency of these energy
conversion devices. Traditionally, Pt/C catalyst is
used as the catalyst for ORR. However, the limited
availability and the high cost of this material have
led to research on alternatives to Pt-based
catalysts.

* Corresponding Author.
Email: waiyin.wong@ukm.edu.my (W. Y. Wong)

Since a few years ago, Fe-N-C catalysts have
emerged as promising candidates for ORR,
offering a cost-effective and environmentally
friendly alternative. The unique properties of Fe-
N-C catalysts with their distinctive Fe-Nx
moieties and nitrogen functional groups as the
active sites make them suitable candidates for
efficient and scalable electrocatalysts [2]. These
active sites are commonly synthesized through
the pyrolysis of nitrogen-rich metal complexes or
a combination of metal salts, nitrogen and carbon-
containing precursors [3]. However, the pyrolysis
process causes a few challenges such as
aggregation and the formation of thick catalyst
layers, which could negatively impact mass
transport. Therefore, catalyst support is required
to overcome the issue of particle aggregation, thus
improving their catalytic activity.
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Since more than a decade ago, MXene has
been introduced in many applications, such as
batteries [4], supercapacitors [5], sensors [6] and
many more including catalyst supports [7]. The
exploration of MXenes in these applications is
attributed to their excellent properties, especially
their good conductivity and their strong
mechanical properties [8]. MXenes can be
synthesized at scale using green approaches such
as physical based methods and HF-free synthesis
to minimize the usage of toxic materials, thereby
supporting a more sustainable and
environmentally friendly fabrication process [9,
10]. Fe-N-C catalysts have been shown to exhibit
high ORR activity, but they suffer from poor
durability due to the leaching of active sites under
harsh operating conditions [11]. Adding MXenes
as a support can improve the stability and
durability of the Fe-N-C catalyst. The addition of
MZXenes can enhance the catalytic activity of the
Fe-N-C catalyst by improving the exposed active
surface area, enhancing electron transfer and
promoting the adsorption of reactant molecules
[12]. Additionally, the MZXenes can provide
mechanical support to the Fe-N-C catalyst,
reducing the aggregation of the active sites and
preventing their detachment from the catalyst
surface [13]. However, MXenes have an issue with
their thermal stability. Despite their resistance to
oxidation under normal conditions, MXenes are
possible to experience oxidation at very high
temperatures or prolonged exposure to oxidative
environments [14]. This can lead to the
degradation of the MZXene structure. In our
previous work, we attempted to introduce a two-
pot synthesis method of MXene-support Fe-N-C
[15]. The results have demonstrated improved
ORR activity with significant improvement in the
catalyst stability through the accelerated
durability test (ADT). The work revealed that
multilayer MXene can be effectively used as the
Fe-N-C support which can avoid from the issue of
restacking and oxidation of few layer MXene
which is less stable.

While Fe-N-C catalysts derived from metal-
organic frameworks (MOFs) have shown
promising ORR activity, their synthesis often
involves complex, multi-step processes that
hinder scalability and practical application. In
this work, we propose a novel one-pot synthesis
method for MXene-derived Fe-N-C catalysts,
which significantly simplifies the fabrication
process compared to conventional two-step
approaches. Unlike existing methods that require
the separate formation of MOFs followed by their
integration with MXene, our approach directly
intercalates Fe-N-C active sites into the MXene
structure, eliminating the need for pre-
synthesized MOFs. This streamlined process not
only reduces synthesis complexity but also
induces potential morphological changes in the

Fe-N-C structure, which may contribute to
enhanced durability compared to traditional Pt/C
catalysts. Therefore, this study aims to
investigate the synthesis method of Fe-N-
C/MXene as an oxygen reduction reaction catalyst
in the acidic medium. This method involves the
simultaneous formation of Fe-N-C species and
MZXene from a single precursor mixture. In this
one-pot synthesis method, MXene is added with
the same composition of mass as the iron
precursor, followed by the different pyrolysis
temperatures at the range of 800 to 1100 °C by
considering the decomposition temperature of
MXene and pyrolysis temperature of Fe-N-C as
well as the evaporation of zinc ion. Further, the
best temperature was selected as the pyrolysis
temperature and subsequent experiments were
carried out by varying the compositions of the Fe
salt precursor and MXene with different mass
ratios.

In general, higher Fe salt precursor content
could lead to higher ORR activity due to the
increased number of active sites for the ORR.
However, if the Fe content is too high, it may lead
to aggregation and loss of active sites [16], which
would decrease the ORR activity. On the other
hand, MXene serves as a support for the Fe-N-C
catalyst and also contributes to the ORR activity
through the synergistic effect between Fe-N-C and
MZXene. Therefore, the optimal ratio for achieving
high ORR activity and stability can be determined
by varying the mass ratio of Fe salt precursor and
MZXene. The specific ratios of 1:1, 4:1, 6:1, and 8:1
were chosen based on previous studies that
indicated that these ratios could provide a range
of Fe and MXene concentrations that are suitable
for ORR catalysis [15,17]. Table 1 provides a
comparative summary of various Fe-N-C based
catalysts reported for ORR in acidic solution.
Notably, studies on Fe-N-C/MXene catalyst in
acidic media remain limited, as most studies focus
on alkaline conditions. This gap further highlights
the significance of this study which offers valuable
insights into catalytic performance and durability
of Fe-N-C/MXene for ORR in acidic environment,
simulating the operating conditions of Proton
Exchange Membrane Fuel Cells (PEMFCs).

2. Materials and Method
2.1 Synthesis of Fe-N-C/MXene

The one-pot synthesis of Fe-N-C/MXene was
conducted by directly adding the multilayer
TisC2Tx (68%, ACS Materials) during the
synthesis of Fe-N-C. In brief, 1.97 g of 2-
methylimidazole (99%, Sigma Aldrich), 1.695 g of
Zn(NO3)2.6H20 (R&M Chemicals) and 50 mg of
Fe(NO3)3.9H20 (R&M Chemicals) were added into
600 ml of methanol solution (HmBG.) and stirred
for 10 minutes. Next, 50 mg of TisC2Tx MXene was
added to obtain Fe-N-C/MXene with a mass ratio
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of 1:1 (mass ratio of Fe salt to MXene). The
solutions were stirred at 60 °C for 24 hours. The
precipitate was then collected, washed using
ethanol and dried at 60 °C in a vacuum oven
overnight. After drying, the samples were
collected, ground slowly using a pestle and mortar
and pyrolyzed in a tube furnace with N2 flow at a
few different temperatures (T): 800 °C, 900 °C,
1000 °C and 1100 °C, for 1 hour (ramping rate of
5 °C min-1). Finally, the samples were collected
and labeled as Fe-N-C/MXene_1:1_T. Based on
the optimum pyrolysis temperature tested for Fe-
N-C/MXene_1:1_T  samples, the pyrolysis
temperature was selected to proceed with other
mass ratios of 4:1, 6:1, and 8:1 by adjusting the
amount of MXene based on prior studies. For
comparison, Fe-N-C was prepared with the same
procedure without the addition of MXene.

2.2 Physicochemical Characterizations

The morphology of the samples was
characterized by using GeminiSEM 500 field
emission scanning electron microscope and the
crystallographic structure of the samples was
characterized by using PANanalytical X’Pert PRO
X-ray diffraction and analysed using Highscore
Plus software. The chemical composition of the
samples was investigated using Kratos Axis Ultra
X-ray photoelectron spectroscopy (XPS) with Al
Monochromatic. The surface area of the samples
was determined wusing nitrogen adsorption-
desorption analysis on Micromeritics Flex
Analyser at 77K via Brunauer-Emmett-Teller
(BET) method. The samples were degassed at 150
°C for 8 h to eliminate adsorbed gas or moisture
on the surface before measurement.

2.3 Electrochemical Characterizations

The electrochemical characterization was
conducted using a three-electrode cell on an
Autolab  PGSTAT128N  potentiostat.  The
electrodes used include glass carbon working
electrode, Ag/AgCl reference electrode and
platinum  counter electrode. The cyclic
voltammetry (CV) test and the linear sweep
voltammetry (LSV) test were conducted in 0.1 M
HCIlO4 electrolyte. The electrochemical tests were
performed using the same method as our previous
work [15]. Electron transfer number (n) and
percentage of hydrogen peroxide (H20z2) produced
were calculated using Equations (1) and (2),
respectively [18], where Ig is the disk current, I is
the ring current and N is the ring collection
efficiency.

n = (413)/(q + (I;/N)) (1)
H,0,(%) = ((4 —n)/2) X 100 2)

3. Results and Discussion
3.1 Effect of Pyrolysis Temperature

The effect of pyrolysis on the morphology of
Fe-N-C/MXene catalysts with different pyrolysis
temperatures is shown through FESEM
characterization in Figure 1. From Figure 1, the
Fe-N-C/MXene synthesized at different pyrolysis
temperatures were seen deposited on the surface
of the multilayer TisCeTx MXene. This is
happening due to the direct addition of MXene in
the salt precursors to synthesize the Fe-doped
ZIF-8. In a standard procedure of synthesizing
ZIF-8-derived Fe-N-C, high-temperature
pyrolysis is needed for the formation of active

Table 1. Comparison of different Fe-N-C based samples on their ORR performance in 0.1 M HCIO4 from

other studies.

Catalyst Eonset (V vs. RHE) Stability Ref.
Fe-N-C 0.83 Almost 80% current is retained over This work
10000 s chronoamperometry test
Fe-N- 0.88 Retained 78.5% current over 10000 s This work
C/MXene_1:1_900 chronoamperometry test; very small E12
attenuation after 5000 ADT cycles
Fe-N-C/Ti3C2Tx-(4:1)- 0.88 Retained 94% current over 10000 s [15]
500 chronoamperometry test; only 7mV of K12
decay after 5000 load cycles
Fe-N-C@MXene - 11 mV Eiz attenuation after 10000 cyclic [17]
voltammetry cycles
Fe-Nyx/N/TisCs 0.91 Almost 95% current retention after 10 [29]
hours
Fe-N-C-900 0.841 33mV of E12 decay after 5000 load cycles [30]
Pt/C - Maintained 61% current over 10000 s [28]

chronoamperometry test
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sites. In addition, at this high temperature, Zn
ions from the ZIF-8 precursor will evaporate,
leaving behind the Fe-N-C with highly porous
structure [15]. However, high-temperature
pyrolysis is possible to damage the MXene
surface. Therefore, lower pyrolysis temperature
was investigated. From the FESEM image, it was
observed that the lateral size of MXene decreased
as the pyrolysis temperature increased. This
phenomenon  occurs, because the high
temperature can cause the thermal degradation of
the MXene sheets, resulting in the formation of
smaller MXene sheets. In addition, high-
temperature annealing can cause a reduction in
the number of functional groups on the MXene
sheets, which can lead to a decrease in interlayer
spacing and sheet size [19].

During the heat treatment process, the
organic linkers of ZIF-8 decomposed [20].
However, at lower temperatures such as 800 °C,
the removal of Zn atoms from the material is not
complete, leading to the detection of the Zn peak
in the XRD pattern at 20 = 43.1° (ICSD: 98-006-
2860) as can be seen from the XRD pattern in
Figure 2. As the pyrolysis temperature increases,
the peaks at 43.1° slowly disappear and generate
a sharp peak at 43.2° that corresponds to the (111)
phase of FesN (JCPDS No. 49-1664). In addition,
when the pyrolysis temperature increases up to
1100 °C, it is observed that the 43.2° peaks become
sharp and narrow, which indicates a more ordered
crystal structure of Fe-N-C/MXene with an
increased degree of crystallinity. At higher than
900 °C, distinct peak at 20 = 27.3° and 54.3° were
observed, indicating the formation of rutile TiO2
with (110) and (211) crystal plane as according to
the JCPDS #75-1537 [21,22]. This reveals that at
a higher temperature, MXene starts to oxidize in
the presence of oxidizing species to form TiOsz,

‘s

Figure 1. FESEM micrograph of pristine multilayer T

which is also obtained by the findings from Han et
al and Xu et al. [23,24]. Furthermore, at 800 °C,
TisC2Tx MXenes began to degrade and transform.
According to Ji et al. [25], the degradation rate
increased with the temperature, resulting in the
transformation of Ti3C2Tx MXenes into cubic TiC,
as can be observed by the presence of the TiC
peaks at 20 = 36°, 40.2°, 72.6° and 76.4° (ICSD:
98-006-8281). Therefore, carefully selecting the
pyrolysis temperature for the one-pot synthesis of
Fe-N-C/MXene is crucial as high-temperature
pyrolysis is important for the formation of the Fe-
Nk active sites, while at the same time preventing
the degradation of the MXene support.

The CV results from Figure 3 indicate that all
Fe-N-C/MXene samples show a significant

eC = = MXene

:;:sg Fe-N-C/MX 1:1 800

oTi i:\'f' Fe-N-C/MX 1:1 900
221> Fe-N-C/MX 1:1 1000

oTi

oTiO, Fe-N-C/MX 1:1 1100

Intensity (a.u.)
% O

0 10 20 30 40 50 60 70 80
2 Theta (Degree)

Figure 2. FESEM micrograph of pristine
multilayer TisCeTx MXene and Fe-N-C/MXene
synthesized with pyrolysis temperature of 800 °C,
900 °C, 1000 °C, and 1100 °C.

9 Fe-N-C/MXene_1:1_900 |

13C2Tx MXene and Fe-N-‘é/‘MXene synthesized with
pyrolysis temperature of 800 °C, 900 °C, 1000 °C, and 1100 °C.
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cathodic peak in an Ogz-saturated electrolyte,
suggesting the presence of ORR, except for the Fe-
N-C/MXene_1:1 without pyrolysis. Figure 4 (a)
shows the LSV curve of the Fe-N-C/MXene_1:1
catalyst. The Fe-N-C/MXene_1:1  without
pyrolysis exhibits no catalytic activity due to the
absence of active sites. This proves that high-
temperature pyrolysis is necessary to form active
sites for the ORR. All samples exhibited the onset
potential (Fonset) within the range of 0.84 to 0.88 V
vs. RHE. Interestingly, the Fe-N-C/MXene with
the pyrolysis temperature of 900 °C shows a slight
improvement compared to the Fe-N-C. In
addition, the current density of the Fe-N-
C/MXene_1:1_900 is the highest compared to the
other Fe-N-C/MXene_1:1 and the Fe-N-C.
According to Yu et al., this can be attributed to the
increased graphitization of the carbon matrix in
the catalysts [26]. This correlates with the XRD
result where the (002) planes of graphitic carbon
peak shift to a more positive and become sharper
as the pyrolysis temperature increases. However,
when pyrolysis temperature exceeds 900 °C,
excess graphitization with increased structural
crystallinity leads to a decline in ORR
performance. This is due to the higher
graphitization reduces the density of defect site
which are essential as active centers for ORR [27].
Additionally, at elevated temperature, MXene
degradation leads to the formation of TiO2 and
TiC which are inherently inactive for ORR. The
degradation further diminishes the availability of
effective active site due to the loss of MXene
layered structure [17]. Consequently, the
combination effects of excess graphitization and
MXene decomposition result in deterioration in

catalytic activity. From the LSV, it can be
concluded that the activity of the catalysts is in
the descending order of Fe-N-C/MXene_1:1_900 >
Fe-N-C > Fe-N-C/MXene_1:1_1000 > Fe-N-
C/MXene_1:1_800 > Fe-N-C/MXene_1:1_1100.
From this set of experimental data, it can be
concluded that the pyrolysis temperature at 900
°C 1s the optimum temperature as this
temperature can partially remove the Zn ions
from the ZIF-8 precursor and at the same time,
forming the active site without further destroying
the MXene support. From Figure 4 (b), the
average electron transfer number of Fe-N-
C/MXene_1:1_900 calculated using the rotating
ring-disk electrode (RRDE) technique is 3.76,
suggesting that this catalyst follows the 4-electron
transfer for the ORR in acidic media. In addition,
the percentage of H202 yield is less than 15 %,
indicating low H202 produced during the reaction.

3.2 Effect of Mass Ratio

The amount of MXene support required for
better performance is investigated by varying the
mass ratio of the MXene added in the precursors.
Figure 5 shows the FESEM micrograph of Fe-N-
C/MXene with different MXene compositions at
the pyrolysis temperature of 900 °C. When the
mass ratio of the Fe salt precursor to MXene used
is 1:1, the Fe-N-C particles are unifomly
distributed on the surface of the MXene after
pyrolysis. However, as the amount of Fe salt
increases, it is observed that there are large
particles on the MXene surface after pyrolysis.
This could be due to the difficulty in evenly
dispersing the larger number of Fe-N-C particles
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Figure 3. Cyclic voltammetry of Fe-N-C/MXene synthesized with no pyrolysis and pyrolysis temperature

of 800 °C, 900 °C, 1000 °C, and 1100 °C.
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on the MXene surface, leading to aggregation and
the formation of large clusters. In addition, the
higher concentration of Fe salt precursor could
lead to increased agglomeration during the
pyrolysis process, resulting in the formation of
larger particles. This is because the addition of
MXene can affect the growth of Fe-N-C with a
hollow sphere structure during pyrolysis. The
presence of MZXene can provide a suitable
template for the growth of Fe-N-C particles,
leading to better dispersion and smaller particle
size. On the other hand, MXene can also affect the
chemical interactions and bonding between Fe-N-
C and carbon during pyrolysis, changing in the
final structure and properties of the synthesized
material. Therefore, careful consideration of the
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g

2 -2.00-

2

)

<

2 200 e
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Fe precursor to MXene ratio is important to
achieve a well-dispersed and homogenous
composite.

From the XRD pattern as shown in Figure 6
(a), an identical pattern was obtained for all Fe-N-
C/MXene with different mass ratios pyrolyzed at
the same pyrolysis temperature of 900 °C.
Interestingly, it is found that the (002) plane of
graphitic carbon at 26 = 26° becomes narrower
and sharpens as the amount of MXene added is
reduced. From the LSV as shown in Figure 6 (b),
the Fe-N-C/MXene_1:1_900 composition with a
mass ratio of 1:1 exhibited the best catalytic
activity with an Eonset of 0.88 V vs. RHE, which is
higher than Fe-N-C alone (0.83 V vs. RHE). This
suggests that the addition of MXene as a support
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Figure 4. (a) Linear sweep voltammetry of Fe-N-C/MXene synthesized with different pyrolysis
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Figure 5. FESEM micrograph of Fe-N-C/MXene with different mass ratio pyrolyzed at 900 °C.

Copyright © 2025, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 20 (2), 2025, 240

material enhances the electrocatalytic activity of
Fe-N-C towards the ORR. Furthermore, the other
Fe-N-C/MXene compositions exhibit the same
Eonset of 0.87 V vs. RHE. This indicates that the
amount of MXene added beyond a certain
threshold does not significantly enhance the
electrocatalytic activity of Fe-N-C for ORR. In

addition, the current density of Fe-N-
C/MXene_1:1_900 is also the highest, indicating
that the electrocatalytic activity of this

composition is better than the others, surpassing
Fe-N-C prepared with the same method, as shown
in Table 1. The higher current density can be
attributed to the nature of MXene as a better
electron conductor that can improve electron
transfer during the oxygen reduction reaction,
benefiting its use in many electrochemical
applications such as fuel cells and batteries.

Table 2. Chemical composition of N 1s.

From the N2 adsorption-desorption isotherm
in Figure 6 (c), Fe-N-C/MXene_1:1_900 has an
increased surface area (212.08 m2.g-!) compared to
the pristine multilayer MXene (1.53 m2.g-1). The
deconvoluted XPS N 1s spectra of Fe-N-
C/MXene_1:1_900, as shown in Figure 6 (d) shows
that there are TiN, pyridinic-N, Fe-Nx, pyrrolic N
and graphitic-N bond that correspond to the
binding energies at 397.2, 398.5, 399.4, 400.4 and
401.3 eV, respectively. The atomic composition of
these bonding, compare to Fe-N-C, are tabulated
in Table 2. It can be observed that the content of
Fe-Nx in Fe-N-C/MXene_1:1_900 is significantly
increased which is beneficial for ORR as Fe-Nx
species act as highly active sites for the reaction.
Additionally, graphitic-N and pyridinic-N
dominated the configuration alongside Fe-Nx,
playing an important role in stabilizing active

Atomic (%) TiN Pyridinic-N Fe-Nx Pyrrolic-N Graphitic-N
Fe-N-C/MXene_1:1_900 13.4 21.02 24.31 11.91 29.37
Fe-N-C - 3.60 8.98 33.04 54.38
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Figure 6. (a) XRD and (b) LSV of Fe-N-C/MXene with different mass ratio. (c) N2 adsorption-desorption
1sotherm of MXene and Fe-N-C/MXene_1:1_900. (d) The N1s spectra for Fe-N-C/MXene_1:1_900.
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sites and reducing charge transfer resistance [17].
The intercalation of MXene into Fe-N-C structure
induces synergistic effect with Fe-Ny, leading to
the formation of Ti-N bonds. These Ti-N bonds not
only modify the local electronic environment but
also improve durability of the catalyst which
agreed with previous study [15]. Although MXene
may not directly participate in ORR, it
significantly influences the overall catalytic
activity. Its high electrical conductivity improves
electron transport efficiency, facilitating fast
charge transfer. The enhanced electron mobility
not only increase the current density but also
promotes the 4-electron ORR pathway to ensure
complete reduction of oxygen. Overall, the
addition of MXene as a support material in the Fe-
N-C/MXene composite via the one-pot pyrolysis
enhanced the ORR activity of Fe-N-C, and the
optimal mass ratio for this composite is 1:1,
reported in this work.

When compared with the two-pot synthesis
method, this one-pot synthesis method shows a
limitation on the suitable range of temperature
that can be selected to create effective active sites
on Fe-N-C [15]. In the presence of MXene during
the synthesis of Fe-N-C from ZIF-8 precursor, the
formation of a hollow structure of Fe-N-C could be

inhibited [28]. Nonetheless, this work has
unveiled the potential of the formation of ORR
active sites with higher current density using the
one-pot synthesis method, when compared to the
Fe-N-C catalyst with hollow sphere structure.
This further convinces the fact that MXene can
form a strong bond with nitrogen in the Fe-N-C
matrix (Ti-N), which helps alleviate the electron
transfer through the conductive two-dimensional
TisCz layer.

Catalyst’s durability is one of the factors that
need to be considered. Therefore, the durability of
the catalyst is tested using an accelerated
durability test (ADT) with a load-cycle test
protocol by applying the potential of 0.6 to 1.0 V
vs. RHE. From Figure 7(b), the Fe-N-
C/MXene_1:1_900 shows a very small attenuation
in the Ei2 compared to the commercial Pt/C
(Figure 7(a)). In addition, the morphology of the
Fe-N-C/MXene_1:1_900 shows only slight changes
after the ADT (Figure 7(c)). This suggests that Fe-
N-C is strongly anchored on MXene with no sign
of active site deterioration under this load cycle
potential range. This finding agrees with the two-
pot synthesis method whereby Fe-N-C/MXene
shows rather stable activity after the ADT [15].
Through the chronoamperometry test in Og-
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saturated 0.1 M HCIlO4 as presented in Figure
7(d), Fe-N-C/MXene_1:1_900 could retain 78.5%
of current over the 10000 s. Based on the XRD
pattern (Figure 7 (e)), no phase change is observed
in the Fe-N-C/MXene_1:1_900 sample deposited
on glassy carbon after chronoamperometry. This
indicates that the catalyst remains stable and
durable under the operating conditions.
Meanwhile, our previous work demonstrated that
the current retention in the Fe-N-C/MXene with
the  two-pot  synthesis method showed
improvement over Fe-N-C catalyst [15]. Notably,
the one-pot synthesis method has not shown a
significant improvement over Fe-N-C catalyst.
This can be attributed to the fewer active sites for
ORR on the Fe-N-C catalyst as discussed earlier.
More importantly, the stability of Fe-N-
C/MXene_1:1_900 1is still superior to the
commercial Pt/C, though has lower current
stability than Fe-N-C.

4. Conclusion

Based on the investigation, it can be
concluded that the one-pot synthesis of Fe-N-
C/MXene 1s ORR active and has shown improved
current density over Fe-N-C. The best-performing
sample is achieved at a mass ratio of 1:1 and a
pyrolysis temperature of 900 °C. Increasing the
amount of Fe salt used in the synthesis process
may lead to decreased ORR activity due to the
aggregation of Fe-N-C particles, which can block
active sites. In terms of durability, Fe-N-
C/MXene_1:1_900 still outperformed Pt/C with a
current retention of 78.5% over 10000s. This
highlights the one pot synthesis method
incorporating MXene enhances the durability of
the catalyst. However, its ORR performance
remains implicitly lower than Pt/C, indicating the
need for further optimization to enhance the
catalytic activity due to the facile synthesis
method. The future direction could focus on
optimizing Fe-N-C/MXene by modifying the
precursor of Fe-N-C to introduce more active sites,
potentially improving catalytic activity. Upon
further optimization, Fe-N-C/MXene can be tested
in a complete fuel cell to access its real world-
performance. Additionally, the high stability and
improved current density of Fe-N-C/MXene could
be explored for applications beyond ORR,
including carbon dioxide reduction reaction
(CO2RR) and energy storage systems such as
batteries. Furthermore, assessing the economic
feasibility of the one-pot synthesis method
through life cycle assessment (LCA) will provide
valuable insights for large scale
commercialization. These efforts will contribute to
the development of more efficient and cost-
effective  catalyst for sustainable energy
applications.
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