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Abstract

The wide application of proton exchange membrane fuel cells (PEMFCSs) is hindered by their
slow oxygen reduction reaction (ORR) at the cathode. Therefore, to increase the practicality

and economic viability of PEMFCs, non-noble metal catalysts have been developed to boost
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the cathodic reaction. However, non-noble metal catalysts, such as Fe-N-C, typically exhibit
lower activity than that of noble metal catalysts, which can reduce the efficiency of the fuel
cell. In addition, non-noble metal catalysts suffer from durability issues that could degrade the
catalyst over long-term operation. Therefore, in this study, we report the use of TisC2Tx MXene
as the catalyst support for a non-noble metal Fe-N-C catalyst for ORR. The unique layered
structure of two-dimensional (2D) MXenes is beneficial as electrocatalysts owing to their high
surface area, electrical conductivity and surface functionality. Fe-N-C was synthesized by
doping Fe ions into a zeolitic imidazole framework (ZIF-8) precursor. Because of high-
temperature treatment during the synthesis, MXene was introduced after the first pyrolysis with
different mass ratios. A second pyrolysis heat treatment was further employed to optimize the
catalyst activity and stability. This optimized new Fe-N-C/TisC2Tx-(4:1)-500 composite
catalyst demonstrated higher ORR activity (Eonset = 0.88 V vs. RHE) than Fe-N-C (Eonset = 0.83
V vs. RHE) catalyst. Additionally, the stability of this Fe-N-C/Ti3sC2Tx-(4:1)-500 found better
than that of commercial Pt/C for over 10000 s based on a chronoamperometry test. More than
94% of the current remains after 10000 s for the composite catalyst, while Pt/C only retains
61% of the current. In addition, the use of TizC2Tx MXene as the catalyst support for Fe-N-C
improved the PEMFC performance. This work demonstrated that the hybridization of Fe-N-C
and TisC2Tx MXene shows great potential in constructing a high-performance low-cost fuel

cell in the future.

Keywords: Stable catalyst, Fe-N-C, MXene, Oxygen reduction reaction, PEMFC



Graphical abstract

=

AE|;p =7TmV

'
~

—Iresh

—— After ADT
2 04 06 08 10 12
Potential (V vs RHE)

&

Current density (mA/cm?)
=

\;“’ ) % |

[ = %
Pyrolysis 1,100 °C £ 80

1\-«‘ <
T é/ 60

= =

—

Fe-N-C Multilayer Ti,C,T, Fe-N-C/Ti,C,T, 40

—PUC
— FeN-C
201 —VeN-C/Ti LT,

>

0 2000 4000 6000 8000 10000
Time (s)



1 Introduction

Fuel cells are a clean and environmentally friendly technology for energy generation
that produces electricity with less carbon footprint. This technology is driven by the hydrogen
oxidation reaction (HOR) at the anode and the oxygen reduction reaction (ORR) at the cathode.
Due to these reactions, fuel cells can produce electricity with only water as the by-product,
making them a clean energy generation technology. However, the slow kinetics of the cathode
reaction are limiting factors that hinder the application of fuel cells. The use of a Pt/C catalyst
in both electrodes helps to boost the reactions, but this increases the total cost of the fuel cell.
To overcome this issue, metal-nitrogen-carbon (M-N-C) catalysts have emerged as a type of
catalyst material that could be used for the ORR. Among the M-N-Cs, Fe-N-C has received
much attention due to its high catalytic activity [1,2]. In addition, the binding energy of O, on
the Fe-N-C surface is not too strong and not too weak, which is advantageous for ORR [3]. As
non-noble metal catalysts, Fe-N-Cs are typically designed to be as good as or better than Pt/C

to achieve high activity and stability.

In recent years, metal-organic frameworks (MOFs) have emerged as promising
precursors for Fe-N-C. MOFs are a type of porous material formed by arranging metal ions
and organic molecules [4]. The unique features of MOFs, such as tuneable pore sizes, large
surface areas, and the ability to selectively adsorb certain molecules, make them suitable
precursors in the synthesis of M-N-C [4,5]. Additionally, MOFs can be easily functionalized
to enhance their catalytic activity by introducing metal nanoparticles or functional groups on
their surfaces. A remarkable ORR activity was obtained when MOFs were used in Fe-N-C. For
example, Wang et al. demonstrated a high onset potential (Eonset) 0f 0.96 V vs. RHE in an
alkaline media [6]. The Fe-based MOF used as the precursor created an Fe-N-C electrocatalyst

embedded in an N-doped porous carbon framework, which improved the electrical



conductivity and increased the Fe-N active site exposure, allowing more rapid mass transfer
and making it an excellent catalyst for the ORR. However, Fe-N-C catalysts are prone to
corrosion and dissolution, especially in acidic electrolytes, leading to a loss in catalytic activity
over time [7]. In addition, the Fe-N-C particles tend to aggregate during the operations of fuel
cells, causing a decrease in the accessible active sites by the reactant. Therefore, many
strategies have been employed to improve the activity and stability of the Fe-N-C catalyst, such
as controlling the morphology [8,9], modifying the structural composition and adding catalyst

support [10,11].

More than a decade ago, Gogotsi’s group discovered a new material called MXene [12].
MXene consists of transition metal carbide, nitride or carbonitride with the chemical formula
of Mn+1Xn Ty, in which M is transition metal, X is carbon or nitrogen or both and Ty is a surface
termination group, such as -OH, -O or -F [13]. Due to the outstanding conductivity, high
chemical stability, hydrophilicity and chemical robustness, more attention has been focused on
utilizing MXenes in many applications, such as batteries [14-16], supercapacitors [17,18],
water purification [19,20], technology in the medical field and many more [21,22]. Due to the
combination of these properties, this material has also evolved as a catalyst support for
electrocatalysts recently, especially for the application of ORR [23]. For instance, Xie et al.
used TisCoTx MXene as the catalyst support for the first time to replace the conventional carbon
support for Pt/C [24]. The electron transfer from the MXene support leads to the strong
anchorage of Pt nanoparticles on the MXene, resulting in superior durability of the ORR
catalyst of Pt/TisC2Tx. On the other hand, MXenes have also been employed as non-noble
electrocatalyst supports, as studied by other researchers [25,26]. For example, Xue et al. [27]
introduced a Mn30O4/MXene nanocomposite as the ORR catalyst for a zinc-air battery that
generated a power density of 150 mW cm™ and Lin et al. [28] reported a hybrid Fe-Co-N-d-

TisC, catalyst that achieved a current density of 5.6 mA cm2 in an alkaline electrolyte. These



studies show that this material is suitable as a catalyst support for ORR catalysts. In addition,
a previous study also discovered that the coupling of FeNs with TizC2Tx possesses a strong

interaction between these two materials, thus boosting the ORR [29].

??

Until now, research on the use of MXenes as catalyst supports for the ORR has not yet
been expanded to fuel cell applications, especially PEMFCs. Most studies focused on ORR
activity and durability, and very few investigate the performance of this material in fuel cells.
The synergistic effect between Fe-N-C and Ti3sC.Tx can lead to the improved performance of
PEMEFC, thus increasing its efficiency. Current ORR catalysts experience degradation during
fuel cell operation, leading to decreased performance and shortened lifetimes. Therefore,
exploring the ability of MXenes as catalyst support materials for the cathode of fuel cells is
essential. Previously, a work by Jiang et al. discussed the use of metal clusters to adjust the
surface charge of 2D nanosheets, in which iron-cluster-directed cationic Fe-N-C nanosheets
were assembled with anionic MXene to produce a superlattice-like Fe-N-C/MXene
heterostructure [26]. However, the work does not discuss the scalability of the synthetic
procedure and its applicability to other types of metal clusters. In addition, a detailed analysis
of the structural and chemical properties of the synthesized heterostructure was lacking, which
could help to better understand the mechanism of the electrocatalytic activity. In a recent study
by Gu et al., an efficient and stable electrocatalyst for ORR was synthesized using a
combination of MOFs and TizC2> MXene [30]. The resulting Fe-Nyx/N/Ti3C; catalyst showed
superior ORR performance in both acidic and alkaline environments. In this work, we introduce
the use of multilayer TisC2Tx MXene as the catalyst support for zeolitic imidazole framework
(ZIF-8)-derived Fe-N-C. Due to the high-temperature thermal treatment to synthesize ZIF-8-
derived Fe-N-C and because MXene tends to decompose when treated at high temperature, we

separately added the MXene support after the synthesis of Fe-N-C. After adding the MXene



support, a second-step pyrolysis was performed in this work, which resulted in a significant
improvement in the stability of the Fe-N-C/TisC2Tx MXene. The Fe-N-C and TizC2Tx MXene
showed strong interactions through bond formation between Ti and N upon second-step
pyrolysis, which significantly improved the ORR activity and stability, thus improving the
power density in PEMFCs. The development of this new ORR catalyst shows a great potential
of non-noble metal cathode catalyst for the ORR in fuel cells, helping expand the applications

of sustainable fuel cells in the future.

2 Experimental

2.1 Materials
Multilayer MXenes (TisC2Tx, 68%) were purchased from ACS Material. Zinc (11) nitrate
hexahydrate (Zn(NO3)..6H2O, AR) and iron nitrate hexahydrate (Fe(NO3)3.9H.O, AR) were
obtained from R&M Chemicals, 2-methylimidazole (99%) was purchased from Sigma Aldrich,
dimethylformamide (DMF) was purchased from Fisher Scientific, and methanol (AR) and

ethanol (AR) were obtained from HmBG. All chemicals were used without further purification.

2.2 Synthesis of Fe-N-C
Zinc nitrate hexahydrate, iron nitrate nonahydrate and 2-methylimidazole were mixed in 600
ml methanol solution at a fixed molar ratio of 1:0.025:4.21 and stirred for 24 h at 60 °C. Next,
the precipitate was washed with ethanol and dried in a vacuum oven at 60 °C overnight. Finally,
the samples underwent heat treatment at 1,100 °C for 1 h under N flow with a ramping rate of
5 °C/min.

2.3 Synthesis of Fe-N-C/Ti3C2Tx
To synthesize Fe-N-C/MXene, Fe-N-C and TizCoTx MXene were mixed in 50 ml

dimethylformamide (DMF) solution at different mass ratios of 1:1, 2:1, 4:1, 6:1 and 8:1 to



achieve a colloidal suspension of 1 mg ml™. The mixture was then sonicated for 6 hours using
bath sonication to ensure the deposition of Fe-N-C on the TisCoTx MXene. After that, the
precipitate was washed with deionized water using the centrifugal method and dried in a
vacuum oven at 60 °C overnight. The samples were collected and labelled as Fe-N-C/TizC2Tx-
(mass ratio). For example, Fe-N-C/Ti3CoTx-(4:1) indicates that a mass ratio of 4:1 was used for
that sample. To investigate the effect of the second pyrolysis, the best mass ratio of Fe-N-
CITi3zC,Txwas further pyrolyzed at 350 °C, 500 °C and 800 °C for 1 h under N2 flow (ramping

rate: 5 °C/min).

2.4 Material characterization
Physicochemical characterization was conducted to obtain the physical and chemical properties
of the catalyst. Structure and morphology studies were carried out using field emission
scanning electron microscopy (GeminiSEM 500) and transmission electron microscopy (FEI
Talos L120C). The crystallographic structures were recorded using X-ray diffraction
(PANalytical X Pert PRO) and analysed using HighScore Plus software. Nitrogen adsorption-
desorption was carried out using a Micromeritics 3Flex Analyser at 77 K for surface area and
porosity characterization. Prior to measurement, the samples were degassed at 150 °C for 8
hours to remove any adsorbed gases or moisture. The Brunauer-Emmett-Teller (BET) method
was used to calculate the surface area of the sample, while the Barret-Joyner-Halenda (BJH)
method was used to determine the pore size distribution of the sample. The chemical bonding
and composition of the catalyst were measured using X-ray photoelectron spectroscopy (XPS)
(Kratos Axis Ultra) with Al Monochromatic. The XPS spectra were further analysed using

CASA XPS software for deconvolution and peak fitting.

2.5 Electrochemical measurement
A three-electrode cell was used for the electrochemical measurement, which was carried out in

0.1 M HCIO;4 electrolyte. The measurement was conducted on an Autolab PGSTAT128N



potentiostat with platinum foil as the counter electrode and Ag/AgCl as the reference electrode.
Before the measurement, the catalyst was prepared in ink form by dispersing in ethanol and 10
wt. % Nafion solution, followed by sonication for 30 mins to obtain a homogenous ink
suspension. A 5 mm diameter glassy carbon with a platinum ring was used as the working
electrode. Prior to the deposition of the catalyst on the working electrode, the glassy carbon
was polished with a 0.05 um alumina slurry until a mirror-like surface was obtained. Then, 10
ul of the catalyst was dropped on the electrode surface and dried under atmospheric conditions

before the measurement was obtained.

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were conducted at scan
rates of 50 mV s and 10 mV s, respectively, in both N2- and O-saturated electrolytes at room
temperature. For LSV, the current readings were background corrected by subtracting the non-
faradaic capacitance current density. All potential readings were converted to a reversible
hydrogen electrode (RHE) as reported by others [31]. The rotating ring-disk electrode (RRDE)
technique was used for the electrochemical measurement. The electron transfer number (n) and
the percentage of -OOH" produced (% -OOH") were calculated using Equation 1 and Equation

2, respectively.

n = (419)/(a + (D) 2

HO,™ % = ((4 — n)/2) % 100 ©)

where lg, Ir, and N are the disk current, ring current and collection efficiency, respectively.

2.6 MEA fabrication and single-cell testing
The catalyst ink was prepared by mixing the catalyst with isopropyl alcohol and Nafion
solutions. The catalyst was deposited on gas diffusion layer carbon paper (AvCarb GDS3250)

using the spraying method to obtain a loading of 4 mg/cm? at the cathode. At the anode, a gas



diffusion electrode with 0.5 mg/cm? 60 wt.% Pt/C was used. Prior to testing, Nafion® 212, as
the proton exchange membrane, was sandwiched between the two electrodes and hot-pressed
at 120 °C with a pressure of 30 bar for 3 minutes to obtain the membrane-electrode-assembly
(MEA) with an active area of 6.25 cm?. The single-cell performance was evaluated at room
temperature with 100% relative humidity. 0.08 L/min of H; gas was fed as the fuel at the anode,
and 0.2 L/min of O as the oxidant at the cathode for the PEMFC. The single-cell performance

measurements were recorded using Fuel Cell Monitor 4.0.

3 Results and discussion

3.1 Effect of mass ratio

Fig. 1 illustrates the synthesis process of Fe-N-C/TisC,Tx. Fe-N-C was obtained by
doping Fe ions into the zeolite imidazole framework (ZIF-8) precursor. Through the subsequent
heat treatment at 1100 °C, the Zn ions on the precursor are removed, thus providing a highly
porous Fe-N-C particle. This high-temperature pyrolysis is important to convert the Fe—Ny
complexes into FeN4 active sites embedded in the carbon matrix [32]. During the pyrolysis
process, the Fe ions within the Fe-doped ZIF-8 decompose and react with the carbon and
nitrogen in the ZIF-8 framework to form Fe-N-C sites. The high-temperature treatment also
induces the removal of the ZIF-8 template, leaving behind a porous carbon matrix that provides
a high surface area for electrochemical reactions. In particular, the high-temperature treatment
at 1100 °C leads to the formation of highly active Fe-N-C sites, which play a critical role in
enhancing the ORR performance of the catalyst. Further addition of the TisC,Tx MXene
support led to the deposition of Fe-N-C particles on the TisCoTx MXene surface, followed by

a second pyrolysis to enhance the interaction between Fe-N-C and TisC2Tx MXene.
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Fig. 1. Schematic synthesis route of Fe-N-C/Ti3CaTx.

As shown in the FESEM image displayed in Fig. 2a-f, when Fe-N-C and MXene are
mixed at a 1:1 mass ratio, the Fe-N-C catalyst particles are observed to deposit on the surface
of the MXene layers. This is likely due to the strong interaction between the Fe-N-C particles
and the MXene surface, which is rich in functional groups such as -OH and -O. These
functional groups can act as anchor points for the Fe-N-C particles, causing them to adhere to
the surface of the MXene layers [33]. As the mass ratio of Fe-N-C to MXene is increased to
8:1, the Fe-N-C particles begin to occupy the interlayer spaces between the MXene layers,
forming a more compact and dense structure. Fig. 2g shows the XRD spectra of the synthesized
Fe-N-C/TisC2Tx. The XRD spectra of Fe-N-C display the presence of a prominent (002)
graphitic carbon peak at 20 = 26° [31], with small peaks at 20 = 29.74° and 43.43°
corresponding to the (101) and (111) planes of FesN according to JCPDS card no. 49-1664
[34]. Additionally, the small peaks at 35°, 44°, 57.5°, and 62.5° are attributed to the (311),
(400), (511) and (440) planes of Fe2Os (JCPDS card no. 39-1346). The pristine multilayer
Ti3C3Tx shows prominent peaks at 8.9°, 18.6°, 37.7° and 60.7°, which correspond to the (002),
(006), (0012) and (110) planes, indicating a multilayer TizC2Tx MXene [26]. The (002) peaks
of TisCoTx MXene gradually broaden and shorten as Fe-N-C is added, suggesting an increase
in the d-spacing of the TisC,Tx layers due to the incorporation of Fe-N-C into the MXene sheets

[35].



The ORR activity of these catalysts was tested in 0.1 M HCIO4 electrolyte, simulating
the operating conditions of the acidic environment of PEMFCs. Fig. 2h shows that the addition
of TisC2Tx MXene reduces the current density with only a small drop in the onset potential.
This is because MXene has poor ORR catalytic activity due to its inert nature and lack of active
sites for ORR. It was observed that the highest onset potential was produced by Fe-N-
C/TisCaTx-(4:1), with an Eonset of 0.8 VV vs. RHE. There is no linear correlation between the
mass ratio used for the preparation of Fe-N-C/Ti3C2Txand the ORR activity. In fact, adding an
inadequate amount of MXene did not improve the ORR activity, yet excessive MXene led to a
decrease in ORR activity. Therefore, the optimal mass ratio of Fe-N-C/TizC,Tx at 4:1 was

selected and set for further testing.
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Fig. 2. (a-f) FESEM image, (g) XRD spectra and (h) linear sweep voltammetry of Fe-N-C,
TisCoTx, Fe-N-C/TisCaTx-(1:1), Fe-N-C/TisCaTx-(2:1), Fe-N-C/TisC2Tx-(4:1), Fe-N-

CITisC2Tx-(6:1) and Fe-N-C/TisCoTx-(8:1).

3.2 Effect of pyrolysis temperature
To further improve the catalytic activity of Fe-N-C/TisC.T, a second pyrolysis step
was added. In the first pyrolysis step during the synthesis of Fe-N-C, precursor materials, such
as Fe and N-containing carbon matrices, are converted into a carbon-based material with a
disordered and amorphous structure. Therefore, the second pyrolysis post-addition of TizC2Tx
MXene is vital. This step helps to improve the crystal structure and increase the degree of
graphitization of the carbon material. This improves the conductivity and exposes more active

sites for the ORR reaction, leading to an enhancement in catalytic activity. The degree of



graphitization of the catalyst can have a significant impact on the stability of the catalyst. In
general, a highly graphitized catalyst typically exhibits higher stability and durability, as the
highly ordered graphitic structure is more resistant to corrosion and degradation during the
operation of the fuel cell [36]. The FESEM micrographs depicted in Fig. 3a-d reveal the
presence of Fe-N-C particles deposited on the surface of TizC2Tx MXene. Interestingly, as a
second pyrolysis is imposed, the MXene introduced a gap between the layers. In addition, the
lateral size of MXene is reduced. This is favourable because it could increase the surface area
and provide a pathway for mass transport of a reactant. As the pyrolysis temperature was further
increased to 800 °C, the structure of MXene began to decompose, resulting in the formation of
larger particles. The TEM image presented in Fig. 3e-h demonstrated that the hollow sphere
structure of Fe-N-C was still visible on the surface of TizC2Tx MXene, yet no such structure
was observed in Fe-N-C/TizC2Tx-(4:1)-800.

It is assumed that at 800 °C, the TisC>Tx surface was oxidized and formed TiO.. From
the XRD spectra presented in Fig. 3i, Fe-N-C/TizC2Tx-(4:1)-350 and Fe-N-C/Ti3CoTx-(4:1)-
500 show similar XRD patterns to Fe-N-C/TisC2Tx-(4:1). However, further increasing the
second pyrolysis temperature to 800 °C leads to the formation of TiO2 on the TisC,Tx surface,
as shown by the sharp peak at 27.3° that matched the rutile TiO2 (110) plane (JCPDS #75-
1537) [37].

In Fig. 3j, the N2 adsorption-desorption of pristine TisC,Tx presented a type Il isotherm
that defined the nonporous structure of the multilayer TisC.Tx. On the other hand, Fe-N-
C/Ti3CoTx-(4:1)-500 generates a type IV isotherm with hysteresis H3, which illustrates a
mesopore structure [38]. The steep increase in P/P, < 0.05 for Fe-N-C, Fe-N-C/TisC,Tx-(4:1)
and Fe-N-C/Ti3C,Tx-(4:1)-500 indicates the presence of micropores in these catalysts [39]. The
BET surface areas calculated based on the N. adsorption-desorption isotherms for TisC2Tx, Fe-

N-C, Fe-N-C/TisC2Tx-(4:1) and Fe-N-C/Ti3C2Tx-(4:1)-500 are 1.53, 492.7, 222.8 and 359.8



m?/g, respectively. The increase in the surface area of Fe-N-C/TisC2Tx-(4:1)-500 is due to the
increase in the interplanar distance post-second pyrolysis [40]. In addition, the pyrolysis of Fe-
N-C/TisC2Tx-(4:1)-500 leads to the formation of defects and mesopores, thus increasing the
surface area [41]. The pore size distribution (Fig. 3k) shows that Fe-N-C/Ti3sC,Tx-(4:1)-500
contains fewer macropores than Fe-N-C/TisC2Tx-(4:1) with no pyrolysis. This is because the
high temperature during pyrolysis can cause the TisC2Tx MXene layers to partially collapse
and fuse together, leading to a decrease in the number of interlayer spaces and ultimately

reducing the number of macropores in the material.
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XPS measurements were carried out to obtain information on the composition and
chemical state of Fe-N-C/TisC,Tx. The XPS survey scan in Fig. 4a reveals that Fe-N-C mainly
contains Fe, O, N and C species, while the addition of TizC2Tx MXene shows the presence of
Ti and F species on Fe-N-C/TisC,Tx. This indicates that the TisC>Tx MXene contains -F and -
OH groups on the surface termination. Additionally, it is observed that the amount of Fe present
in the samples is extremely low, possibly due to the formation of single atoms. The N peaks in
the XPS spectrum were analysed and deconvoluted into four distinct types of N bonding, as
shown in Fig. 4b-d. The guantitative measurement of the N species present in the samples is
summarized in the bar chart in Fig. 4e. The second pyrolysis of Fe-N-C/TizC,Tx leads to an
increase in pyridinic-N and graphitic-N. This is beneficial for the ORR, as pyridinic-N is
known to play an important role in the ORR because it can act as an active site for the reaction
[42]. The abundant existence of micropores and pyridinic N, which are predominantly situated
at the edges and defects of the carbon matrix, indicates that nitrogen-doped microporous
defects are prevalent. These pre-existing N-C defects are believed to act as anchoring sites,
facilitating the formation of SA FeNy sites [43].

The presence of TisC2Tx MXene nanosheets can influence the bonding of Ti and N in
the Fe-N-C/MXene material. The Ti atoms in the MXene nanosheets can interact with the N
atoms in the Fe-N-C nanoparticles, leading to the formation of Ti-N bonds. These Ti-N bonds
can potentially influence the electronic structure and catalytic properties of the Fe-N-C
nanoparticles. The XPS Ti 2p peak was further deconvoluted into four peaks, which were
identified as TiO2 and TiN, as shown in Fig. 4f-g. Interestingly, the atomic percentage of TiN

is increased after the second pyrolysis from 6.29 at. % to 17.75 at. %.
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500.



The electrocatalytic activity of the Fe-N-C/MXene catalysts was tested in 0.1 M HCIO4
electrolytes. As shown in Fig. 5a, there is a significant enhancement in the ORR activity when
Fe-N-C/Ti3sC2Tx-(4:1) undergoes a second pyrolysis. No change in Eonset Was observed with the
second pyrolysis, yet the limiting current density is increased. The Fe-N-C/TisC2Tx-(4:1)-500
exhibited a higher current density of 3.6 mA/cm? compared to that of the Fe-N-C/TisC2Tx-(4:1)
with no second pyrolysis (1.38 mA/cm?). This indicates that 500 °C is the best pyrolysis
temperature for Fe-N-C/TisC2Tx. Further microkinetic studies were conducted by calculating
the Tafel slope obtained from the kinetic region. As seen in Fig. 5b, Fe-N-C/Ti3C,Tx-(4:1)-500
has the lowest Tafel slope (100 mV/dec), much lower than that of Fe-N-C/TizCoTx-(4:1)
without further second pyrolysis and Fe-N-C. This indicates that Fe-N-C/TizCTx-(4:1)-500
possesses the fastest electron transfer rate for ORR compared to that of the other samples. The
electron transfer number for the samples was further calculated using the RRDE method. As
observed in Fig. 5c, all Fe-N-C/TisC2Tx-(4:1) with and without further pyrolysis possess an
electron transfer number greater than 3.85, which indicates the 4-electron transfer. However,
the highest electron transfer number is acquired by Fe-N-C/TizC2Tx-(4:1)-500 with 3.97. The
unique nanostructure of the catalyst, with its porous properties, provides more accessible
catalytic sites and enhances the transportation of reactants, which is critical for the ORR
process. Additionally, this Fe-N-C/TisC2Tx-(4:1)-500 produced the lowest hydrogen peroxide,
which was less than 3%.

The electronic structure changes of FeNg after coupling with TizC>Tx greatly affects the
ORR. TizC2Tx MXene, which contains -OH and -F terminations with high electronegativity,
can strongly interact with FeN4 moieties and stabilize the highest occupied molecular orbital
(HOMO) by reducing the electron density of Fe(ll). This decreased electron density around

Fe(ll) centres, combined with strong electron delocalization, optimizes the orbital overlap of



Fe 3d with O, 2p and favours the jump of Fe d.? electron to O 2p orbitals, thus boosting oxygen
adsorption on FeN4 [29]. The position of the d-band centre is a main factor that determines the
adsorption strength of the intermediates. As a consequence, more d electrons are introduced to
the d unoccupied orbitals, which makes the d-band centre move away from the Fermi level and
therefore weakens the binding strength of O species; as a result, the ORR activity is boosted

[24,44].
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Fig. 5. (a) Linear sweep voltammetry of Fe-N-C and Fe-N-C/TisC,Tx-(4:1) with pyrolysis
temperatures of 350, 500 and 800 °C, (b) Tafel plot and (c) electron transfer number and
peroxide yield for Fe-N-C/TizC2Tx-(4:1), Fe-N-C/Ti3CaTx-(4:1)-350, Fe-N-C/TisCoTx-(4:1)-

500 and Fe-N-C/TisC,Tx-(4:1)-800

The main factors that lead to the degradation of catalysts and result in a decline in
performance are the leaching of metals, corrosion of carbon, production of hydrogen peroxide,
and protonation of active sites. These factors could affect the catalyst’s durability, especially
when applied in the fuel cell environment. Therefore, the durability of the catalyst was tested
using an accelerated durability test (ADT) by applying a load cycle in the potential range of
0.6 to 1.0 V vs. RHE in N-saturated 0.1 M HCIO4, following the standard ADT protocol
[25,45,46]. CV and LSV were recorded pre- and post-ADT (Fig. 6). The initial E1, for Fe-N-
C/Ti3C,Tx-(4:1) was 0.686 V vs. RHE and dropped to 0.641 V vs. RHE, indicating a 45 mV

loss. Meanwhile, Fe-N-C/Ti3C2Tx-(4:1)-500 only lost 7 mV of Eiy» after the ADT. This



demonstrates that Fe-N-C/Ti3C2Tx-(4:1)-500 is more durable than Fe-N-C/TisC2Tx-(4:1) in a

harsh ADT environment.
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Fig. 6. CV of (a) Fe-N-C/Ti3C2Tx-(4:1) and (b) Fe-N-C/Ti3C2Tx-(4:1)-500, and LSV of (c) Fe-
N-C/Ti3C2Tx-(4:1) and (d) Fe-N-C/TizC2Tx-(4:1)-500 before and after the 5,000 cycles of

ADT.

Continuous chronoamperometry measurements were carried out to investigate the
stability of the catalyst. The current-time curve was obtained by performing the
chronoamperometry test at 0.6 V for 10,000 s in an Oz-environment electrolyte. As shown in
Fig. 7, Fe-N-C/Ti3C2Tx-(4:1)-500 exhibits the most current stability, with 94% of the current
remaining over 10000 s. In contrast, the commercial Pt/C catalyst exhibits a lower stability,

retaining only 61% of the current, as previously reported by another study [47]. The notable



decrease in current observed during the chronoamperometry test for Pt/C was primarily
attributed to carbon corrosion and Pt dissolution, which were especially prominent in an acidic
environment [48]. The formation of H20O during the ORR can have a significant impact on the
stability of the catalyst. H.O, is a reactive oxygen species that can react with the catalyst
surface, leading to degradation of the catalyst and a decrease in its activity. The presence of
H20> can also lead to the formation of free radicals, which can further damage the catalyst
surface and reduce its stability [49]. This can be attributed to the lowest H>O. production during
the ORR on the Fe-N-C/Ti3C,Tx-(4:1)-500 catalyst. One reason why MXenes are stable ORR
catalysts is their unique structure and composition. MXenes have a layered structure that
consists of transition metal layers (such as Ti, Mo, V, etc.) sandwiched between carbon or
nitrogen layers [50]. These layers are held together by strong metallic bonds, giving MXenes
their mechanical strength and stability [51]. In addition, the graphitized carbon layers were
found to be advantageous in maintaining the stability of the current by preventing the
aggregation and dissolution of Fe [52]. The interaction between Ti and Fe-N-C can improve
the stability due to the strong bonding between Ti and Fe-N-C that can prevent the leaching of
Fe or other active species from the catalyst, which is a common issue with ORR catalysts. In
addition, this interaction leads to the transfer of electrons at the interface and atomic charge

polarization between the two layers [34].
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Various modifications have been investigated by other researchers to enhance the
activity and stability of Fe-N-C catalysts for ORR in fuel cells. These modifications include
adding other transition metals, such as cobalt, nickel, or manganese, to the Fe-N-C catalyst,
which can provide more active sites and improve electron transfer rates. Another strategy
involves functionalizing the catalyst surface with nitrogen-containing groups or graphene to
enhance its durability and activity. Additionally, optimizing precursor and synthesis conditions
can improve the distribution and composition of active sites. These modifications have the
potential to make Fe-N-C catalysts an attractive choice for fuel cells and other electrochemical
applications. Table 1 summarizes the works performed by other researchers to improve the

performance of Fe-N-C catalysts, especially in terms of catalyst stability.



Table 1 Comparison of various Fe-N-C samples and their performance as ORR catalysts in 0.1

M HCIO4 from other studies.

Catalyst Eonset (V Eio (Vvs. ORR stability Ref.

vs. RHE)  RHE)

Fe-N-C/TisCoTx- 0.88 0.68 Retained 94% of current over  This
(4:1)-500 10,000s chronoamperometry work
test and only 7 mV of E1.2

attenuation after the 5000

cycles ADT

Fe-N-C@MXene 0.77 11 mV of Ey, attenuation after  [53]
the 10000 cycles ADT

Cu-Fe-N-C 0.90 0.79 20 mV of Ey, attenuation after  [54]
the 1000 cycles ADT

Pt-FeNC 0.97 0.85 20 mV of Ey attenuation after  [55]
the 10000 cycles ADT

S-doped Fe-N-C 0.95 0.81 2 mV of Ey; attenuation after  [56]
the 10000 cycles ADT

FeMn-N-C 0.989 0.804 Retained 96% of current over  [57]

40,000s chronoamperometry
test
FeNSF-doped C 0.901 0.798 24.8 mV of Ey, attenuation [58]
after the 10000 cycles ADT
FeNi-N-C 0.90 0.79 No attenuation of Ey after the  [59]

5000 cycles ADT



FeCr-N-C 0.88 0.73 14 mV of Ey attenuation after  [60]

the 20000 cycles ADT

Fe-N-C-900 0.841 0.709 33 mV of Ey attenuation after  [61]
the 5000 cycles ADT

P-doped Fe-N-C ~ 0.92 0.858 N/A [62]

3.3 Performance of single-cell PEMFC

The performance of the Fe-N-C/TisC2Tx MXene was further evaluated in a single-cell
PEMFC at room temperature. Considering its excellent catalytic activity as revealed by its
ORR activity, kinetic parameters and stability, Fe-N-C/TisC>Tx-(4:1)-500 was selected to be
tested in a single-cell PEMFC. The I-V polarization curve and power density profile of the
catalyst are presented in Fig. 8. At room temperature, Fe-N-C/Ti3C2Tx-(4:1)-500 achieves a
maximum power density of 18.3 mW/cm?, which is higher than that of Fe-N-C (only 8.1
mW/cm?). This is because the synergistic effect between Fe-N-C and TizC,Tx MXene promotes
the reaction rate and thus improves the power density of the PEMFC. However, it was observed
that the open circuit voltage (OCV) of Fe-N-C/TisC2Tx-(4:1)-500 is lower (0.67 V) than that
of the Fe-N-C (0.7 V). However, in the ohmic region, the current for Fe-N-C/Ti3CaTx-(4:1)-
500 surpasses that for Fe-N-C, thus producing a higher power density. This is because the high
electrical conductivity of TisC2Tx MXene can facilitate the electron transfer process, reducing
the resistance of the catalyst layer and improving the overall performance of the PEMFC [63].
Therefore, the addition of TisC2Tx MXene into Fe-N-C can improve the overall performance
of the PEMFC, leading to an increase in power density. However, despite their improved
performance, the Fe-N-C/TisC2Tx-(4:1)-500 catalysts still exhibit lower single-cell

performance than that of Pt/C. From this experimental, the performance of Pt/C is lower than



that reported elsewhere [64], however, when the hot-press condition during the MEA
fabrication is changed to a lower pressure, the power density of the Pt/C electrode increases
significantly to 153.2 mW/cm?. This observation suggests that the hot-press condition has a
significant impact on the performance of the fuel cell. In the future, it is expected that further
advancements in optimizing the MEA preparation and hot-pressing techniques will lead to even

higher performance and efficiency of PEMFCs using noble-free metal catalysts.
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Fig. 8. Single cell PEMFC of Fe-N-C and Fe-N-C/ TisC2Tx-(4:1)-500 at room temperature in
comparison to Pt/C (cathode loading of 0.5 mg/cm?) with the same MEA preparation method

and different hot-press conditions.
4 Conclusion

In conclusion, this study has demonstrated that Fe-N-C/TizC2Tx MXene is a promising catalyst
for ORR due to its excellent catalytic activity and durability. Our results indicate that the
addition of MXene on Fe-N-C with two-step pyrolysis at the optimum temperature could
improve the ORR activity, with a high onset potential and exceptional durability. Additionally,
this Fe-N-C/TisC.Tx MXene catalyst shows excellent stability under prolonged testing with

1.5-fold of the current remaining in Pt/C, suggesting that it shows the potential for long-term



applications in fuel cells and other electrochemical devices. The synergistic effect between Fe-
N-C and MXene occurs due to the complementary properties of these two materials. Fe-N-C
exhibits excellent catalytic activity for the ORR but suffers from poor durability due to carbon
corrosion. On the other hand, MXene shows good stability but exhibits poor ORR activity. By
combining Fe-N-C and MXene, the advantages of both materials can be exploited while
minimizing their drawbacks. The MXene serves as a support for Fe-N-C, improving its
durability by providing a protective layer against carbon corrosion. At the same time, Fe-N-C
enhances the ORR activity of MXene by providing active sites for the reaction. This work
provides clear insight into the highly active and stable Fe-N-C/TizC2Tx towards ORR and its
performance in PEMFC. The development of this new ORR catalyst could provide an

opportunity to further expand sustainable fuel cell applications in the future.
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