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Abstract: Finding alternatives to platinum that exhibit high activity, stability, and abundant
reserves as oxygen reduction electrocatalysts is crucial for the advancement of fuel cells. In
this study, we first mixed FeCl,-4H,0, 1,10-phenanthroline, and Vulcan XC-72, followed
by pyrolysis in a nitrogen atmosphere, to obtain FeNC. Subsequently, we combined FeNC
with MXene produce FeNC/MXene composites. The FeNC/MXene catalyst achieved
a half-wave potential of 0.857 V in an alkaline medium, exhibiting better oxygen reduc-
tion reaction (ORR) activity and durability than commercial Pt/C catalysts. The layered
structure of MXene endows the material with a high specific surface area and facilitates
efficient electron transfer pathways, thereby promoting rapid charge transfer and material
diffusion. The cleavage of Ti-C bonds in TizC, at elevated temperatures results in the
transformation of MXene into TiO,, where the coexistence of anatase and rutile phases
generates a synergistic effect that enhances both the mass transfer rate and the electrical
conductivity of the catalytic layer. Additionally, the unique electronic structure of the
FeNy sites simultaneously optimizes electrocatalytic activity and stability. Leveraging these
structural advantages, the FeNC/MXene composite catalysts demonstrate exceptional
catalytic activity and long-term stability in oxygen reduction reactions.
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hydrogen fuel cells have garnered significant attention [1,2]. In these cells, hydrogen is
oxidized through the hydrogen oxidation process, while oxygen undergoes reduction,
enabling the conversion of stored energy into electrical energy via the oxygen reduction

o mechanism [3-5]. However, the ORR is characterized by slow kinetics and necessitates a
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sition metals benefits the ORR by weakening the bond strength of key intermediates
(OOH*, O*, OH*), as these metals can effectively accept external electrons [12-14]. This
phenomenon arises from the three-dimensional electronic orbitals of transition metals,
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thereby enhancing the electrochemical efficiency of the catalyst and promoting the ORR.
Notably, carbon materials exhibit electrical conductivity, and nitrogen doping can further
improve this property, increasing the rate of electron transfer within the catalyst [15,16]. The
synergy between transition metals and nitrogen-doped carbon enhances both durability
and catalytic activity, leading to improved ORR performance. Among these materials,
iron—nitrogen—carbon (Fe-N-C) has attracted considerable attention for its promise as a
high-performance alternative to noble metal catalysts like Pt/C [17,18]. Fe-N-C materials
offer several advantages, including moderate cost, high conductivity, stability, and high
catalytic efficiency [19-22]. However, the pyrolysis process unavoidably induces significant
aggregation and the formation of thick catalyst layers, thereby impeding mass transport
and ionic conductivity, which ultimately results in suboptimal ORR performance [23]. To
overcome this problem, researchers have designed various Fe-N-C catalysts supported on
diverse substrates, including covalent organic frameworks (COFs) [24], imidazole zeolite
frameworks (ZIFs) [25], and MXene [26,27]. In particular, MXene materials have garnered
significant interest for heterogeneous catalysis, attributed to their layered architectures and
rich functional groups [28].

MXene (Mn(; ) X(x+1)Tx, where M is an early transition metal, X represents C and/or
N, and T denotes surface terminations) is a novel two-dimensional transition metal carbide
or nitride. Itis widely applied in energy storage and conversion due to its excellent electrical
conductivity, hydrophilicity [29,30], and unique surface properties [28,31-33]. However,
MXene features a readily stackable sheet structure, which is held together by van der
Waals forces and hydrogen bonds [34]. Variations in MXene’s lattice structure and surface
terminations can significantly alter its electronic properties, allowing the fine-tuning of
its surface environment and catalyst interactions [35]. Consequently, MXene could play a
pivotal role in enhancing the catalytic activity of Fe-N-C.

In the present study, a composite material was designed, consisting of Fe-N,-C and
TizCy-type MXene. A series of FeNC/MXene electrocatalysts was prepared, and their
electrochemical performance as ORR catalysts in an alkaline medium was investigated.
Furthermore, we optimized the pyrolysis temperature of Fe-Nyx-C and MXene to achieve
the most effective ORR activity. The FeNC/MXene catalyst demonstrates a high half-wave
potential of 0.857 V and supports an efficient four-electron ORR pathway. It also exhibits
excellent stability and strong resistance to methanol crossover. These FeNC/MXene cata-
lysts meet the necessary criteria for both purity and high performance, and are expected to
serve as a cost-effective, efficient, and sustainable alternative to commercial Pt/C catalysts.

2. Experimental Section
2.1. Materials

MAX phase (Ti3AlCy) was bought from Jilin 11 Technology Co., Ltd. (Changchun,
China). Hydrofluoric acid (40%), methanol (99.5%), and propan-2-ol (99.7%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Iron(II) chloride
tetrahydrate and 1,10-phenanthroline were purchased from Macklin chemical reagent.
(Shanghai, China). Vulcan XC-72 carbon black was purchased from Cabot Corporation
(Boston, MA, USA), and Nafion was obtained from DuPont (Wilmington, DE, USA).

2.2. Synthesis of M Xene

1 g of Ti3AlC, was gradually introduced into 20 mL of a 40% HF solution and stirred
at 45 °C for 24 h [36]. Following the stirring process, the mixture was subjected to repeated
centrifugation with deionized water until the pH reached 6. The precipitate obtained
from centrifugation was subsequently collected and vacuum-freeze-dried for 12 h to yield
multilayered TizCpTx.
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2.3. Synthesis of eNC/MXene

A total of 120 mg of carbon black (Vulcan XC72) was combined with 8 mL of methanol.
In a separate preparation, 22 mg of Iron(II) chloride tetrahydrate was added to 1 mL of
methanol, and 60 mg of 1,10-phenanthroline was dissolved in 1 mL of methanol. The
three resulting solutions were then combined and stirred thoroughly. The mixture was
subsequently placed in an open beaker, where it was continuously stirred at a temperature
of 60 °C until complete evaporation of the solvent occurred. Following this, the material
was heated in an oven at 80 °C for two hours. The carbon black-containing [Fephen3]** was
then transferred to a tubular heating furnace and subjected to pyrolysis at 800 °C for three

hours, utilizing a heating rate of 5 °C min~!

in a nitrogen atmosphere. The final product
was designated as FeNC.

To prepare the FeNC/MXene composite, add 30 mg of MXene and 30 mg of FeNC to
20 mL of methanol. Stir the mixture at 60 °C until the methanol has completely evaporated.
Subsequently, transfer the resulting mixture to a tube furnace and subject it to pyrolysis in

a nitrogen atmosphere at 800 °C for a duration of 2 h.

2.4. Electrochemical Characterization

In this experiment, all electrochemical measurements were performed using a
(52350 electrochemical workstation with a standard three-electrode configuration. A satu-
rated Hg/HgO electrode was used as the reference electrode, a graphite rod as the counter
electrode, and a 5 mm diameter glassy carbon rotating disk electrode (RDE) as the working
electrode. The electrolyte was 0.1 M KOH, which was saturated with oxygen prior to
testing to ensure reliable evaluation of the catalyst’'s ORR performance. To standardize
the results, all potentials were converted to the reversible hydrogen electrode (RHE) scale
using the following equation:

RHE = Hg/HgO + 0.059pH + 0.098

Before testing, the catalyst was prepared into an ink by dispersing 5 mg of catalyst
in 200 puL of isopropanol, 780 uL of ultrapure water, and 20 pL of 5% Nafion solution.
The mixture was sonicated for 1 h to ensure uniform dispersion. The working electrode
was polished with 50 nm Al,O3; powder to remove surface impurities. Then, 20 pL of
the catalyst ink was drop-cast onto the RDE surface and allowed to dry. Electrochemical
activation was performed using cyclic voltammetry (CV) in O;-saturated 0.1 M KOH
at a scan rate of 50 mV s~! over a potential range of 0.1-1.1 V (vs. RHE). ORR activity
was evaluated via linear sweep voltammetry (LSV) under O,-saturated conditions at
a scan rate of 10 mV s~! and a rotation speed of 1600 rpm, within the potential range
of 0-1.1 V (vs. RHE). To analyze the reaction kinetics, LSV curves were also recorded at
various rotation rates (625-2025 rpm). The Koutecky-Levich (K-L) equation was used to
calculate the number of electrons transferred (1), expressed as

=it L = B
where B is defined by the following equation:
B = 0.2nFCyDy%/3v—1/¢

Here, j represents the measured limiting current density; jk and ji denote the kinetic
and limiting diffusion current densities, respectively; w indicates the angular velocity of
the rotating disk electrode (RDE); n is the number of electron transfers; and F is Faraday’s
constant (F = 96,485 C mol~!). Additionally, Cy is the volume concentration of O, in
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0.1 MKOH (Cy = 1.2 x 107° mol cm™3), Dy is the diffusion coefficient of O,, which is
1.9 x 107° cm? s}, and the kinematic viscosity of the electrolyte (7) is 0.01 cm? s~
0.1 M KOH. The rotation speed (rpm) is expressed using the constant 0.2.

in

3. Results and Discussion
3.1. Characterization of FeNC/MXene

Figure 1a presents the X-ray diffraction (XRD) image of the MAX phase and MXene.
A distinct diffraction peak at 26 = 38.4°, indexed as (104), is observed in the MAX phase,
attributed to aluminum (Al), which must be fully removed to obtain the MXene [37] layer.
The disappearance of the 38.4° peak after 24 h HF etching confirms the complete removal of
aluminum and the formation of high-purity, layered MXene. Additionally, new diffraction
peaks corresponding to the crystal planes (002), (004), and (006) appear at 26 values of 8.6°,
17.9°, and 27.1°, respectively [36]. The diffraction pattern provides additional evidence
for the successful conversion of Ti3AlC, to TizC,. Notably, the (002) peak shifts to a lower
angle in the MXene phase (26 = 8.6°), likely due to the increased lattice spacing caused by
the expansion of the Ti3C; layers along the (002) plane, thus validating the characteristic
accordion-like structure of MXene. As seen in Figure 1b, the XRD image of FeNC exhibits
characteristic diffraction peaks corresponding to Vulcan XC72 at angles of 25° and 43° [38].
The XRD plots of FeNC/MXene-1 exhibit characteristic peaks at 27.3°, 35.9°, 41.1°, 43.9°,
54.1°, and 56.5°, which correspond to the (110), (101), (111), (210), (211), and (220) crystal
facets of rutile TiO; [39]. Additionally, a weak peak at 25.1° corresponds to the (110) crystal
facet. The absence of peaks corresponding to Ti3C; in the XRD pattern of FeNC/MXene-1
may be attributed to the dominance of TiO, peaks, which hinder the detection of TizC.
In addition, no diffraction peaks corresponding to iron-based species were observed in
the XRD patterns of either FeNC or FeNC/MXene-1, indicating that the iron species were
atomically dispersed within the carbon matrix [40]. These Fe-N-C catalysts may interact
with TiO, nanoparticles, resulting in a synergistic effect [41].
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Figure 1. (a) XRD pattern of MXene and TizAlCy; (b) XRD pattern of FeNC/MXene-1, FeNC,
and MXene.

Figure 2a illustrates the XRD plots of FeNC/MXene at various pyrolysis temperatures.
At a pyrolysis temperature of 700 °C, MXene is converted to anatase TiO; due to the facile
cleavage of the Ti-C bond in TizC, at elevated temperatures, leading to the formation
of TiO,. Anatase TiO, exhibits a more open crystal structure, a relatively high specific
surface area, an abundance of surface defects, and a rich presence of oxygen vacancies,
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all of which contribute to its high catalytic activity. When the pyrolysis temperature is
elevated to 800 °C, anatase TiO, transforms into rutile TiO,, with the peak intensity of rutile
TiO, increasing further with higher pyrolysis temperatures, indicating the generation of
additional TiO,. Rutile TiO, possesses relatively good electrical conductivity, particularly
at high temperatures, which enhances its stability in electrocatalytic reactions characterized
by high voltage and current density. The anatase and rutile phases in mixed-phase TiO,
exhibit a beneficial synergistic effect [42,43]. An optimal ratio of anatase to rutile enhances
the mass transfer rate and conductivity of the catalytic layer [44]. As shown in Figure 2b,
Raman spectroscopy was conducted to investigate FeNC/MXene at different pyrolysis
temperatures. The Raman spectra (Figure 2b) show the D (1340 cm~!) and G (1580 cm™!)
bands of carbon crystals, which are associated with defects in the carbon lattice and the
vibrations of sp?-hybridized carbon atoms, respectively. The intensity ratio (Ip/Ig) reflects
the surface defects in the carbon film, with values of 1.03 for FeNC/MXene-700, 1.08 for
FeNC/MXene-800, and 1.08 for FeNC/MXene-900, indicating that the carbon layer in
FeNC/MXene-800 has a higher defect density [45,46].
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Figure 2. (a) XRD pattern and (b) Raman spectra of FeNC/MXene-700, FeNC/Mene-800, and
FeNC/Mene-900.

The surface morphology of the MAX phase (MXene), FeNC, and FeNC/MXene was
observed via scanning electron microscopy (SEM). As illustrated in Figure S1, the MAX
phase exhibited closely stacked layers, whereas the MAX phase underwent a successful
transformation into an accordion-like (see Figure 3b) MXene layer following 24 h of etching.
Figure 3c depicts the FeNC structure without MXene, which exhibits agglomerated particles.
Following the doping of MXene into FeNC at a mass ratio of 1:1, the surface of MXene was
modified by FeNC particles, as illustrated in Figure 3d. This process retained the lamellar
structure of MXene while simultaneously facilitating the dispersion of FeNC clusters,
thereby improving the porosity of the material. The dispersion of FeNC clusters over time
led to an improvement in porosity. Furthermore, the distribution of FeNC particles in
the interlayer of MXene hindered lamellar stacking and enhanced mass transport, greatly

improving ORR performance [47].
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Figure 3. (a) Schematic illustration of FeNC/MXene hybridization; (b) SEM images of MXene,
(c) FeNC, and (d) FeNC/MXene-1; (e,f) TEM images of FeNC/MXene-1; (g) overlay of the elemental
mapping of the energy-scattered X-ray spectra of FeNC/MXene-1.

The figure shows a TEM image of a highly porous FeNC/MXene electrocatalyst
(see Figure 3e,f). The TEM image further verifies that the MXene layer covers the FeNC,
in agreement with the SEM image. It shows that the edges of FeNC/MXene appear
more worn or rough, indicating an increase in porosity. The lattice stripe spacing of
TiO, has been measured to be 0.35 nm, which corresponds to the (101) crystal plane, and
the lattice stripe spacing of Ti3C,Tx MXene has been measured to be 0.34 nm, which
corresponds to the (006) crystal plane. Additionally, the lack of carbon lattice fringes
confirms the amorphous nature of FeNC, which contributes to enhanced resistance to
volume change during electrochemical reactions [48]. Furthermore, elemental mapping
revealed the presence of C, N, O, Ti, and Fe (see Figure 3g), indicating that MXene and
FeNC effectively hybridized to form a novel FeNC/MXene with a unique microstructure,
in which the aggregation of metallic Fe atoms can be efficiently avoided during annealing
due to the discrete nature of the Fe-phenanthroline complex [49], which is conducive to
the formation of high-density and uniformly distributed Fe-N sites.

It is hypothesized that the enhanced activity may result from the interaction at the
FeNC/MXene interface. The electronic structure of FeNy groups, before and after coupling
with MXene, was examined using multi-spectral techniques. The X-ray photoelectron
spectroscopy (XPS) measurement produced a spectrum confirming the presence of Ti, Fe, N,
C, O, and F (see Figure S2). It can be inferred that the signals corresponding to O and F may
originate from the hydroxyl and fluorine ends of MXene, respectively. In the pure FeNC
spectrum, the Fe2p;,, and Fe2p, ;, peaks in the XPS narrow scan are observed at 710.1 eV



Inorganics 2025, 13, 188

7 of 15

~
=¥
~

and 722.9 eV, respectively. Following coupling with MXene, both peaks shift to 711.8 eV
and 725.4 eV, as illustrated in Figure 4a,b. Although the XPS signal of Fe2p is relatively
weak, the noticeable shift in the Fe2p peak to higher binding energies suggests a strong
interaction between MXene and the FeN4 component, which significantly diminishes the
local electronic density at the Fe center [35].
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Figure 4. (a—d) XPS survey spectra and (a) high-resolution Fe2p scans of FeNC. (b) High-resolution
Fe2p scan of FeNC/MXene-1. (c¢) High-resolution N1s scans of FeNC. (d) High-resolution N1s scans
of FeNC/MXene-1.

Additionally, as depicted in Figure 4c, the N1s spectrum was fitted into four main
N-related peaks along with supplementary MXene-N bonds, corresponding to pyridinic N,
pyrrolic N, graphitic N, and oxidized N, which are observed at 400.5 eV, 399.4 eV, 398.3 eV,
and 402.7 eV, respectively. As can be observed in Table 1, the proportions of pyridinic N,
pyrrolic N, and graphitic N in FeNC/MXene are 31.95%, 25.15%, and 21.94%, respectively.
The pyridinic N is connected to two carbon atoms and contributes two p-electrons to the
aromatic system, while the graphitic N is bonded to three carbon atoms. The pyrrolic
N-substituted nitrogen atom is bonded to two carbon atoms at the edge of the carbon
plane and donates one p-electron, whereas the oxidized N-substituted nitrogen atom is
bonded to two carbon atoms and one oxygen atom [50]. The four types of nitrogen species
exhibit different effects on the ORR activity of the electrocatalyst, with pyridinic N showing
the strongest contribution. It enhances electron-donating capability and facilitates O,
adsorption, thereby improving catalytic performance. Notably, the enhanced ORR activity
is primarily attributed to this effect [51]. Graphitic N provides a substantial number of
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electrocatalytic active centers for the ORR, thereby enhancing the limiting current density.
Additionally, pyrrolic N sites contribute to improved ORR performance, although their
impact on overall catalyst performance is minimal [52]. As shown in Table 1, the increase
in the pyridinic N content of the FeNC/MXene catalysts indicates that the catalysts have
improved limiting current densities and onset potentials (Eonset) toward ORR.

Table 1. Deconvoluted N1s atomic percentage of FeNC and FeNC/MXene-1.

Catalysts Pyridinic N Pyrrolic N Graphite N Oxygen N
FeNC 27.12% 27.15 29.56% 16.17%
FeNC/MXene-1 36.08% 20.29% 27.66% 15.97%

3.2. Electrochemical Properties of FENC/MXene

The ORR performance of the synthesized catalyst FeNC/MXene was analyzed in an
alkaline electrolyte (0.1 M KOH) with the rotating disk electrode (RDE) method. Initially, the
electrocatalytic behavior of the catalyst was assessed in an electrolyte saturated with O, and
N3 through cyclic voltammetry (CV) cycling at a scan rate of 10 mV s~ 1. As illustrated in
Figure 5a, the absence of a redox peak in the Nj-saturated electrolyte supports the assertion
that the electrocatalyst exhibits capacitive behavior [53]. Conversely, the O;-saturated
electrolyte exhibited a cathodic redox peak at a potential of 0.85 V for FeNC/MXene. A
series of catalysts, designated as FeNC/MXene-1, FeNC/MXene-2, FeNC/MXene-3, and
FeNC/MXene-4, were synthesized by adjusting the ratios of FeNC to MXene to 1:1, 1:2,
1:3, and 2:1, respectively. Subsequently, the ORR catalytic activity of these catalysts was
compared with that of commercial Pt/C using linear sweep voltammetry (LSV). As shown
in Figure 5b, single FeNC exhibits discernible ORR activity. The electrochemical activity of
FeNC is altered when loaded on MXene, particularly at a 1:1 ratio, which demonstrates a
significant enhancement in ORR activity. As shown in Figure 5c, a detailed comparison
of the onset potential, half-wave potential, and limiting current density was conducted
for the different catalysts. The FeNC/MXene-1 catalyst exhibits an onset potential of
0.987 V, comparable to that of commercial Pt/C (0.997 V), and a half-wave potential
of 0.857 V, which even surpasses that of Pt/C (0.845 V). Moreover, compared to FeNC,
FeNC/MXene-1 shows a significantly enhanced limiting current density, reaching 5.5 mA
cm~2. This is attributed to the synergistic combination of conductive Vulcan XC-72, the
layered structure of MXene with high electronic conductivity, and the graphitized carbon
surrounding Fe-Ny sites, which together provide efficient electron transfer pathways. These
characteristics facilitate rapid charge transfer and mass diffusion. As shown in Figure S3,
the ORR performance of the MXene substrate and metal-free N-C was evaluated using LSV.
The MXene substrate exhibited minimal ORR activity due to the absence of active sites.
Metal-free N-C showed moderate activity, attributed to the presence of pyridinic nitrogen.
However, both materials displayed significantly lower ORR performance compared to the
FeNC/MXene catalyst, highlighting the critical role of Fe-Ny sites in enhancing catalytic
activity. The ORR kinetics of all samples were assessed using the Tafel slope, as shown in
Figure 5d. The Tafel slope of the FeNC/MXene-1, measured at 67 mV dec™!, is smaller
than that of Pt/C (90 mV dec™!) and FeNC (72 mV dec™!), suggesting more favorable
-oxygen reduction kinetics. These results indicate that the FeNC/MXene-1 catalyst exhibits
superior ORR activity, likely due to its high concentration of FeNy sites and its layered
structure [54]. The ORR performance of FeNC/MXene was compared with other reported
Fe-based catalysts (see Table S1 [55-64]). The results indicate that FeNC/MXene shows
ORR performance similar to other Fe-based catalysts. To further examine the ORR kinetics,
the catalysts were tested in a 0.1 M KOH O;-saturated electrolyte using an LSV system at a
scan rate of 10 mV s~! and rotation speeds between 400 and 1600 rpm. As seen in Figure 5e,
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the limiting current density increases with the rotation speed [65]. The corresponding K-L
plot, illustrated in Figure 5f, is nearly linear in three dimensions within the 0.1 mol L~!
KOH solution, confirming first-order reaction kinetics. Through the K-L equation, the value
of n for the FeNC/MXene-1 catalyst is calculated to be around 4.0 within the potential
range of 0.2 V-0.6 V, suggesting a direct four-electron transfer pathway for the ORR [66].
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Figure 5. (a) CV curves of FeNC/MXene-1, (b) LSV curves of FeNC/MXene-1, FeNC/MXene-2,
FeNC/MXene-3, FeNC/MXene-4, and Pt/C at 1600 rpm, (c) the corresponding Eonset, E1/2, and Ji,
(d) Tafel slope of the above catalyst, (e) LSV curves of FeNC/MXene-1 at various rotation speeds of
the RDE, and (f) Koutecky-Levich (K-L) curves of FeNC/MXene-1 at various potentials.

The LSV test reveals that the FeNC/MXene composite at a 1:1 ratio exhibits the
highest ORR activity in alkaline electrolytes, thereby establishing this ratio as optimal.
Catalysts synthesized at this ratio, differentiated by distinct pyrolysis temperatures, are
designated as FeNC/MXene-700, FeNC/MXene-800 (FeNC/MXene-1), and FeNC/MXene-
900. The ORR performance of these catalysts was assessed through cyclic voltammetry
(CV) curves under saturated nitrogen (N,) and oxygen (O,) conditions in a 0.1 mol L~!
KOH electrolyte. In the alkaline solution saturated with Ny, none of the catalysts displayed
a cathodic ORR peak. In contrast, under O, saturation, a cathodic oxygen reduction
peak was identified at a potential of 0.82 V for FeNC/MXene-700 (Figure S4a), while
FeNC/MXene-900 demonstrated a peak at a slightly lower potential of 0.80 V (Figure S4b).
The findings indicate that the FeNC/MXene-800 composite achieves the most positive ORR
peak potential, suggesting an enhanced likelihood of O, reduction to H,O [67].

Additionally, the ORR performance of the catalysts in the O;-saturated 0.1 M KOH elec-
trolyte at various pyrolysis temperatures was recorded via LSV at a scan rate of 10 mV s~!
and a rotation speed of 1600 rpm. As shown in Figure 6a, the onset potential (Eonset)
and half-wave potential (E; ;) for FeNC/MXene-700 are 0.933 V and 0.812 V, respectively,
whereas those for FeNC/MXene-900 are 0.905 V and 0.778 V. These results are compar-
atively lower than those of FeNC/MXene-1. This indicates that maintaining a 1:1 mass
ratio and performing pyrolysis at 800 °C effectively enhance the loading of FeNC onto
the MXene substrate. Furthermore, the ORR kinetics of all samples were assessed using
the Tafel slope, as shown in Figure 6b. The Tafel slope of FeNC/MXene-800 is lower than
that of other pyrolysis temperatures, indicating better reaction kinetics. This enhancement
arises from the conversion of MXene at pyrolysis temperatures of 800 °C, which results in a
beneficial synergistic effect due to the coexistence of rutile and anatase TiO,. This effect
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significantly improves the mass transfer rate and electrical conductivity of the catalytic
layer [42,43].
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Figure 6. (a,b) The LSV curves and Tafel slope of FeNC/MXene-1 at various temperatures,
(c) the ECSA curves of FeNC/MXene-1 at CV scan rates ranging from 10 mV s~! to 120 mV s~!
(The different colors represent the corresponding scan rates), (d) the direct correlation between the
recorded capacitive current and different scanning speeds.

The electrochemical surface area (ECSA) plays an important role in influencing elec-
trocatalytic performance for the ORR. The ECSA was determined from the electrochemical
double-layer capacitance (Cy) measured during the CV cycling of the obtained electrocata-
lysts, namely, FeNC/MXene-700, FeNC/MXene-800, and FeNC/MXene-900, at different
scan rates between 10 mV s~! and 120 mV s~! (see Figures 6¢c and S4c,d). The Cy; values
were determined using the following equation:

Aj=ja — Jje
Cyg =d(4j)/2dv

ECSA = Cy/Cs

here, j, and j. denote the currents measured at the anode and cathode during cyclic voltam-
metry in mA cm~2, Aj refers to the current difference between the anode and cathode,
and C;s represents the specific capacitance of the planar electrode, with units of pF cm 2.
The Cs value for non-precious metals typically ranges from 20 to 40 uF cm 2. In this
study, an average value of 40 puF cm ™2 was used. The capacitance per unit area (Cy;) of
FeNC/MXene-700, FeNC/MXene-800, and FeNC/MXene-900, as shown in Figure 6d, is
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8.69 uF cm~2,9.88 uF cm ™2, and 7.52 uF cm ™2, respectively. The highest calculated ECSA
was 247 m? g~! for FeNC/MXene-800, followed by FeNC/MXene-700 (217 m? g~1) and
FeNC/MXene-900 (188 m? g~ !). These ECSA results align with the LSV measurements
of the synthetic catalysts. As the pyrolysis temperature increases, Vulcan XC72 gradually
eliminates the oxygen-containing functional groups on its surface, which enhances the elec-
trical conductivity and hydrophobicity of the carbon material. At a pyrolysis temperature
of 800 °C, the microporous structure of Vulcan XC72 significantly enhances the utiliza-
tion efficiency of the MXene layer. When the pyrolysis temperature reaches 900 °C, the
arrangement of the carbon layers begins to graphitize; however, at elevated temperatures,
the micropores collapse, resulting in a decrease in specific surface area [68]. These ECSA
results correlate well with the LSV measurements of the synthesized catalysts.

3.3. Stability and Durability of FeENC/MXene

In the context of actual operating conditions for a hydrogen fuel cell, a number of
factors contribute to catalyst degradation. These include carbon corrosion, metal peeling,
the protonation of active centers, and intermediate formation [69,70]. The durability of
FeNC/MXene-1 and commercial Pt/C was evaluated through chronoamperometry, as
depicted in Figure 7a. The FeNC/MXene-1 catalyst exhibited excellent stability, maintaining
a current loss of only 9% after 20,000 s of operation at 0.6 V. This is a notable improvement
over the current loss rate of 25% observed for the Pt/C catalyst. Apart from its stable
performance, the FeNC/MXene-1 catalyst demonstrated remarkable methanol tolerance,
retaining 91% of its initial current density after 1500 s of testing in the presence of 3M
methanol (CH3;OH) for 300 s (see Figure 7b). In contrast, the commercial Pt/C catalyst
exhibited a 29% reduction in current density. As conventional metals are inherently less
tolerant of methanol interference, the good resistance to toxicity of FeNC/MXene can
be attributed to the rich microporous carbon structure of Vulcan XC72, which enhances
the smooth diffusion rate of the electrolyte. The experimental results demonstrate that
FeNC/MXene-1 exhibits excellent methanol poisoning resistance and long-term cycling
stability. The FeNC/MXene-1 catalyst has the potential to be a low-cost ORR electrocatalyst
for the circular economy and sustainable hydrogen-fueled fuel cells and direct methanol
fuel cells.
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Figure 7. (a) Chronoamperometry curves of FeNC/MXene-1 and Pt/C were recorded at a con-
stant potential of 0.6 V (vs. RHE) over a duration of 20,000 s. (b) Chronoamperometry curves of
FeNC/MXene-1 and Pt/C at a constant voltage of 0.6 V (vs. RHE) for 1500 s after the addition
of methanol.
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4. Conclusions

In conclusion, oxygen reduction reaction activity was enhanced by anchoring iron—
nitrogen—carbon (Fe-Ny-C) complexes on a TizCy-based MXene substrate. SEM and TEM
analyses show that FeNC particles are uniformly dispersed across both the surface and
interlayer of the MXene. XPS results reveal an increase in pyridine nitrogen concentration,
which improves the catalyst’s performance. In a 0.1 M KOH electrolyte, the FeNC/MXene
catalyst exhibits a half-wave potential of 0.857 V, surpassing the 0.845 V of Pt/C catalysts.
Additionally, the FeNC/MXene materials demonstrate excellent durability and methanol
resistance compared to commercial Pt/C catalysts. The high catalytic activity and stability
of FeNC/MXene provide a valuable reference for developing non-precious metal ORR
catalysts and expanding the use of Pt/C in alternative fuel cells.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/inorganics13060188 /s1, Figure S1: SEM of MAX; Figure S2: XPS
survey spectra of FeNC/MXene-1; Figure S3: LSV curves of MXene and metal-free N-C at 1600 rpm;
Figure S4: (a,b) CV curves of FeNC/Mene-700 and FeNC/Mene-900, (c,d) ECSA curves at different CV
scan rate of 10 mV/s to 120 mV /s of FeNC/Mene-700 and FeNC/Mene-900. Table S1: Performance
comparison of ORR activities for recently reported Fe-based catalysts. References [55-64] are cited in
the supplementary materials.
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