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The oxygen evolution reaction (OER) is limited by high activation barriers and sluggish kinetics, constraining
the efficiency of water electrolysis. Spin-polarized electrons on catalyst surfaces are crucial for generating
parallel spin-aligned oxygen, thereby enhancing OER performance. This study introduces a novel
electrocatalyst system using a ferromagnetic (FM) MAX phase to improve spin-enhanced OER activity.
Through isomorphous replacement, we synthesized the Ti,FeN (TFN) MAX phase with excess iron
toppling onto its surface (T-TFN). Unlike the pristine TFN with a Curie temperature (T¢) of 208 K, T-TFN
exhibits room-temperature ferromagnetism, with a Tc exceeding 300 K. When paired with non-FM
Co304 nanoparticles, the T-TFN/Coz04 hybrid system demonstrates significantly enhanced OER activity
under an external magnetic field. The FM ordering in T-TFN induces spin alignment at the TFN/CozO4
interface via the spin-pinning effect, reducing electron—electron repulsion and facilitating efficient
charge transfer. This synergy of high conductivity and room-temperature ferromagnetism in T-TFN
creates an effective platform for magnetic field-assisted electrocatalysis. The hybrid system highlights
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Introduction

The existing energy supply is largely dependent on fossil fuel
combustion, which results in considerable greenhouse gas
emissions that jeopardize the environment." Consequently, it is
vital to explore alternative energy sources and reduce carbon
emissions. Electrocatalytic water splitting for the production of
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advancements in water-splitting technologies.

clean hydrogen is a promising approach to address this
significant issue and has been extensively researched over the
past decade.* As the counter half-reaction, the oxygen evolu-
tion reaction (OER), which involves four-electron transfer and
exhibits sluggish kinetics, is considered a bottleneck for overall
performance.* To design high-efficiency catalysts, commonly
reported strategies include enhancing the intrinsic activity and
increasing the number of active sites in the catalysts.>>®
Recently, the manipulation of electronic spin has emerged as
a promising strategy to boost the performance of OER
catalysts.”” In the OER process, the formation of a dioxygen
bond must adhere to the principle of spin conservation from
quantum mechanics, which states that the total spin of a system
remains unchanged unless influenced by an external force. This
principle is crucial for the generation of paramagnetic (PM)
triplet-state oxygen, which has a lower reaction barrier
compared to singlet-state oxygen, where electrons have opposite
spins.'® Spin-polarized electrons on the catalyst surface play
a crucial role in promoting the generation of parallel spin-
aligned oxygen, thereby enhancing the performance of the
OER. The OER activity of FM catalysts, such as the metal oxides
NiZnFe,O, and CoFe,O,4 can be significantly enhanced by
applying an external magnetic field."* By contrast, antiferro-
magnetic (AFM) and PM catalysts do not show any improvement
in OER activity when exposed to an external magnetic field."?

This journal is © The Royal Society of Chemistry 2025
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This phenomenon is further corroborated by theoretical simu-
lations demonstrating that FM catalysts exhibit improved OER
activity due to quantum spin exchange interactions (QSEI),
which reduce electronic repulsion in magnetic systems.'**
Furthermore, several studies suggest that FM catalysts exhibit-
ing a spin-pinning effect at the FM/oxyhydroxide interface could
significantly enhance the spin-dependent kinetics of the OER.*
The interfacial coupling between FM and AFM phases serves as
a spin filter in core-shell catalysts, selectively extracting elec-
trons that have spins opposite to the magnetic moment of the
FM core during the oxygen evolution reaction.'® Accordingly,
even when FM oxides are coated with a PM hydroxide layer
resulting from surface reconstruction, the OER performance
still significantly improves under the influence of an external
magnetic field due to the spin pinning effect."

Two-dimensional (2D) transition metal carbides and
nitrides, referred to as MXenes, have gained significant atten-
tion for their potential in energy conversion and storage appli-
cations."” Although intrinsic MXenes do not demonstrate
promising catalytic activity, they are recognized as effective
supports for co-catalysts, owing to their high conductivity,
surface hydrophilicity, and excellent electrochemical stability.*®
Numerous catalysts, including noble metals,” metal oxides,*
layered double hydroxides,** metal-organic frameworks,* and
graphitic carbon nitride (g-C3N,),>* have been combined with
MXenes to form hybrid structures, yielding significantly
enhanced catalytic performances. MXenes, which have
a general formula of M,,.;X,, T, (M is an early transition metal, X
is C or N or both, and T, is surface termination groups), are
typically produced by the top-down separation from their parent
layered MAX (M,,+1AX,,) phases (where A is 13-16 groups, n = 1-
3).>* MAX phases are a group of naturally nano-laminated
ternary carbides and nitrides characterized by a hexagonal
crystal lattice. MAX phases consist of a single-atom-thick layer
of A atoms, featuring weak interactions between the A atoms
and neighboring M atoms.* These unique properties enable the
substitution of the A layer with magnetic elements such as Fe,
Co, or Ni, thereby introducing FM characteristics to the mate-
rial. Although synthesizing ferromagnetic MXenes remains
a significant challenge, FM MAX phases have recently been
successfully produced. Recently, Li et al. employed MAX phases
as a scaffold to synthesize various ferromagnetic MAX phases by
substituting the non-magnetic aluminum (Al) layers with Fe
atoms, exhibiting near-room temperature FM behaviors.?*

The aim of this work is to synthesize the room-temperature
FM MAX phase as an effective catalyst support to enhance
electrocatalytic OER. In this study, we synthesized Ti,FeN (TFN)
and a variant with an iron topping on Ti,FeN, designated as T-
TFN. The Curie temperature (T¢) increases from 208 K for the
pristine TFN MAX phase to above room temperature for the T-
TFN, enabling the latter to exhibit ferromagnetism at room
temperature. When combined with the non-FM Coz;0, nano-
particle cocatalyst, this FM MAX phase hybrid system exhibits
promising OER activity when exposed to an external magnetic
field, outperforming the non-FM MAX phase counterpart. This
approach aims to utilize the room-temperature ferromagnetism
of T-TFN as a promising support platform to enhance the
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magnetically assisted OER for non-FM catalysts, similar to the
spin pinning effect. The magnetic properties of the FM MAX
phase T-TFN were also investigated using advanced character-
ization techniques, including superconducting quantum inter-
ference device (SQUID), X-ray magnetic circular dichroism
(XMCD), and electron paramagnetic resonance (EPR), which
confirmed the fundamental FM behavior at room temperature.
Combining the advantages of high conductivity and room
temperature ferromagnetism of T-TFN, our results pave the way
for designing efficient catalysts for OER through magnetic field-
assisted electrocatalysis by utilizing FM MAX phase materials as
a promising support platform.

Results and discussions

The TAN MAX phase was initially synthesized using a high-
temperature arc melting technique, ensuring high purity and
quality of the sample using X-ray diffraction (XRD). The Al
interlayer in the TAN structure was then replaced with Fe,
resulting in the formation of two distinct Fe-based MAX phases,
TFN and T-TFN, through an isomorphous replacement reac-
tion. FeCl, was used as the Lewis salt to facilitate the substi-
tution process, as detailed in the SI (Fig. S1).>® Fig. 1(a) shows
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Fig. 1 (a) The schematic diagram of the synthesis process for MAX
phase Ti;AIN (TAN), the sequential effect after Al substitution by Fe
(TFN), and excess Fe toppling on TFN surface (T-TFN); (b) the modi-
fications on the surface observed by SEM images on the TAN, (c) TFN,
and (d) T-TFN; (e) XRD patterns of the TAN, TFN and T-TFN,
respectively.
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the schematic diagram of the synthesis process for the TAN,
TFN, and T-TFN MAX phases, which exhibit a hexagonal crystal
structure belonging to the P6;/mmc space group. In the TFN
MAX phase, Al atoms in TAN were substituted with Fe,
preserving the structural integrity while introducing FM
behavior. The materials TAN and TFN feature a distinctive two-
dimensional nanolaminate architecture composed of alter-
nating layers of titanium nitride (TigN) and Al or Fe. The Al or Fe
layers located between the Ti-N layers have metallic character-
istics and are weakly bonded, exhibiting exceptional electrical
conductivity, thermal resistance, and mechanical robustness.”
In the isomorphous replacement reaction, atomically thin
aluminum was replaced with iron through the use of FeCl,.
During this process, excess iron deposited on the surface leads
to the formation of T-TFN. Subsequent washing with 3 M HCI
removes the excess surface iron, resulting in the formation of
TFN. In the T-TFN phase, excess Fe was added not only to
replace Al but also to be deposited on the surface, resulting in
increased Fe content and enhanced FM properties compared to
TFN. This modification of the MAX phase structure is crucial to
developing materials that combine high conductivity and room
temperature ferromagnetism for magnetically assisted OER, as
detailed in the following section.

The corresponding scanning electron microscopy (SEM)
images of TAN, TFN, and T-TFN MAX phases are shown in
Fig. 1(b-d), where TAN and TFN exhibit a similar layered
structure as shown in Fig. 1(b and c). By contrast, Fig. 1(d)
shows the presence of excess Fe toppled on the surface of T-
TFN. The excess Fe in the T-TFN MAX phase was partially
oxidized corresponding to Fe,Oz;, which will be further
confirmed by the XMCD measurement in the next section. The
X-ray diffraction (XRD) analysis of the synthesized TAN, TFN,
and T-TFN MAX phases produced via an isomorphous replace-
ment approach is shown in Fig. 1(e). The replacement of Al
atoms with Fe in these phases results in no significant changes
to the overall crystal structure, as indicated by the similarity in
the XRD patterns of the modified and original MAX phases.
Additionally, the appearance of an extra peak around 45° in the
XRD pattern of T-TFN is attributed to the presence of excess Fe
deposited on the surface of TFN.?®?° Zoom in on the peak of the
(002) plane from 12° to 14°. It shows a slight peak shift to
a higher degree is due to the Fe atom substitution. High-
resolution transmission electron microscopy (HRTEM) images
provide additional insights to confirm lattice modifications.
The interlayer distance of TAN is 0.230 nm, which is slightly
smaller than those of TFN and T-TFN (0.232 nm), as shown in
Fig. S2, aligning with the (103) planes of the MAX phases.*

The magnetic properties of TAN, TFN, and T-TFN were
systematically measured using SQUID magnetometry and
vibrating sample magnetometry (VSM) to understand the tran-
sition from ferromagnetism to paramagnetism as a function of
temperature. Fig. 2(a and b) illustrate this transition, where
a decrease in magnetization is observed as the temperature
increases, which is characteristic of the transition from FM to
PM phases. Both Fe-based MAX phases of TFN and T-TFN
exhibit ferromagnetism, but the 7¢ of the two materials
differs. As indicated by the zero-field-cooled magnetization
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Fig.2 Temperature dependence of ZFC and FC magnetization curves
for the MAX phases (a) TFN and (b) T-TFN. (c) Magnetic hysteresis loops
at 300 K of TAN, TFN, and T-TFN. (d) Field-dependent magnetization
curves of T-TFN at different temperatures. (e) EPR spectra of TAN, TFN,
and T-TFN at room temperature. (f) XMCD spectra of T-TFN at room
temperature, circularly right polarized (u™), circularly left polarized (1),
and their difference (u* — u7).

curves, T-TFN exhibits FM behavior with a T¢ exceeding room
temperature, while TFN exhibits similar FM properties but with
a T¢ of 208 K, observed below room temperature. This suggests
that T-TFN, with its T above room temperature, could be
suitable for applications that require room-temperature FM
properties, such as magnetically enhanced OER. These
magnetic properties are further evidenced in Fig. 2(c), which
presents isothermal magnetic measurements taken at room
temperature. T-TFN shows a hysteresis loop at 300 K, indicative
of its FM nature, while both TAN and TFN do not exhibit such
behavior, confirming the absence of magnetic ordering in these
materials at room temperature. Fig. 2(d) exhibits the
temperature-dependent magnetic hysteresis loops of T-TFN
measured from 2-300 K. The room-temperature FM behavior
of T-TFN can be further confirmed by the EPR and XMCD
measurements at room temperature, as shown in Fig. 2(e and f),
respectively. The observed EPR spectrum is mainly due to the
presence of unpaired electrons in the materials. There is no EPR
signal for the TAN sample. TFN exhibits only a slight signal,
while T-TFN displays a significantly stronger signal. This
suggests that the additional iron oxide on the surface of T-TFN
likely introduces more unpaired electrons, leading to a stronger
EPR signal compared to TFN.** XMCD measurements were also
performed at room temperature to investigate the origin of

This journal is © The Royal Society of Chemistry 2025
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ferromagnetism in T-TFN. The corresponding X-ray absorbance
spectrum (XAS) and XMCD spectrum are shown in Fig. 2(f). In
the Fe L;,-edge XAS spectrum, circular right-polarized and
circular left-polarized light is denoted as u" and u ™, respectively.
The L; peak appears at approximately 709.6 eV, while the L,
peak is observed around 721.1 eV, both originating from
Fe,0;.°>* Notable changes in the difference spectrum (u" — u™)
of XMCD are located in the corresponding L; region. The XMCD
peaks display the characteristic electronic structure of Fe®',
which is attributed to the t,o-e, splitting in octahedral sites.
This phenomenon is associated with the contribution of the
magnetic moment from the 2p;,, electrons in Fe.** Additionally,
the edge position of the XAS suggests that Fe predominantly
exists in the oxidized state, with its energy at the L; ,-edge being
similar to that of Fe,05.** As seen in Fig. 2(d), the hysteresis
loops become more pronounced when the temperature
decreases, which is attributed to the strong FM coupling among
oxidized Fe ions within the T-TFN system. This broadening of
the hysteresis curve reflects the enhanced FM properties at
lower temperatures, primarily resulting from the magnetic
moments of Fe-oxide (Fe,O3). The presence of excess Fe,O3
leads to strong FM coupling within the T-TFN system, as evi-
denced by the magnetic hysteresis, coercivity measurements,
and temperature-dependent magnetization behavior. The result
suggests that the FM T-TFN, with its 7c above room tempera-
ture, could be applicable in electrochemical applications,
particularly in magnetically enhanced OER. In addition, the XPS
spectra of Ti 2p, Al 2p, N 2s, and Fe 2p in TAN and T-TFN are
shown in Fig. S4. The spectra show characteristic peaks of the
TAN MAX phase comparable with the previous reports.*>** It's
clear to see that most of the Al 2p spectrum were replaced by the
Fe 2p spectrum as seen from the XPS spectra of TAN and T-TFN
in Fig. S5. The Fe 2p spectrum suggests that Fe undergoes
oxidation from the T-TFN surface, consistent with the XMCD
spectra in Fig. 2(f).

It is widely known that although the pristine MXenes and
MAX phases possess high conductivity and surface area, they
often exhibit slow water oxidation kinetics.*® By contrast, these
materials can effectively act as catalyst supports, immobilizing
catalyst particles to develop efficient OER catalysts.”” Many
reports have demonstrated the coupling of MXene support with
catalysts, such as CoP, CoS,, and FeNi-LDH, to facilitate
OER.****?° Because T-TFN combines both the advantages of
high conductivity and ferromagnetism at room temperature, it
may serve as a promising support candidate for magnetically
assisted OER. Here, the FM T-TFN MAX phase functions as
a catalyst support, coupling with the OER-active catalyst Coz0,
to form a co-catalyst system. The FM T-TFN is decorated with
Co030, using a hydrothermal method to form the T-TFN/Co3;0,
hybrid, which enables magnetically assisted OER. Fig. 3(a)
exhibits the SEM image of Co;O, nanoflakes grown on the
surface of T-TFN, while elemental mapping from EDX analysis
reveals a uniform distribution of Ti, Fe, and Co. The SEM image
and EDX mapping of the TAN/Coz;0O, catalyst are shown in
Fig. S3. The XRD patterns confirm the presence of Co;0, within
the T-TFN and TAN structures, as shown in Fig. S6. The HRTEM
image of the T-TFN/Co3;0, hybrid shows the (111) plane of

This journal is © The Royal Society of Chemistry 2025
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Co30,4 and the (103) plane of T-TFN, with corresponding d-
spacings of 0.463 nm and 0.232 nm as illustrated in Fig. 3(b).
Fig. S7 shows the Raman spectra of T-TFN, T-TFN/Co030,4, and
C0;0,. The Raman peak at 600 cm™' comes from the active
modes of the rutile phase and the peak located at ~450 cm ™ is
related to the oxide phase. It is evident that T-TFN/Co030,
exhibits a peak at approximately 700 cm ™", which originates
from Coz;0, and is consistent with previous reports.*>** The
result supports the coexistence of both the Co;0, catalyst and
FM T-TFN MAX phase in the T-TFN/Co;0, hybrid system.

The OER performance of T-TFN/Co;0, was evaluated using
a conventional three-electrode system in 1.0 M KOH, with the
results of linear sweep voltammetry (LSV) shown in Fig. 3(c). For
comparison, the OER performances of the non-FM MAX phase
TAN/Co30,4 hybrid system and the individual catalysts of TAN,
T-TFN, and Coz;0, were also measured. Co;0, exhibits an
overpotential of 450 mV to achieve a current density of 10 mA
cm™?, consistent with other reports in the literature.**-*° Neither
T-TFN nor TAN showed any electrocatalytic activity toward OER,
similar to the reported result in the literature.*** By contrast,
a significant enhancement in the OER catalytic activity can be
seen in both TAN/Co3;O, and T-TFN/Co3;0, hybrids, mainly
arising from the synergistic effect between the conductive MAX
phase and the active sites provided by Coz04. Both TAN/C030,
and T-TFN/Coz;0, hybrids exhibit an improved OER catalytic
activity with an overpotential of 390 mV (at 10 mA cm ?)
compared to the pristine Co;0,. As shown in Fig. 3(d), the Tafel
slope analysis indicates improved reaction kinetics for TAN/
Co304 and T-TFN/Co0;0,4, with slopes of 107 mV dec ' and
99 mV dec™', respectively—both notably lower than that of
pristine Coz04 (152 mV dec ). The reduction in Tafel slope
values after the incorporation of the MAX phases TAN and T-
TFN with Co3;0, indicates their influential role as catalyst
supports in enhancing kinetic activities, attributed to their high
conductivity. Electrochemical impedance spectroscopy (EIS)
was employed to evaluate the charge transfer resistance (R
during the OER process, as illustrated in Fig. 3(e). Nyquist plots
were analyzed using the Randles equivalent circuit model,
comprising resistance at the electrolyte-catalyst interface,
capacitance, and charge-transfer resistance at the electrolyte—
electrode interface.* The fitted semicircles indicated a signifi-
cant reduction in R, from 86 Q for Co;0, to 33 Q for T-TFN/
Co030,, highlighting excellent charge transfer efficiency when
incorporating the MAX phase support. The corresponding
overpotentials, Tafel slopes, and charge transfer resistances for
all MAX phases, Co30,4, TAN/C03;0,, and T-TFN/Co;0, hybrids
are detailed in Table S1. Chronoamperometry was conducted to
evaluate the long-term stability of T-TFN/Co3;0, and TAN/C030,
at a potential of 1.7 V vs. RHE. Both hybrid materials exhibited
stable performance, maintaining 90% of their initial currents
over a 72-hour duration, as shown in Fig. 3(f), indicating their
excellent stability for OER applications in alkaline environ-
ments. Additionally, the LSV curves obtained after the stability
assessment demonstrated consistent performance throughout
the 72-hour reaction period (Fig. S8). Furthermore, the
electrochemical active surface area (ECSA) among these cata-
lysts were assessed by cyclic voltammetry with different scan

Sustainable Energy Fuels, 2025, 9, 4894-4901 | 4897
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impedance spectroscopy (EIS) of pure TAN, T-TFN, CozO4, TAN/C030,,

and T-TFN/CozQOy, respectively. (f) Chronoamperometric OER stability

assessment through controlled potential electrolysis was conducted at an applied potential of 1.7 V (vs. RHE) in 1 M KOH electrolyte for TAN/

Co304 and T-TFN/Co3z0Oy, respectively.

rates in a non-faradaic region, as shown in Fig. S9. The ECSA
results of TAN/Co;0, and T-TFN/Co30, are similar, excluding
the variations in active surface areas among different catalyst
systems. The LSV curves further normalized by the ECSA of
these catalysts are shown in Fig. S10.

Next, the magnetic field-enhanced OER performances for the
T-TFN/Co3;0, and TAN/CozO, hybrids were measured by
applying the permanent magnets to the three-electrode system.
The magnetic field-enhanced OER performances of TAN/C0;0,
and T-TFN/Co;0, with and without an external magnetic field of
0.3 T are shown in Fig. 4(a). Although the overpotential of T-
TFN/Co30, decreases modestly by 20 mV (from 390 to 370 mV at

4898 | Sustainable Energy Fuels, 2025, 9, 4894-4901

10 mA cm %) under a magnetic field of 0.3 T, the corresponding
current density exhibits a significant enhancement. The
comparison of OER performance of MAX phase and MXene
catalysts was shown in Table S2. The current density at 1.65 V vs.
RHE increases by nearly 98%, underscoring the strong catalytic
promotion induced by the magnetic field. This significant
current enhancement indicates a marked improvement in
charge transfer kinetics and highlights the critical role of spin
alignment in accelerating the OER process. By contrast, the
effect of the magnetic field on the OER performance is also
examined by investigating the TAN/Coz;0O, electrochemical
behavior under the same magnetic field conditions. The LSV

This journal is © The Royal Society of Chemistry 2025
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(a) iR-Corrected LSV curves of TAN/Coz04 and T-TFN/Co304 with and without external magnetic field (MF), inset shows the illustration of

magnetic field enhanced electrocatalysis setup, and (b) corresponding Tafel plots. (c) EIS of T-TFN/CozO,4 with and without MF. (d) Pulsed
magneto chronoamperometric of T-TFN/Co30O4 at a constant potential of 1.6 V vs. RHE after 1 hour stabilized.

curves exhibit no discernible impact on the OER performances
with and without an external magnetic field. Fig. 4(b) shows the
corresponding Tafel slopes for the OER performances of the
TAN/Co030, and T-TFN/Co;0, hybrids under an external
magnetic field. Since Coz0, is classified as an AFM material, the
above results suggest that the enhanced OER performance of
the T-TFN/Co;0, hybrid under an external magnetic field is
primarily attributed to the FM behavior of T-TFN. By contrast,
no such enhancement is observed for the non-FM behavior of
TAN. Fig. 4(c) shows the reduction in the R, values of the T-TFN/
Co30,4 hybrid after applying an external magnetic field by the
EIS measurement. Fig. 4(d) displays the it curve of T-TFN/
Co30, under magnetic field switching after 1 hour stabilized,
demonstrating a consistent electrocatalytic response under the
influence of a magnetic field. The above results suggest that
coupling the FM T-TFN MAX phase support with the non-FM
Co;0, catalyst makes magnetically assisted OER feasible when
an external magnetic field is applied.

The magnetic field-enhanced OER in the FM T-TFN/Co3;0,
hybrid can be attributed to the spin pinning effect at the FM/
non-FM interface.”>'**® As illustrated in Fig. S11, the FM T-
TFN induces spin alignment in adjacent non-FM Co30,,
enabling spin-polarized electron transfer. According to QSEI
theory," aligned spins reduce electron-electron repulsion
during intermediate adsorption, enhancing charge transport.*

This journal is © The Royal Society of Chemistry 2025

Specifically, in the rate-determining O* + OH™ — OOH* + e~
step,”* spin alignment of OH  minimizes repulsion and
promotes electron transfer. Under a magnetic field, FM
ordering in T-TFN strengthens, aligning spins across the
interface and enabling efficient triplet oxygen formation from
singlet OH™ reactants.’'®** This spin-pinned interface lowers
energy barriers, accelerating reaction kinetics. Thus, the T-
TFN's high conductivity and room-temperature ferromagnetism
offer an effective platform for magnetic field-assisted OER
catalysis, even with non-FM Co0;0,.

Conclusions

In conclusion, we have synthesized FM MAX phase-derived T-
TFN and T-TFN/Co3;0, hybrid structures to realize the magnet-
ically enhanced OER. Combining the advantages of high
conductivity and room-temperature ferromagnetism of T-TFN,
T-TFN/Co;0, exhibits promising magnetic enhancement in
OER under an external magnetic field. The T-TFN MAX phase
functions as an excellent catalyst support platform for inte-
grating with other non-FM catalysts for OER. This integration
not only enhances their performance through magnetic field-
assisted electrocatalysis but also opens up new avenues for
designing advanced catalytic systems.
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