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Research on water splitting is paramount for developing low-carbon alternative energy sources.
Nevertheless, creating an efficient, cost-effective, and bifunctional electrocatalyst that facilitates both the
oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER) remains an elusive goal. In
this work, we report a novel hybrid nanostructured electrocatalyst by combining and pyrolyzing MXene,
MIL-53(Fe), and ZIF-67. Comprehensive characterization of the synthesized nanocomposites was
conducted using XRD, FESEM, TEM, EDX, and XPS. Notably, among the synthesized electrocatalysts, M3
demonstrated exceptional performance, achieving 10 mA cm™2 at 237 mV and 50 mA cm™2 at 292 mV
for the OER, and 10 mA cm™2 at 307 mV and 50 mA cm™2 at 481 mV for the HER. The Tafel slope values
were 64 mV dec™? for the OER and 185 mV dec ! for the HER at 10 mA cm~2. Moreover, M3 exhibited
excellent stability, with negligible current density loss over 12 hours, and showed good mass activity of
57.5 and 54.6 A g~ and TOFs of 1.56 and 2.97 s~ for the OER and HER, respectively. This study
highlights the efficacy of integrating MXene (TizC,T,) with MIL-53(Fe) and ZIF-67, creating a potent
bifunctional OER and HER electrocatalyst. The synergistic combination enhances electrical conductivity,
active site availability, and structural stability, yielding superior performance. The findings of this

DOI: 10.1039/d4na00936¢ investigation underscore the
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1. Introduction

The widespread use of conventional energy systems, which are
heavily dependent on finite fossil fuels, poses significant threats
to global energy sustainability and environmental well-being.*>
Remarkable advancements in renewable energy conversion
technologies are driving a paradigm shift towards a more
sustainable, environmentally responsible, and energy-secure
future. These innovations encompass water electrolysis, fuel
cell systems, and metal-air energy storage.>” Water splitting,
which involves both hydrogen and oxygen evolution, is an
exciting prospect for generating renewable energy in an envi-
ronmentally responsible and sustainable manner. A crucial step
in this process is the oxygen evolution reaction (OER: H,0 —
0,), which, despite its importance, suffers from relatively slow
kinetics due to its intricate multistep proton-coupled electron
transfer mechanism. Consequently, the development of
a highly efficient and reliable electrocatalyst with minimal
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importance of strategic design and optimization of bifunctional
electrocatalysts for energy conversion applications.

overpotential remains a significant challenge to overcome.
Addressing this issue is essential to enhance the viability of
water splitting as a sustainable energy solution. IrO,, RuO,, and
Pt/C are renowned noble metal-based catalysts, delivering
exceptional oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER) performance. However, their wide-
spread adoption is hindered by significant challenges,
including poor long-term stability, prohibitive costs, and
limited earth abundance. To address these limitations, the
development of competent and affordable noble metal free
electrocatalysts for the OER and HER is urgently needed.®’
MXenes are two-dimensional (2D) materials consisting of
transition metals combined with nitrides, carbides, or car-
bonitrides. They have a flat, layered structure similar to gra-
phene, with a transition metal core that provides unique
electronic and magnetic properties. The carbide, nitride, or
carbonitride composition contributes to the material's chem-
ical and physical characteristics.®* On the other hand, metal-
organic frameworks (MOFs) are crystalline polymeric materials
composed of metal ions connected to organic ligands, exhibit-
ing high surface areas due to their highly tunable porosity.®
Their potential in water splitting applications has sparked
widespread research interest.'®"> The use of MXene and MOFs
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synergistically exploits the unique advantages of each material,
resulting in improved characteristics and performance.****

Zeolite Imidazolate Frameworks (ZIFs) are a unique subclass
of MOFs characterized by their zeolite-like structure and
composition. They consist of imidazole linkers and metal ions
(typically zinc, cobalt, or copper). MXenes/ZIF hybrids have
given rise to groundbreaking hybrid materials, attracting
considerable attention for their diverse applications. These
composites leverage the synergistic benefits of MXene and ZIF
properties, yielding innovative materials with enhanced
functionality.*

ZIF-67, a cobalt-based material, comprising imidazole
molecules and Co(u) cations, forms a vigorous framework with
a rigid pore network and exceptional thermal stability. This
architecture enables ZIF-67 to exhibit a high specific surface
area and enhanced oxidation reaction activity sites, making it
an optimal precursor for advanced electrode materials.®

Another class of iron-based MOFs, abbreviated as MIL
(Materials from Institute Lavoisier), have gained prominence
due to their exceptional stability, mechanical strength, and
industrial applicability.'”*®* MIL-53 (Fe) is formed through the
assembly of infinite chains of corner-sharing [FeO4(OH/F),] or
[FeOg] octahedra, linked by 1,4-benzene dicarboxylate (BDC)
molecules. This configuration gives rise to a 3D network
architecture featuring 1D channels aligned parallel to the
inorganic backbone, forming a unique porous structure. A
distinctive feature of MIL-53(Fe) is its malleable structure and
adoptive pore size, allowing it to expand and accommodate
guest molecules.”

Previous studies have shown that MOFs' catalytic perfor-
mance can be enhanced by hybridizing them with other MOFs
or two-dimensional materials.*” Chen et al. constructed a hybrid
ZIF-67/MIL-88(Fe, Ni) nanostructure. Co-M-Fe/Ni (150) per-
formed remarkably in the OER and HER, with low over-
potentials of 269 mV and 149 mV. The enhanced performance
arises from the cooperative synergy between ZIF-67 and MIL-
88(Fe, Ni), enhancing charge transfer and electrolyte penetra-
tion.* Pan et al. fabricated a hybrid nanostructure consisting of
CoP nanoparticles integrated into nitrogen-doped carbon
nanotube hollow polyhedra (NCNHP), obtained by sequential
pyrolysis, oxidation, and phosphidation of ZIF-8@ZIF-67. The
CoP/NCNHP hybrid demonstrated excellent bifunctional cata-
lytic performance, requiring only 1.64 V to reach 10 mA cm ™2 for
the OER and 140 mV to reach 10 mA cm ™2 for the HER, main-
taining stability for 36 hours with minimal degradation.*
Yuwen et al. reported a facile synthesis of trimetallic carbon
nanoflowers derived from adjustable Co®'/Fe**/Ni** MOFs,
exhibiting enhanced electrocatalytic performance resulting
from the augmented surface area and synergistic effects
between metals, which promote oxygen vacancies and carbon
graphitization. The optimized Co,,Fe,gNi-OCNF electro-
catalyst demonstrates exceptional performance, delivering 10
mA cm™? at a remarkably low overpotential of 291 mV for the
OER and 259 mV to achieve —10 mA cm > for the HER.* Luo
et al. reported a bimetallic Co-Ni MOF electrocatalyst on iron
foam, exhibiting superior OER activity compared to
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monometallic counterparts, reaching 10 mA cm > at 264 mV
overpotential in 0.1 M KOH.*

Our present investigation demonstrates the fabrication of
Ti;C,T,/MIL-Fe-53/ZIF-67, a novel hybrid nanocomposite
combining MXene (Ti;C,T,) with ZIF-67 and MIL-Fe-53 MOFs.
This integration harnesses the exceptional properties of its
components, including MXene's superb electrical conductivity,
hydrophilicity, mechanical resilience, and flexibility, as well as
ZIF-67's optimal topology and active cobalt sites, and MIL-
53(Fe)'s stability and ion channels. The synergistic combination
creates a robust electronic interface, enhancing catalytic activity
through cooperative interactions and tailored electronic prop-
erties. Designed to optimize OER and HER performance, this
hybrid nanocomposite shows promise for energy applications.

2. Experimental section

Details on materials, characterization methods, and electro-
chemical experiments can be found in the ESLt

2.1 Preparation of MXene

To obtain MXene (Ti;C,T,) from the MAX phase (Ti;AlC,),
aluminum (Al) was etched using 2 g of Ti;AlIC, powder, which
was gradually added to 50 mL of hydrofluoric acid (HF) and
stirred constantly for 24 hours at 25 °C. The resulting suspen-
sion underwent repeated cycles of washing and centrifugation
using deionized water until a neutral pH was reached. The final
product was then dried in an oven at 70 °C for 24 hours®
(Scheme S17).

2.2 Synthesis of MXene/MIL Fe-53

To delaminate MXene into nanosheets, 0.2 g of MXene powder
was sonicated in 36 mL of N,N-dimethylformamide (DMF) for 12
hours at 25 °C. The resulting MXene dispersion was then mixed
with 1.08 g of ferric chloride hexahydrate (FeCl;-6H,0) and
0.77 g of 2-aminoterephthalic acid (NH,-BDC) and stirred
magnetically at 25 °C for 3 hours. The mixture was subsequently
heated in an autoclave at 150 °C for 24 hours. After cooling, the
product was washed with DMF and methanol repeatedly three
times and oven-dried overnight at 60 °C (Scheme S2%). For
comparison, MIL-Fe-53 was also synthesized separately using
the same procedure without the addition of MXene.

2.3 Preparation of ZIF-67

A 0.1 M Co(NOj3),-6H,0 solution was mixed with a 0.8 M 2-
methylimidazole solution in methanol solvent. The mixture was
stirred magnetically for 3 hours at 25 °C, yielding a suspension.
After repeated washing and centrifugation with ethanol to
remove impurities, the resulting purified product, ZIF-67, was
oven-dried overnight at 80 °C (Scheme S37).

2.4 Preparation of the MXene/MIL Fe-53/ZIF-67 composite

A 50 mg sample of MXene/MIL-53(Fe) was dispersed uniformly
in 60 mL of DMF and stirred magnetically for 30 minutes to
make a homogeneous suspension. Variable amounts of ZIF-67

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(50 mg, 100 mg, and 200 mg) were then added separately and
sequentially to create three distinct samples. The mixtures were
stirred at room temperature for 6 hours. Following repeated
cycles of washing and centrifugation with DMF and methanol,
the resulting purified samples were oven-dried thoroughly at
60 °C for 24 hours (Scheme S4+).

After drying, the samples were transferred to a ceramic boat
and calcined in a tube furnace at 800 °C for 8 hours (ramping at
5 °C min~'). The resulting materials were designated as M1,
M2, and M3.

3. Results and discussion
3.1 Characterizations of catalysts

Fig. S1t1 shows the powder X-ray diffraction (XRD) pattern of
MAX (Ti3AlC,) and MXene (Ti3C,T,). The shifting and broad-
ening of the diffraction peak at the 002 plane in Ti;C,T, confirm
the exfoliation and etching of the MAX phase as reported
previously.”® Successful elimination of the Al from the MAX
phase is further confirmed by the disappearance of the prom-
inent peak at 104 planes in Ti;C,T,. Upon the extraction of the
Al layer from the MAX phase, a decrease in peak intensity also
suggests the loss of crystallinity.””
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Fig. 1 (a) XRD patterns of MIL Fe-53, ZIF-67 and the MXMILZIF
composite; (b) XRD patterns of M1, M2 and M3 composites.
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Fig. 1a confirms the successful preparation of MIL Fe-53 with
prominent characteristic peaks at 26 = 9.38°, 10.5°, 18.3° and
25.2° similar to previous findings.”® Fig. 1a shows the synthe-
sized ZIF-67 XRD pattern, which exhibits peaks at 26 = 7.49°,
10.52°, 12.87°, 14.82°, 16.57°, 18.17°, 22.27°, 24.62° and 26.81°,
in agreement with earlier findings.” The XRD pattern of
MXMILZIF shows the characteristic peaks of MIL Fe-53 and ZIF-
67. The overlapping of diffraction peaks suggests the successful
integration of the two MOFs to form a composite material. The
MXene in the composite is incorporated but no clear peaks for
MXene are specifically marked due to the overlap or suppres-
sion of the MXene's diffraction peaks with those of ZIF-67 at 26
= 7.49°. The effective production of the composite containing
MXene, MIL Fe-53, and ZIF-67 is further confirmed by SEM,
TEM, EDX and XPS analysis.

Fig. 1b shows the X-ray diffraction pattern of three calcined
samples containing varying amounts of ZIF-67, labelled as M1,
M2 and M3. All the peaks of the samples are in agreement with
the cobalt and iron standard patterns, having the JCPDS card
numbers 00-015-0806 and 00-001-1267, confirming the decom-
position of the samples into relevant metals upon calcina-
tion.**** The small and broad signal below 10° (26) shows the
presence of Ti;C,T,, which confirms that all samples contain
MXene. Few other weak signals are also observed, which indi-
cate the presence of TiO,, possibly originating from surface
oxidation during calcination. As the ZIF-67 content increases
from M1 to M3, the cobalt peak becomes more prominent, as
expected. The peaks are sharper and more intense in M3,
indicating increased crystallinity.

FESEM was employed to examine the morphological features
of the synthesized samples. Fig. 2a exhibits the characteristic
layered structure of MXene, where stacked and sheet-like layers
are clearly visible, which is similar to reported literature.*?
Fig. 2b shows the morphology of MIL Fe-53, which appears as
cuboid small densely packed particles.*® Fig. 2c displays ZIF-67
as a combination of tetragonal and cubic forms, which is in
agreement with existing literature.**** The SEM image (Fig. 2d)
of the MXene/MIL Fe-53 composite shows a rough and
agglomerated structure, which reveals that MXene sheets are
covered with MIL Fe-53 particles, forming a heterogeneous
structure. Fig. 2e shows the FESEM image of the composite
material containing MXene (Ti3C,), MIL Fe-53 and ZIF-67. The
surface is irregular and rough, with visible particles of varying
sizes attached to the MXene layer, which suggests the successful
combination of the three materials.

The calcined samples of the composite material with varying
ZIF-67 contents (50, 100, and 200 mg) are displayed in Fig. 2f-h,
denoted as M1, M2, and M3, respectively. The particles
appeared to be uniformly dispersed across the surface. M1
shows well-defined crystals with finer dispersion, while M3
represents larger clusters. As the amount of ZIF-67 increases
from M1 to M3, the particles become more aggregated,
increasing the surface roughness.

Energy Dispersive X-ray (EDX) spectroscopy was employed
for elemental analysis and quantification of the prepared
samples, with results presented in Fig. S2.1 The EDX spectra
confirm the presence of Co, Fe, C, Ti, and O in M1, M2, and M3,

Nanoscale Adv., 2025, 7, 1561-1571 | 1563
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Fig. 2 FESEM images of (a) MXene, (b) MIL Fe-53, (c) ZIF-67, (d) MXMIL-53, (e) MXMILZIF, (f) M1, (g) M2 and (h) M3.

indicating successful synthesis. The EDX spectrum shows that
M3 has a higher cobalt content with 42.7 wt%, while M1 and M2
have lower cobalt levels with 29.8 wt% and 39.9 wt%. The
presence of titanium in all three samples suggests that the
composite formed successfully.

Fig. 3 displays the high-resolution transmission electron
microscopy (HRTEM) images of the M3 sample at 100, 20 and
5 nm along with corresponding elemental mapping. Fig. 3a
shows the aggregated structure composed of small particles
distributed across the field of view. These clusters contain
nanoparticles that are composed of MXene sheets and calcined
phases of MIL Fe-53 and ZIF-67. The darker regions, indicating
higher electron density, are more likely MXene, while the lighter
regions, more porous and less dense, may belong to calcined
MIL Fe-53, ZIF-67 or the amorphous porous carbon matrix.*®
The spherical or irregular particles are visible as dark contrasts
in Fig. 3b and c, at high resolution, which shows the presence of
metal species (Co and Fe). The calcined material, with its
porous nature, is distributed throughout the composite, form-
ing the lighter regions and indicating uniform distribution. To
further elucidate the composition, elemental mapping was
done to visualize elemental distribution in the composite.
Fig. 3d shows that all the elements including Co, Fe, Ti, C, O
and N display analogous mapping patterns with the selected
area of the TEM image.

To investigate the chemical composition and redox states of
the M3 composite, X-ray Photoelectron Spectroscopy (XPS) was
employed. Fig. 4a displays the survey scan that exhibits the

1564 | Nanoscale Adv., 2025, 7, 1561-1571

existence of cobalt, iron, titanium, carbon, oxygen and nitrogen
elements in the sample. In Fig. 4b, the peak of Co 2p shows
spin-orbit splitting into Co 2p;,, and Co 2p;,. The Co 2pz,
peak was deconvoluted into peaks at binding energies of 778.4
and 780.5 eV, which correspond to Co metal and CoO,. The
peaks located at binding energies of 796.6 and 802.3 eV repre-
sent the Co 2p,,, and satellite peaks, respectively.** The Fe 2p
XPS spectrum (Fig. 4c) exhibits two prominent peaks corre-
sponding to Fe 2p;, (722.1 eV) and Fe 2p3, (713 €V), paired with
two satellite peaks at 726 eV and 717 eV. Meanwhile, the peaks
at binding energies of 710.5 and 705 eV correspond to metallic
iron and FeO, as reported previously.***” The Ti 2p spectrum
was identified as Ti 2p;/, and Ti 2p,,, which are assigned to
TiO, due to surface oxidation of TizC,T, MXene (Fig. 4d).*® In
the fine XPS spectrum of C 1s, the dominant peak around
284.5 €V originates from graphitic carbon with sp® or sp®
hybridization. The peak at 285.7 eV is characteristic of a carbon
atom bonded to nitrogen (C-N),* while the peak at 287.2 eV
represents the C=0 species.*® XPS analysis of O 1s and N 1s
spectra (Fig. 4f) indicates the occurrence of O-C, 0O=C, O-M, N-
M, pyridinic N, and graphitic N species. The binding energies at
532.5, 531.5, and 529.5 eV correspond to O-C, O=C, and O-M,
while the N 1s peaks at 397.6, 398.9, and 400.1 eV represent N-
M, pyridinic N, and graphitic N.**

3.2 Electrochemical studies

The OER was electrochemically investigated employing linear
sweep voltammetry (LSV) within a potential window of 0-1.5 V

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of the M3 catalyst (scale bar: (a) 100 nm, (b) 20 nm and (c) 5 nm); (d) elemental mapping of the M3 catalyst.

at a scan rate of 5 mV s~ '. Experiments were performed in
oxygen-saturated 1 M KOH, engaging a Hg/HgO as the reference
electrode. The LSV curves of RuO,, M1, M2 and M3 are shown in
Fig. 5a. The onset potentials and current densities were 1.42 V,
1.46 V, and 1.50 V, and ji.x values (mA cm %) were 160, 159, and
130 mA cm 2 for M3, M2, and M1, respectively. A comparison of
the overpotential at 10 mA cm™~> from the LSV curves reveals
that the sample M3 displays a markedly reduced overpotential
of 237 mV at 10 mA cm >, outperforming M1 (299 mV), M2 (271
mvV), and RuO, (331 mV) at the same current density. M3 ach-
ieves a current density of 50 mA cm™> at a remarkably low
overpotential of 292 mvV for the OER, indicating relatively
superior OER activity. The comparison of 7, values of the
prepared samples is presented in the form of a bar graph in
Fig. 5b. Tafel slope measurements were conducted to elucidate
the kinetics of the OER. Fig. 5c reveals that M3 presents
a significantly lower Tafel slope of 64 mV dec™ ', compared to
M1 (73 mV dec '), M2 (121 mV dec ), and RuO, (139 mV
dec™"). These values further confirm the superior catalytic
behavior of the M3 catalyst for the OER, as smaller Tafel slope
values indicate higher electrocatalytic activity and fast kinetics.

© 2025 The Author(s). Published by the Royal Society of Chemistry

These results indicate that the combination of MXene and
MOFs (ZIF-67 and MIL-53) can significantly lower the over-
potential required for water oxidation by facilitating faster
electron transfer, thus improving the overall efficiency for the
water oxidation process.

The electrocatalytic activity was further probed using elec-
trochemical impedance spectroscopy (EIS), conducted in the
non-faradaic region over a frequency of 10® to 10° Hz range.
Fig. 5d presents the Nyquist plots with real and imaginary
components of EIS, where M3 reveals the smallest semicircle,
signifying the lowest charge transfer resistance. This also vali-
dates the material's unique combination of a high surface area,
conductivity, and charge transfer efficiency.

To assess catalytic efficiency, the electrochemically active
surface area (ECSA) was evaluated by measuring the double
layer capacitance (Cq;) using cyclic voltammetry (CV) scans. CV
scans were executed in the non-faradaic region from 10 to
100 mV s~ ' scan rates (Fig. S37). From the CV scans, the anodic
current density variation was linearly correlated with the scan
rate at a given voltage to get the value of Cq;. The ECSA values
were calculated by normalizing the double layer capacitance

Nanoscale Adv., 2025, 7, 1561-1571 | 1565
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Fig. 4 High-resolution XPS spectra of (a) survey scan of M3, (b) Co 2p, (c) Fe 2p, (d) Ti 2p, (e) C 1s, (f) O 1s and (g) N 1s.

(Ca)) and the specific capacitance (Cg) of the electrolyte,
assumed to be 0.02 mF cm ™2, Table S11 shows the Cq; and ECSA
values of the synthesized catalysts. The results show that M3 has
a greater Cq value of 1.15 mF cm™~> among all the catalysts and

1566 | Nanoscale Adv., 2025, 7, 1561-1571

thus possesses a higher electrochemically active surface area
(ECSA), which is 57.5 em”. Another surface feature that is crucial
to the electrode material's electrocatalytic activity is the
roughness factor (Rf), which can be computed using the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Electrocatalytic OER performance: (a) OER LSV curves, (b) OER overpotential comparison of the prepared samples in a bar graph, (c) Tafel
slope, (d) electrochemical impedance spectroscopy (EIS), (e) double layer capacitance (Cq) graph and (f) LSV curves of M3 before and after 500

CV cycles.

electrode’'s geometric area divided by the ECSA. The higher R¢
value of M3 (821.4) among all catalysts further confirms the
improved electrochemical OER activity.

The robustness of the catalyst was assessed through chro-
noamperometry measurements conducted at 1.60 V vs. RHE in
1 M KOH electrolyte for a duration of 12 hours. As shown in
Fig. S47 initially there is a slight decrease in current density
from around 70 mA cm™2, which then stabilizes after a few
hours and remains relatively constant throughout the 12 hour

© 2025 The Author(s). Published by the Royal Society of Chemistry

test. This indicates the strong electrochemical stability and
durability of the catalyst in an extended chronoamperometry
test, with minimal degradation, confirming its high stability.
Fig. 5f shows the LSV curves observed before and after 500 CV
cycles, indicating no major difference, thus further confirming
the high stability of the catalyst.

The LSV curves for the HER of the products and the
commercial reference sample 20% Pt/C are shown in Fig. 6a.
HER performance was assessed in a three-electrode
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Fig.6 HER electrocatalytic performance: (a) LSV curves, (b) HER overpotential comparison bar graph of the prepared samples, (c) Tafel slope, (d)
electrochemical impedance spectroscopy (EIS), and (e) LSV curves of M3 before and after 500 CV cycles.

configuration with 0.5 M H,SO, electrolyte. The commercial
20% Pt/C catalyst demonstrated exceptional activity, requiring
an overpotential of only 103 mV to achieve —10 mA cm 2,
consistent with literature reports [A]. The sample M3 (MXene/

1568 | Nanoscale Adv, 2025, 7, 1561-1571

MIL Fe-53/ZIF-67@200) exhibits the lowest 7, and superior
HER activity compared to M1 and M2. The overpotential values
required to reach —10 mA cm ™ for M1, M2, and M3 are 494 mV,
369 mV, and 307 mV, respectively. Notably, M3 achieves an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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overpotential of 481 mV at —50 mA cm > Fig. 6b presents
a comparative bar graph of n,, values for the catalysts. The Tafel
slope values are displayed in Fig. 6¢, where 20% Pt/C shows the
lowest slope of 78 mV dec™'. Among the synthesized catalysts,
M3 has the lowest Tafel slope of 185 mV dec ™", outperforming
M1 (244 mV dec ') and M2 (205 mV dec™ ). In comparison to
M1 and M2, the catalyst M3, which has the largest ZIF-67
loading (200 mg), exhibits the strongest HER performance,
achieving the desired current density of —10 mA cm ™2 at a lower
overpotential. This implies that a greater ZIF-67 content
increases the composite's HER activity, while lower ZIF-67 levels
(50 mg and 100 mg, respectively) in M1 and M2 result in lower
HER activity and larger overpotentials required to achieve the
same current density. EIS was conducted to investigate the
electron transfer properties of the catalysts. As depicted in
Fig. 6d, among the catalysts tested in the EIS experiment, the
catalyst M3 has the lowest charge transfer resistance (R.),
confirming a rapid interfacial charge transfer between the
electrode and the electrolyte. Fig. 6e proves the stability of M3
for the HER over 500 cycles. The polarization curves for the 1st
cycle and after 500 cycles are nearly identical, indicating
minimal performance degradation. This stability suggests
strong durability and robustness of the catalyst for the HER.

The superior electrocatalytic activity of M3 in the OER and
HER is likely due to the high density of Co active sites provided
by the increased ZIF-67 content, promoting efficient proton
adsorption and hydrogen generation. By using Co nanoparticles
to form a porous carbon structure, pyrolyzed ZIF-67 enhances
electron transport and catalyst-electrolyte interaction. With
increased ZIF-67 levels in M3, conductivity and stability are
optimized using MXene and MIL-53(Fe). This synergy between
the active areas and conductive support provides enhanced OER
and HER electrochemical activities.

Tables S2 and S31 show the OER and HER activities in terms
of overpotential, Tafel slope values, mass activities, and turn-
over frequencies (TOF) for the reported catalysts. The mass
activity at n = 0.250 V of 57.5 and 54.6 A g, for the OER and
HER, respectively, was found for M3, outperforming other
studied catalysts (Tables S2 and S37). The intrinsic activities of
the above catalysts were further estimated from turnover
frequencies (TOFs), assuming every metal atom to be catalyti-
cally active.** M3 shows the highest TOF values of 1.56 and 2.97
s~ atn = 0.350 V for the OER and HER, respectively, which are
quite higher than those of the M1 and M2 catalysts (Tables S2
and S31)

The exceptional electrocatalytic activity of the desired elec-
trocatalyst (M3), which is formed by the combination of tita-
nium carbide MXene along with metal-organic frameworks
(MOFs) such as ZIF-67 and MIL Fe-53, may be attributed to the
following:

(a) 2D transition metal carbides, known as MXenes, exhibit
great promise for electrocatalytic applications due to their
exceptional conductivity, hydrophilic properties, and large
surface area. Because of their metallic conductivity, MXenes can
improve the catalytic performance by increasing the efficiency
of charge transfer. Additionally, MXenes endow the composite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with mechanical strength and structural stability, inhibiting the
active sites’ deterioration during prolonged application.

(b) MIL Fe-53 is a highly porous and flexible MOF, which may
serve as a structural stabilizer and enhance the accessibility of
active sites, thus facilitating ion transport and enhancing the
overall efficiency of the electrochemical process.

(c) ZIF-67, a cobalt-based MOF with a zeolite-inspired
structure, boasts numerous active sites accessible through its
porous architecture, thereby enhancing catalytic activity.
However, its intrinsic conductivity limitations are alleviated by
integration with MXene.

Thus, the combination of MXene with ZIF-67 and MIL Fe-53
enhances electrical conductivity, increases active site exposure,
improves stability, and boosts catalytic activity for the OER and
HER, resulting in lower overpotential and higher current
density. Table S4f shows the OER and HER overpotentials at
a current density of 10 mA cm ™ from reported literature and it
was observed that the as-prepared catalysts show impressive
performance compared to previous studies.

4. Conclusion

This study demonstrates the successful preparation of a high-
performance durable electrocatalyst for water splitting
through pyrolysis of MXene Ti;C,T,-supported MOFs (MIL-
53(Fe) and ZIF-67). The negatively charged Ti;C,T, MXene
surface effectively anchors MOFs, preventing aggregation and
promoting stability. MIL Fe-53 and ZIF-67 have a highly porous
framework and large surface area, which improve charge
transfer efficiency across the electrocatalyst, boosting efficiency
and productivity in the OER and HER. MXenes provide high
electrical conductivity for rapid electron transfer, chemical
stability for enhanced catalyst durability, and versatile surface
functionalization (-OH and -F) to strengthen interactions with
MIL-53(Fe) and ZIF-67, improving stability and integration in
the composite. This work indicates that combining 2D MXene
with MOFs can unleash enhanced functional capabilities by
utilizing the compositional and morphological flexibility of 2D
materials. This research opens up a new avenue for rational
design of high efficiency bifunctional electrocatalysts for energy
transformation and storage applications.
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