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Metal organic frameworks (MOFs) have a porous structure, high surface area, and high charge transfer, and
they have been regarded as model electrocatalysts. Optimization of the electrocatalytic activity of MOFs is
challenging, and an effective strategy for this optimization is the construction of a well-defined interfacial
bond bridge. In this work, an in situ approach of composite synthesis is reported for MOF (CoNiNH,BDC)
with MXenes (Mo,Ti»C3), as the electrocatalytic properties of MOF can be greatly enhanced with the
incorporation of the conductive material MXene. The prepared composite material was characterized
thoroughly using XRD, XPS, FESEM, EDX, TEM, and BET. The synergistic effect of both components of
this composite material resulted in enhanced conductivity and the number of active sites, which led to
enhanced electrocatalytic performance. The CoNiNH,BDC MOF with different ratios of Mo,Ti,C3s MXene
were synthesized, and the resulting materials were evaluated for oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER) activities. It was observed that the MOFMX3 attained a 10 mA cm™2
current density at 1.44 V for OER and —0.037 V for HER (vs. RHE), and lower values of Tafel slopes of
448 mV dec™! for OER and 45 mV dec™ for HER in 0.1 M KOH were achieved. The higher double layer
capacitance (Cq4) values lead to high electrochemical surface area (ECSA) values. Lower Tafel slope

values for MOFMX3 show that the presence of MXene nanosheets in the hybrid provides support to the
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catalytically active sites are significantly enhanced. This work highlights the idea of growing bimetallic
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1. Introduction

Sustainable energy production is a goal around the globe, and
as the population of the world increases, energy demands
increase. Therefore, it is crucial to find energy sources that are
environmentally friendly, sustainable and less hazardous to life
on this planet."” Hydrogen is one of the most used energy
sources, and hydrogen is mostly produced from the combustion
of coal, which is harmful as it is the cause of global warming
and increased carbon dioxide levels in the environment.
Therefore, a safe source of hydrogen production is required that
can suppress CO, emissions in the environment and make life
on Earth more sustainable. Water splitting is one of the
sustainable sources for the production of green hydrogen.
Water splitting comprises water oxidation, i.e. oxygen evolution
reaction (OER), occurring at the anode, and water reduction
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designing highly electrocatalytic systems.

reaction, i.e. hydrogen evolution reaction (HER), occurring at
the cathode.? To achieve better efficiency of these OER and HER
reactions, we need electrocatalysts that are economical, abun-
dant, and non-toxic and those can compensate for the sluggish
reaction kinetics and provide results with lower overpotential
values. An emerging class of compounds comprising inorganic
metal and an organic ligand (also known as linker) is metal
organic frameworks (MOFs) that possess high porosity, tunable
structure, and high flexibility.*® In the structure of MOFs, metal
units are uniformly dispersed in the network; therefore, MOFs
behave as efficient homogeneous and heterogeneous
catalysts.”® MOFs have been reported as electrocatalysts, but
MOFs have poor conductivity, and it is required to develop MOF
composites with conductive materials for enhancing the
conductivity of MOFs; to date, a limited number of such MOF
composites have been reported for their applications in elec-
trocatalysis, and there is a room of research available to design
and develop MOF composites for better efficient OER and HER
catalysts.'>"

A class of 2D materials known as MXene is a highly
conductive material synthesized from the MAX phase,
commonly known for layered materials with a common formula
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M,,1AX, (n = 1, 2, 3), where M represents metals (such as M =
Ti, V, and Mo), A is usually aluminum/gallium and X denotes N/
C. Some basic properties that MXenes offer are high conduc-
tivity, corrosion resistance, layered structure, and faster charge
transfer mechanism'™* and can be modified in various ways to
achieve desired properties” and MOF composites with
conductive substrates, such as rGO and CNTs, have also been
reported. The combination of MXenes with MOFs can result in
a better catalyst/electrocatalyst, but this combination is rarely
reported.”™"” With all of the above-mentioned discussion, we
designed MOF@MXene hybrids as electrocatalysts for OER and
HER activities. A 2D MOF was synthesized using an amino-
terephthalic acid linker with cobalt and nickel, which was
further decorated on Mo,Ti,C; MXene sheets by applying an
interdiffusion reaction strategy. Detailed characterizations,
such as XRD, FESEM, EDX, TEM, XPS, and BET, were carried out
to confirm the composite synthesis. In view of the tunability in
the structure of MOFs and their chemical diversity, the
approach shown in this work, i.e., in situ hybridization, is most
favorable for the synthesis of MOF MXene hybrids for the
synthesis of electrocatalysts for green hydrogen production.

2. Materials and methods
2.1 Materials

Molybdenum titanium aluminum carbide was purchased from
Chemazone Inc., Nanochemazone™ (Canada). N,N-Dime-
thylformamide (DMF), potassium hydroxide (KOH), nickel
nitrate hexahydrate (Ni(NOs),-6H,0), and hydrogen fluoride
(HF) were purchased from ISOLAB. Aminoterephthalic acid
(NH,BDC), cobalt nitrate hexahydrate (Co(NOj),-6(H,0)), and
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glassy carbon electrode were bought from Sigma-Aldrich. All the
chemicals were used without further purification.

2.2 Synthesis of Mo,Ti,C;T,

From the MAX phase (Mo0,Ti,AlC3), the ‘A’ layer was removed for
the synthesis of Mo,Ti,C; MXene by etching with HF. In 30 ml
of HF, 2 g of Mo, Ti,AlC; was added slowly, and the solution was
kept at magnetic stirring for 24 hours at 40 °C. Centrifugation
and washing of the solution were done at 8000 rpm with
distilled water until the pH reached 7 (neutral). The material
was dried overnight at 70 °C.

2.3 Synthesis of CONH,BDC, NiNH,BDC, and CoNiNH,BDC
MOF

CoNiNH,BDC was synthesized by the reported solvothermal
process with slight amendments.*® Concisely, 0.8 g of amino-
terephthalic acid (NH,BDC), 0.6 g of each nickel and cobalt salt
were added into 40 ml of DMF and to homogenize this mixture,
and it was kept at magnetic stirring for an hour. The homoge-
nized mixture was then kept in the oven at a temperature of
140 °C for 24 hours after transferring into a Teflon-lined auto-
clave. After heating for 24 hours, the autoclaves were kept closed
until they cooled at room temperature; then, the washing of the
synthesized material was done with DMF and ethanol by
centrifugation at 5000 rpm (three times), and the material was
dried overnight at 70 °C.

CoNH,BDC was synthesized using the same above-
mentioned solvothermal method. A mixture of 0.6 g of
Co(NO3),-6H,0, 0.4 g of NH,BDC, and 40 ml of DMF was kept at
magnetic stirring for an hour, then poured into the Teflon-lined
autoclave and kept in the oven at 140 °C for 24 hours.

Solvothermal
reaction

140 °C, 24

*XPS  and catalytic J,
':%M activity —
*‘TEM
*EDX Q
*Electrochemical - | O U .

measurements-OER and -

HER CoNiNH,BDC@Mo,Ti,C,T, Drying 70°C, 24 h Centrifugation

Washing

Scheme 1 Schematic diagram for the synthesis of CONiINH,BDC@Mo,Ti,C3Ty.
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Centrifugation, washing, and drying of the prepared material
were performed under the same conditions mentioned above
for the synthesis of CONiNH,BDC.

Synthesis of NiNH,BDC was done using a method similar to
CoNH,BDC (0.6 g of Ni(NO3),-6H,0), and 0.4 g of NH,BDC was
added to DMF (40 ml). The solvothermal reaction was carried
out under similar temperature and time conditions, and similar
conditions for centrifugation, washing, and drying.

2.4 Synthesis of CONiNH,BDC MOF@Mo,Ti,C;T,

CoNiNH,BDC@MZXene hybrid was prepared analogous to that
of the CoNiNH,BDC except for the addition of a definite
quantity of etched MXene along with 0.6 g of Ni(NOj3),-6H,0,
0.6 g Co(NO3),-6H,0, 0.8 g of NH,BDC, and 40 ml of DMF. The
mixture was kept at magnetic stirring for one hour for homog-
enization. The homogenized mixture was then transferred into
a Teflon-lined autoclave and kept in the oven at a temperature
of 140 °C for 24 hours. After heating for 24 hours, the autoclaves
remained closed until they cooled at room temperature; then,
the washing of the synthesized material was done by centrifu-
gation at 500 rpm (three times) with DMF and ethanol subse-
quently, and the material was dried overnight at 70 °C.
Preparation of CoNiNH,BDC@MOo,Ti,C;T, hybrids was
prepared as described above; however, during MOF synthesis,
different concentrations of Mo, Ti,CsT, (5, 10, and 15 wt%) were
added to the solution, and these prepared hybrids were named
MOFMX1, MOFMX2 and MOFMX3, respectively, as described in
Scheme 1.

2.5 Characterizations

X-ray diffraction analysis was performed using the “Bruker D2
Phaser” instrument with CuKa radiation (2 = 1.54 A) source.
Field emission scanning electron microscopy analyses were
performed using a “Zeiss Ultra Plus” instrument equipped with
EDX spectroscopy. The specific surface area of the synthesized
material was calculated using “Quantachrome instruments
NOVA Touch”. For XPS measurements, a “Thermo K-alpha”
system was used with a monochromatized AlKa X-ray source. A
“JEOL JEM-2100F” field-emission transmission electron micro-
scope was used to obtain the TEM images.

2.6 Electrochemical study

Using the Zahner Potentiostat with a three-electrode cell design,
the electrocatalytic activity of the prepared catalysts was
measured, and a 0.1 M KOH solution was used as an electrolyte.
Catalyst-loaded glassy carbon electrode was used as the working
electrode, and platinum wire and Ag/AgCl were used as counter
and reference electrodes, respectively. The Nernst equation was
used for converting potential to versus reversible hydrogen
electrode (RHE):***°

Erne = Eagagct + 0.059 pH + EQg/aect,

where Egpyg is the applied potential vs. RHE; Eagseci is the
applied potential vs. Ag/AgCl and E, (Ag/AgCl) is the standard
Ag/AgCl electrode potential, which is 0.1976 V at 25 °C. In the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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potential ranging from 1.1 to 1.8 Vvs. RHE at a scan rate of 1 mV
s, the linear sweep voltammetry (LSV) and cyclic voltammetry
(CV) measurements were recorded.?* At a fixed potential value of
1 Vvs. RHE and in the frequency range of 0.1 Hz to 100 kHz,
electrochemical impedance spectroscopy (EIS) measurement
was performed for an estimation of charge transfer resistance.
CV cycles in a non-faradaic potential range at different scan
rates of 50-300 mV s~ gave the value of electrical double-layer
capacitance (Cyq;). Calculation of the Cg4; value was done by linear
fitting of the plot, where the current density against different
scan rates was plotted.*® The working electrode was prepared by
depositing the catalyst on a glassy carbon electrode (2 mm dia.).
Catalyst ink was prepared by mixing 5 mg of the catalyst in 200
ul of ethanol, sonication was done for one hour and 10 pl of the
prepared ink was drop cast on the glassy carbon electrode
surface and dried for half an hour.

3. Results and discussion

3.1. Characterizations

The powder X-ray diffraction (XRD) pattern of the Max phase
(Mo, Ti,AlC3) (Fig. S11) shows clear and distinct peaks. The Max
phase (Mo,Ti,AlC;) shows the diffraction peaks of interest at
the 260 values of 8.9° (002), 19.1° (004), and 28.5° (006). After
etching the Max phase with HF, these diffraction peaks shifted
to lower 26 values of 6.58°, 12.65°, and 24.2° for plane indices of
(002), (004), and (006), respectively, as reported previously.?>?
The increase in the d-spacing ascribed to the intercalation of
water molecules and surface termination groups (Mo,Ti,C3Ty
MXene), e.g. T, = -0, -OH, and -F, after the removal of the “Al”
layer.>* The appearance of a prominent peak at the (002) plane
of Mo,Ti,C; MXene, which is more intense than the pristine

— MOFMX3

1
002

— MOFMX2

— MOFMX1

Intensity (a.u.)

200

10 20 30 40 50 60 70
2 theta (degrees)

Fig.1 XRD patterns of CoNiNH,BDC MOF and MOFMX composites.
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Max phase, suggests structural stability and crystallinity
(Fig. S17) after delamination. The peaks between the 26 values
of 33°-45° and 50-70° almost disappeared after successful “Al”
etching from the Mo,Ti,AlC; Max phase. The successful
synthesis of MOFMX composites is shown in Fig. 1. The
important signals appear at 26 values of 8.6°, 14.6°, 15.1°, 16.1°,
and 17.2° and can be assigned to (200), (00T), (201), and (400)
planes, respectively, of a layered triclinic structure. Similarly,
the other signals are in the range of 26 values of 25°-35°. In
addition, Fig. S2f shows the XRD signals of CONH,BDC MOF
and NiNH,BDC MOF, and the overall XRD pattern of
CoNiNH,BDC MOF agrees well with the XRD standard card of
Ni-MOF (CCDC No. 985792), as previously reported.'®** In situ
growth of MOF on the surface of layers of MXene was confirmed

Fig. 2 FESEM of CoNiNH,BDC MOF (a), MOFMX3 composite (b) and
elemental mapping (c).
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by the XRD pattern of the composite. The presence of a small
signal at a 26 value of 6.6° indicates that the MXene is incor-
porated successfully during the MOFMX composite formation,
which is in line with the previously reported study.”® The other
XRD signal of the composite is similar to pristine MOF.
However, a decrease in intensity and peak broadening was
observed.*”

The morphological aspects of the pristine Max phase,
MXene, MOF and MOFMX composites were analyzed through
field emission scanning electron micrographs (FESEM). Fig. S3a
and bt show the pristine Max phase of Mo,Ti,AlC; 2D-layered
material with large solid lumps. However, after etching “Al”
with HF, prominent stacked 2D layered MXene (Mo,Ti,Cs) can
be observed, as shown in Fig. S2b.T After etching and delami-
nation, separated layers of the MXene are clearly observed in
Fig. S3d.t (refs. ®* and 28) Fig. 2 shows the flower-like
morphology of the pristine CONiNH,BDC MOF with 2D flaked
petals, similar to the previously reported layered 2D flake-like
morphology.>*** CoNiNH,BDC MOF was grown on the surface
of the layers of Mo,Ti,C; MXene. Fig. 2b clearly shows the
growth of flaked CoNiNH,BDC MOF on the surface of delami-
nated 2D layers of MXene, which is also confirmed through the
elemental mapping of the composite (Fig. 2c).

TEM analysis was also performed for MOFMX3 composites,
and the images are depicted in Fig. 3, which shows a plate-like
arrangement of MOF (light colored) on the surface of MXene.

Fig. 3 TEM images of MOFMX3 composite (scale bar (a) 50 and (b) 20
nm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The XPS survey scan of Mo,Ti,C; MXene, CoNiNH,BDC
MOF, and MOFMX composites is shown in Fig. S4.1 XPS survey
scan of Mo,Ti,C; MXene shows the presence of Mo, Ti, C, O,
and F, and the absence of Al confirms successful etching during
MXene formation. The survey scan CoNiNH,BDC MOF shows
the presence of Co, Ni, C, N, and O elements. The XPS of the
MOFMX composite confirms the presence of all its elements
from MOF and MXene, i.e., Co, Ni, Mo, Ti, C, and O.

Intensity (a.u.)

238 236 234 232 230 228 226

Binding energy (eV)

Intensity (a.u.)

CoNiNH,BDC MOF

sat. 0 %P

T T T T T T 1
810 805 800 795 790 785 780 775

Binding energy (eV)
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As shown in Fig. 4a, the high-resolution XPS spectra of Mo 3d
in the MOFMX composite deconvoluted into three fitting crests
at 228.8 eV, 232 eV and 235.3 eV, agreeing well with Mo-C (3ds,
2), Mo-C (3ds.,), and Mo-Ox (3d3,) bonds, respectively.’**
Similarly, Fig. 4a (lower) shows the fine XPS spectra of Mo 3d of
Mo,Ti,C; MXene where all the bands match well with the
previously reported studies.”*** The XPS spectrum of Ti 2p
(Fig. 4b) shows the binding energies at 454.8 eV and 460.6 €V,

|Ti2p
MOFMX

Intensity (a.u.)

470 465 460 455

Binding energy (eV)

Ni 2ps, (d)

Ni 2p
7 MOFMX

CoNiNH,BDC MOF Ni 2ps,

Intensity (a.u.)

Ni2p,, Sat

890 885 880 875 870 865 860 855 850 845

Binding energy (eV)

Fig. 4 High-resolution XPS of Mo 3d (a), Ti 2p (b), Co 2p (c), Ni 2p (d) of CoNiNH,BDC, Mo,Ti,C3 and MOFMX composite compared with each

other.
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the doublet allocated to Ti 2psz,, and 2p4,, respectively, which
signifies Ti-C species, which agrees with the reported work.*®
Signals at 458.3 eV and 463.8 eV binding energies, respectively,
demonstrate the oxidation states of Ti species (Ti-Ox, Ox = O,
OH, F), as reported previously.** Similarly, within the Ti 2p
spectrum Ti-Al entities were not present in both the XPS spectra
of MOFMX composite and Mo,Ti,C; MXene, which indicates
that Al was absent and MXene was etched properly; the Al layer
was successfully removed by hydrofluoric acid (Fig. 4b lower).
The presence of Mo 3d and Ti 2p in the MOFMX composite
sample confirms the incorporation of MXene into the
composite formation. The high-resolution spectra of Co 2p and
Ni 2p of the MOFMX composite show the bands at binding
energies of 780.8 eV (2p;/,) and 796.4 eV (2p4/,), and 855.1 eV
(2ps/2) and 872.4 (2p4,,) eV, respectively, which are similar to the
previously reported studies* (Fig. 4c and d). Additionally, two
broad satellite peaks are observed in both of the cases Co 2p and
Ni 2p at 784.8 eV and 801.6 eV, and 860.2 eV and 878.9 eV
binding energies, respectively.”’?> The carbon spectrum
exhibits major bands (C 1s) at 284.77 eV, 285.9 eV, and 288.7 eV
binding energies for the C-C bond, C-O and C=O species
(Fig. S57), respectively. Another broad peak at the binding
energy of 282.4 eV was also observed, which confirms the
presence of the C-M bond, similar to the C-M bond in Mo, Ti,C;
MXene; however, this band is not observed in CONiMOF, which
suggests successful MOFMX composite formation (Fig. S57).
The XPS spectrum of O 1s shows the major deconvoluted peaks
at binding energies of 531.2 eV and 532.6 eV and can be
ascribed to O=C and O-C, respectively (Fig. S61). The signal at
the binding energy of 529.9 eV shows the existence of an O-M
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Fig. 5 N, adsorption/desorption isotherm of Mo,Ti,Cs MXene,
CoNiNH,BDC MOF and MOFMX3 composites.
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bond (M = Mo, Ti, Co, Ni), this signal is very prominent in the
case of Mo,Ti,C; MXene (Fig. S6T). The presence of this signal
further confirms the successful incorporation of MXene in the
MOFMX composite, and it is backed by the reported
studies.>®*"3*

To inquire about the specific surface area (Sggr) and porosity
of Mo,Ti,C; MXene, CoNiNH,BDC MOF and MOFMX
composite, nitrogen adsorption-desorption analysis was per-
formed. The isotherm shape shows a type-IV curve with an H3
distinct hysteresis loop, which implies the existence of meso-
porous pores.> Mo,Ti,C; MXene and CoNiNH,BDC MOF show
the typical isotherm for layered structures with Sggr of 3.0 m?
¢ 'and 11.2 m® g, respectively. The enhanced surface area of
the MOFMX composite was observed with the MXene addition
and recorded as 14.6 m> g~ (Fig. 5), as in previously reported
studies.**** The increased surface area shows the growth and
alignment of 2D MOF sheets with MXene nanosheets for the
creation of void spaces of various sizes. The mesoporous
structure of the MOFMX composite with a higher surface area is
supposed to be accountable for improved electrocatalytic effi-
ciency than pristine MOF, as discussed later in this work.

3.2. Electrocatalytic performance

The electrocatalytic efficiency of NiNH,BDC, CoNH,BDC, and
CoNiNH,BDC was tested for both OER and HER using a three-
electrode system in 0.1 M KOH solution (electrolyte). The elec-
trocatalytic OER efficiency of the above-mentioned catalysts is
shown by linear sweep voltammetry (LSV) (Fig. 6). From Fig. 6,
we can conclude that bimetallic CoNiNH,BDC MOF showed
enhanced OER activity compared to the pristine CoNH,BDC
and NiNH,BDC MOFs, as it showed early onset potential and
attained a current density of 10 mA cm 2 at 1.496 V vs. RHE.
Equal loading of the catalyst on the conductive substrate was
done, i.e., 0.2 mg cm™ > Mo,Ti,C; composites of CONiNH,BDC,
MOFMX1, MOFMX2, and MOFMX3 were evaluated to measure
the OER activity by LSV (Fig. 6a). MOFMX3 showed remarkable
results with an early onset and obtained a 10 mA cm ™2 current
density at 1.443 V vs. RHE, while MOFMX1, MOFMX2, and
MOFMX4 attained current densities of 10 mA cm ™2 at 1.487 V,
1.453 V, and 1.451 V vs. RHE, respectively (Fig. 6 and S7t).
MOFMX3 exhibits an exceptionally low overpotential of 215 mV,
indicating efficient OER activity. MOFMX1 and MOFMX2
showed enhanced OER activity with overpotentials of 257 mV
and 223 mV at 10 mA cm >, respectively, compared to
CoNiNH,BDC with an overpotential value of 266 mV. As MXene
is a conductive material, its layered structure increased the
catalytic sites on the surface and hence enhanced OER perfor-
mance from these hybrid materials; however, increasing the
MXene concentration up to 15% (MOFMX3) is sufficient to have
excellent OER activity (Fig S771). Tafel slope values are shown in
Fig. 6b, and MOFMX3 showed the lowest Tafel slope value of
44.8 mV dec™', while MOFMX1 showed 77 mV dec !, and
MOFMX2 showed 57 mV dec™'. However, CoNiNH,BDC
possesses a higher Tafel slope value of 89 mV dec™' among
these catalysts. The lowest value of the Tafel slope for MOFMX3
indicates higher reaction kinetics. The remarkably good

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Electrocatalytic OER efficiency (a) LSV curves, (b) Tafel slope, (c) LSV curves of MOFMX3 before and after 1000 CV cycles.

electrocatalytic OER performance of the CoNiNH,BDC MOF
hybrid with Mo,Ti,C;T, shows the synergistic effect of both
components of this hybrid material. CoNiNH,BDC MOF has
a porous structure and a large surface area and has shown good
OER catalytic activity. A combination of Mo,Ti,C;T, with
CoNiNH,BDC MOF further increased the surface area, as shown
in Fig. 5. Structural support is provided by MXene nanosheets to
the MOF structure and enhances the exposed surface area;
hence, the number of active sites increases, and MXene also
helps in preventing the aggregation of layers and, therefore,
enhanced surface area, which ultimately results in enhanced
catalytic activity. Double layer capacitance (Cq;) at the liquid
interface was measured by taking cyclic voltammetry (CV) at
different scan rates of 50, 100, 150, 200, 250, and 300 mV s ! in
the non-faradaic region; janodicJcathodic/2 Was plotted against
scan rates, and Cq; was calculated from it. MOFMX3 showed the
highest value of Cg; 9.42 mF cm ™2 compared to the bare MXene
(1.13 mF cm™?), CoNiNH,BDC MOF (1.17 mF cm™ %), MOFMX1

© 2024 The Author(s). Published by the Royal Society of Chemistry

(2.31 mF cm™?), and MOFMX2 (7.52 mF cm %) (Fig. S87). This
clearly indicated that this hybrid did not only support the
porous structure but also that there was easy access of the
electrolyte to the catalytic active sites. Electrochemical imped-
ance spectroscopy (EIS) measurement was done in the
frequency ranging from 1 Hz to 1 kHz, and the Nyquist plot
(Fig. S9t) of MXene and MOF showed higher charger transfer
resistance in comparison to the MOFMX3 that showed the
smallest semi-circle, indicating lowest charge transfer resis-
tance, which is again confirmation of intrinsically high surface
area, enhanced conductivity, and easy transfer of charges at the
electrode—-electrolyte interface. The stability of the catalyst was
examined by continuous 1000 CVs at 5 mV s ', and it was
observed that the initial and after CV cycles were majorly
similar, indicating that this material was highly stable (Fig. 6c) .

The LSV curves of the as-prepared catalyst for HER activities
are shown in Fig. 7a. It is evident from these LSVs that bime-
tallic CoNiNH,BDC showed the best HER results among the

Nanoscale Adv., 2024, 6, 6317-6327 | 6323


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00630e

Open Access Article. Published on 21 October 2024. Downloaded on 2/6/2026 3:43:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

0
—— Mo,Ti,C,
CoNH,BDC
101——NiNH,BDC (a)
—— CoNiNH,BDC //
.20 |—— MOFMX1  /
& MOFMX2 /
§ —— MOFMX3 /
< -30 /
£
-40 -
=50
-60 T T T T T T T T
05 04 03 02 04 0.0 0.1
V vs. RHE
0
— Initial
Ll After 1000™ cycle
R
~N
£
2
=30
£
-40
-50
-60 T T T T T
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1
V vs. RHE

View Article Online

Paper
0.28
—e— Mo,Ti,C, (b)
- CoNiNH,BDC
—e— MOFMX1 137 mVidec |
s MOFMX2 e
< 0201 _o— MOFMX3 o—"
E ././ -
3 0.6
]
=3 88 mV/dec
° ) a0 "
g 0.12 - ,,:_—;/././o
_e— " ——* 4 mVidec
008 “q—0—°
54 mV/dec
0.04 - —e—0—o—0—°
o—eo-o—o—¢ 45 mV/dec
T T T T
0.6 07 08 0.9 1.0

log j

Fig. 7 Electrocatalytic HER efficiency (a) LSV curves, (b) Tafel slope, and (c) LSV curves of MOFMX3 before and after 1000 CV cycles.

above-mentioned catalysts, even though they were lower than
those of MOFMX3. LSV curves of MOFMX1, MOFMX2, MOFMX3
and MOFMX4 composites are shown in Fig. S10.7 It is evident
that the HER activity shows an increasing trend by increasing
MXene concentration in MOFMX composite and is maximum
with MOFMX3, which is because the addition of MXene can
facilitate electron transfer. However, beyond the optimum
concentration of MXene, further addition can also block the
catalytic active sites of the catalyst, thereby reducing the cata-
lytic performance. Among the catalysts, MOFMX1, MOFMX2,
and MOFMX3 achieved a current density of 10 mA cm ™ ? at
123 mV, 93 mV, and 37 mV, respectively, for HER, while Mo,-
Ti,C3T, and CoNiNH,BDC MOF attained a current density of 10
mA cm ™2 at 224 mV and 135 mV, respectively. MOFMX3 showed
the earliest onset and lower overpotential value among these
catalysts and hence the best HER performance among these.
The Tafel slope value of MOFMX3 is smaller, and it indicates
faster reaction kinetics of the catalyst towards HER (Fig. 7b).
This could be possibly due to the formation of hydronium ions

6324 | Nanoscale Adv., 2024, 6, 6317-6327

on the surface of the catalyst in 0.1 M KOH alkaline solution
(electrolyte) and hence better catalytic activity and faster reac-
tion kinetics as well. To inquire about the catalyst stability,
continuous 1000 CVs were analyzed, and no significant differ-
ence in the initial LSV and after CV cycles LSV was observed,
indicating that this material is highly stable (Fig. 7c).
Chronoamperometry measurement was also performed to
examine the stability of the catalyst and was carried out at 1.48 V
vs. RHE for OER and —0.04 vs. RHE for HER for 20 hours. Strong
durability in a prolonged chronoamperometry test was shown
by MOFMX3, and it exhibited slight degradation, demon-
strating its high durability (Fig. 8). With uninterrupted
measurements, 97% of the initial current density was retained
for up to three hours, and 91% current density was retained up
to 12 hours, which remained consistent for up to 20 h,
demonstrating superb stability for OER. The stability test con-
ducted for HER shows very little degradation of the current up
to the first 8 h (99% efficiency). However, the degradation of
current density after 8 h was observed, retained further until the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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maximum test period of 20 h and was able to maintain the
efficiency of 97%. The lower stability of OER than HER may be
due to the oxidation of MXene in an oxic environment, which
results in a decrease in the active site.

Hence, the above-mentioned parameters have shown that
combining MXene with MOF has proved that this hybrid is

Table 1 Comparison table for OER and HER activities at a current density of 10 mA cm™

View Article Online
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beneficial for enhancing the electrocatalytic performance of
MOFs for both OER and HER. Interface engineering between
catalysts through electronic metal support interaction has been
proposed,; it is in agreement with the effect of stabilization, and
it is known that during the catalytic process of metal-based
catalysts, reconstruction of the surface is observed.*® In
comparison to the pristine MOF, the prepared hybrid MOFMX3
offers a stable configuration, and the possible reason behind
such high stability is the 2D structure of MXene that contributes
to the enhancement of specific surface area, reduction in charge
transfer resistance, and enhancement in the conductivity and
contact area with electrolyte for efficient electrocatalysis.

Furthermore, an efficient role in this work was played by the
strategy of the interdiffusion reaction for in situ growth of
CoNiNH,BDC@Mo,Ti2C3 MXene, which resulted in faster
charge transfer kinetics, enhanced conductivity, and hence
upgraded bifunctional electroactivities for HER and OER. Table
1 shows a comparison of the current research with the previ-
ously reported studies. Metals such as Ni, Co, Fe, and Mo were
the most studied elements for OER and HER activities and were
used in various ways. For example, trimetallic NiCoFe-MOF-
derived hollow nanocuboidals were reported as a dual catalyst
in alkaline media and showed an overpotential of 320 mV for
OER and 270 mV for HER at 10 mA cm ™ > This study shows that
the heteroatom doping tuned the electronic structure, resulting
in electroactivities toward OER and HER.*® Single and bimetallic
pristine MOFs and MOFs supported on conductive materials
were also reported for enhanced electroactivities toward OER
and HER."?* Similarly, pristine Mo,CT, MXene and MXene
hybrids with Co, CoP and Co-MoS, are also reported;***
however, their HER electroactivities are far lower than the
currently reported bifunctional catalyst MOFMX.

2

Overpotential (mV) Tafel slope

Catalyst Reaction Electrolyte at 10 mA cm 2 (mV dec™) Substrate Ref.
NiCoFe-MOF-derived hollow multivoid OER 0.1 M KOH 320 49 GCE 36
nanocuboidal catalyst

CoP@3D Ti;C,-MXene OER 1.0 M KOH 290 51 GCE 40
2D Co-BDCMOF nanosheets OER 1 M KOH 263 74 GCE 37
Fe/Ni-BTC@NF OER 0.1 M KOH 270 — NF 19
Ti;C,T,-Co/Ni-BDC OER 1 M KOH 265 51.7 CP 25
2D Ni-MOF@Fe-MOF nanosheets OER 1 M KOH 265 82 GCE 38
FeNiNH,BDC@5 wt% CNTs OER 1M KOH 220 68.5 GCE 42
Fe/Ni-MOF OER 1 M KOH 236 49 NF 43
Fe,Ni;_,(OH), OER 1 M NaOH 311 — GCE 44
MOFMX3 (CoNiNH,BDC@MOo,Ti,C3) OER 0.1 M KOH 215 44.8 GCE This work
CoP@3D Ti;C,-MXene HER 1.0 M KOH 168 58 GCE 40
NiCoFe-MOF derived hollow multivoid HER 0.1 M KOH 270 — GCE 36
nanocuboidal catalyst

Mo,CTx: Co (single site Co substitution) HER 0.5 M H,S0, 180 59 GCE 39
Ni,P-Ni;,Ps@Ni;S,/NF HER 0.5 M H,S0, 46 78 NF 45
Co-MoS,/M0,CTx HER 1.0 M KOH 112 82 GCE 41
CoSe,/CoP HER 1M KOH 65 54 GCE 46
MoO,/MoS,/C HER 1M KOH 91 49 NF 47
Mo,CT, MXene HER 0.5 M H,S0, 283 82 GCE 24
MOFMX3 (CoNiNH,BDC@Mo,Ti,Cs) HER 0.1 M KOH 37 45 GCE This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

This work presented the use of a bimetallic 2D MOF grown on
the surface of a 2D bimetallic MXene using an interdiffusion
synthesis strategy. The negatively charged Mo, Ti,C; was tightly
bound to the positively charged CoNiNH,BDC, and the strong
interface between the two components of the hybrid resulted in
rapid charge transfer for enhanced electrocatalytic activity. Both
FESEM and TEM supported the stacking of 2D MOF on the
surface of the delaminated sheets of MXene. The most efficient
catalyst among the catalysts investigated in this work is
MOFMX3, and it showed the lowest overpotential value of
215 mV for OER and 37 mV for HER, the lowest Tafel slope of
44.8 mV dec™ " for OER and 45 mV dec™ ' for HER and a higher
Cq value of 9.42 mF cm™2. These values indicate that the cata-
lyst's performance was equivalent to, or even better than the
reported transition metal-based electrocatalysts. Overall, this
work showed the synergistic effect of combining MXene and
MOFs as this combination provides support to the structure and
enhances the exposed surface area and hence the number of
active sites increases. MXene also helps in preventing the
aggregation of MOF layers and therefore enhances surface area,
which ultimately results in enhanced catalytic activity towards
OER and HER under alkaline conditions. Considering the
structural properties of both MOF and MXene materials and
their synergistic effects, this work supports the idea of intro-
ducing more multifunctionality to the MOFs by combining
them with conducting materials for enhanced electrochemical
water splitting for clean hydrogen production.
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