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Efficient, low cost and stable electrocatalysts are highly desirable
for overcoming the sluggish kinetics of the oxygen evolution reac-
tion (OER) in alkaline water electrolysis for hydrogen production.
Interfacial engineering of heterostructures is quite beneficial for
improving charge transfer efficiency at the interface. In this
context, heterostructures of layered triple hydroxides (LTHs) and
MXenes have shown great potential as OER electrocatalysts owing
to their 2D-2D structure and unique physiochemical properties.
Coupling LTHs with MXenes can potentially enhance their conduc-
tivity and stability, thereby boosting OER activity. In this study, we
report a heterointerface between NiFeMo-LTH on TizC,T, MXene,
which exhibited superior catalytic activity and stability in alkaline
freshwater and seawater, reducing the activation energy.
Importantly, the heterostructure achieved a current density of
100 mA cm™2 at the cost of 292 mV and 340 mV overpotentials in
alkaline saline water and real seawater, respectively, and showed
robustness over 100 h without hypochlorite formation in alkaline
real seawater, exhibiting corrosion-resistant behaviour. Moreover,
NiFeMo-LTH/MXene explored in alkaline anion exchange mem-
brane water electrolyzer (AEMWE) achieved a current density of
750 mA cm™2 at 2.16 V cell voltage at an operating temperature of
60 °C with an energy efficiency of 60.5%. Raman analysis and XPS
analysis post stability test demonstrated easy electron transfer
from LTH to MXene at the heterointerface, leading to the for-
mation of NiOOH electroactive species that facilitated the OER
activity.
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1. Introduction

Clean and green energy production using renewable energy
resources is one of the best ways to address global energy
demand and avoid environmental pollution."”? In this
context, hydrogen can fulfil global future energy demands
owing to its high combustion energy and net zero emission
technology.®* Electrochemically driven water splitting invol-
ving anodic oxygen evolution reaction (OER) and cathodic
hydrogen evolution reaction (HER) can be considered a sus-
tainable and efficient way to produce clean hydrogen.>®
Recently, anion exchange membrane water electrolysis
(AEMWE) has emerged as a cost-effective, eco-friendly and
sustainable technology for industry level production of
hydrogen, consuming a large volume of water.””® Although
AEMWE is anticipated as one of the most needed techno-
logy, scarcity of water in future will surely hinder its wide
application. Considering seawater as the most abundant
water resource, direct seawater splitting, especially in
offshore, may be realized as an indispensable technique to
be adapted.”"°

However, for the extensive use of seawater, there are chal-
lenges in terms of performance and sustainability owing to the
severe corrosion at the anode caused by different interfering
elements, especially chlorides."™® The approach of interfacial
solar desalination, converting seawater into hot vapour fol-
lowed by vapour splitting, could be an effective alternative to
direct seawater electrolysis or photocatalysis. However, the
approach needs improved efficiencies, device design optimiz-
ation and stability to make the process efficient and
competitive."*'*> To achieve effective and sustainable seawater
splitting, the development of an OER-active electrocatalyst
with a corrosion resistance property is highly desirable.'®"”
Thermodynamically, alkaline seawater electrolysis is preferred
over acidic medium with limiting overpotential of 480 mV to
avoid chloride electrochemistry, known as the chlorine evol-
ution reaction (CER).
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Transition metal-based layered double hydroxides with the
general formula [M;_,>"M,*" (OH),]** (A""),/, (Where M is a bi-
metallic or trimetallic metal and A is an intercalated ions)
have been the primary choice for researchers in this regard
owing to their 2D lamellar structure, tuneable interlayer
spacing, chemical compositions and large active surface
area.'®'® The anticorrosive nature of LDHs owing to their
anionic species in the interlayer spacing shows their potential
for direct seawater splitting.>>*! Most commonly, NiFe-LDH
has been explored as OER-active electrocatalyst in alkaline
freshwater as well as seawater electrolyte medium.***
However, the performance of bimetallic LDH encounters limit-
ations due to poor ionic conductivity and inadequate avail-
ability of active sites.'>>* Our group explored different strat-
egies, including three or more element incorporation in LDH,
resulting in enhanced interlayer spacing between adjacent
layers, and the incorporation of anionic guest species to boost
the activity and to attain stability in alkaline seawater.'®>' The
drawbacks of LDHs can also be overcome by combining with
other 2D materials with better conductivity, mechanical
strength and stability as a heterostructure. Although graphenes
are well known in this regard, their hydrophobicity may not be
supportable for this application. Instead, MXene is a new 2D
material with remarkable physiochemical properties including
high electrical conductivity, super hydrophilicity with modifi-
able terminal groups is a more suitable candidate to produce a
heterostructure with LDH.>> MXene has the general formulae
of M,,.:1X,,Ty (n = 1, 2, or 3), where M, X, and T represent the
transition metal, C and N, and surface functional groups
(-OH, -0, and -F) which are generally synthesized from the
MAX phase by selective etching and stripping.”® The coupling
of LDH and MXene as a heterostructure offers favourable elec-
tronic charge distribution at the interface, increasing the
electrocatalytic activity.”” While dealing with seawater, MXene
has the advantage of acting as a corrosion inhibitor by block-
ing the diffusion of corrosive ions like chlorides, providing
much needed protection to the electrode during seawater
electrolysis.>®

Most reports on LDH/MXene hybrid materials were
explored in freshwater. For instance, Yu et al. reported NiFe-
LDH/Ti;C,-MXene where NiFe LDH was electrochemically de-
posited on MXene coated nickel foam (NF) and showed excel-
lent OER activity, achieving a current density of 500 mA cm™>
with an overpotential of 300 mV.*® The synergistic coupling
between LDH and MXene layers and strong electronic inter-
action accelerated ionic transport and rapid gas evolution
from the electrode with good stability. Chen et al. reported
hypophosphite intercalated FeNi LDH combined with V,C
MXene in which lowering of the d band centre preferentially
decreased the AG value, thereby promoting the OER process.>°
Hu et al. synthesized MOF derived CoFe LDH/Ti;C, MXene
with good OER activity and the binding strength of the oxyge-
nated intermediate was modulated during the OER.*' Yan and
co-workers incorporated the O-vacancy in FeNi-LDH by Cr
doping and the synergy between the O-vacancy and MXene led
to a good OER overpotential of 232 mV at 10 mA cm™2.%?
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These results indicate that an LDH and MXene combi-
nation can potentially achieve high OER activity, although
direct seawater splitting remains unexplored. Herein, we devel-
oped NiFeMo layered triple hydroxide (LTH), which showed
high OER activity by introducing Mo as the third metal species
and further combined with Ti;C, MXene forming the NiFeMo-
LTH/Ti;C, MXene heterostructure. The heterostructure boosts
the OER activity and retards chloride to attain longer stability
in alkaline seawater media. We further explored the perform-
ance of the heterostructure in the AEMWE set up to under-
stand the potential of the developed electrocatalyst towards
practical applications for hydrogen production.

2. Experimental section
2.1 Chemicals

Titanium aluminium carbide powder (Ti;AlC,) of highly pure
(99%, Sigma-Aldrich) MAX phase was used for MXene prepa-
ration. Nickel(n) chloride hexahydrate (NiCl,-4H,0), iron chlor-
ide (FeCl;, anhydrous), sodium molybdate dihydrate
(Na,M00,-2H,0), urea, commercial RuO, and Pt/C, potassium
hydroxide (KOH), sodium chloride (NaCl), ethanol (C,Hs;OH),
lithium fluoride (LiF) and hydrochloric acid (HCl) were pur-
chased from Sigma-Aldrich. Nickel foam was purchased from
MTI corporation, KJ group. All the reagents and chemicals are
A.R grade and used without further purification.

2.2 Materials synthesis

2.2.1 Synthesis of Ti;C,T, MXene nanosheets. MXene was
prepared using TizAlC, MAX phase through the mild etching
method using LiF/HCL. Initially, 1 g of TizAlC, MAX phase was
added into LiF/HCI etchant solution at 40 °C at a stirring rate
of 400 rpm for 48 h. After 48 hours, the solution was mixed
with distilled water and centrifuged at 2500 rpm for 5 min fol-
lowed by collection of MXene sediment. The cycle was repeated
8-10 times until the pH of the supernatant reached 6. Later,
this dark supernatant was carefully vacuum filtered to collect
MXene powder which was dried and used for further
experiments.

2.2.2 Synthesis of NiFeMo-LTH/Ti;C,T, MXene and
NiFeMo-LTH. Typically, a simple hydrothermal method was
adopted to synthesize NiFeMo-LTH and NiFeMo-LTH/MXene
heterostructure. The hydrothermal technique was chosen over
other techniques, like sol-gel or electrochemical deposition
for several reasons. First, the hydrothermal process promotes
homogeneous nucleation and growth of LTH nanoflakes on
MXene, leading to strong coupling effects and better bonding
between LTH and MXene. Secondly, the morphology of LDH
can be easily tuned by the hydrothermal method. Thirdly, the
hydrothermal method provides better -crystallinity and
increased surface area which leads to improved electro-
chemical activity.

To synthesize NiFeMo-LTH/MXene, 10 mM NiCl,-4H,0,
5 mM FeCl;, 5 mM Na,Mo00O,-2H,0O, 0.1 M urea and 0.05 M
NH,F were dissolved in 25 mL ultra-pure water and the solu-
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tion was stirred for 30 min (solution A). In another container
10 mg of MXene powder was dispersed in 10 mL of urea
aqueous solution in an Ar atmosphere (solution B). Solution
A was added to solution B and stirred vigorously for 15 min.
The homogeneous mixture was then transferred in a Teflon-
lined autoclave, sealed and maintained at 120 °C for 12 hin a
hot air oven. After the completion of the reaction, the auto-
clave was allowed to cool naturally, and the product was col-
lected via centrifugation, washed several times with distilled
water and ethanol, and dried under vacuum at 60 °C over-
night. The as-obtained product was labelled as NFM-LTH/
MXene.

For the synthesis of NFM-LTH, the same procedure was fol-
lowed as discussed above without adding solution B contain-
ing MXene suspension. The reaction parameters were tabu-
lated in Table S1.7

2.3 Characterization of materials

Powder X-ray diffraction (XRD) patterns were collected using a
Rigaku Miniflex 600 XRD diffractometer (40 kv, 15 mA) with a
Cu k, radiation of wavelength 1.54 A. The morphology of the
as prepared samples was characterized by SEM analysis with
the help of field emission scanning electron microscopy
(FE-SEM, Carl Zeiss, Germany) operating at 5 kV. The elemen-
tal composition with atomic% of the materials were evaluated
using an energy dispersive X-ray spectrometer (EDS) associated
with the FE-SEM instrument. In depth microstructural pro-
perties of the samples were obtained through high resolution
transmission electron microscopy (HRTEM) (FEI TECNAI 20
G2, Netherlands, 200 kV). The TEM specimen was prepared by
dispersing a small amount of powder sample into pure
ethanol and a drop of homogeneous solution was casted on
the carbon coated Cu grid and dried. The surface composition
and valence states of the samples were determined using X-ray
photoelectron spectroscopy (XPS) recorded using a SCIENTA
R-3000 analyser with a monochromatic Al Ka source. A 2 x
107" torr vacuum ambit chamber was maintained during XPS
analysis. The instrument was calibrated before use with Au
and Ag foils. Charge neutralization was used for all measure-
ments using a combination of low-energy Ar’ ions and elec-
trons, and the charging effects were compensated by shifting
binding energies based on the adventitious C 1s peak (284.8
eV). Raman spectra of the prepared samples was acquired
using an alpha300 RAS (WITec Instruments) Raman
spectrometer.

2.4 Electrode preparation and electrochemical
measurements

All electrochemical experiments were performed in a
Metrohm Autolab 204 at room temperature using 1 M KOH
(pH = 13.9) as electrolyte with a standard three electrode
configuration. The as prepared catalyst on Ni foam, satu-
rated Hg/HgO, and Pt wire were used as the working elec-
trode, reference electrode and counter electrode, respectively
in three electrode configurations. The working electrode was
prepared by drop casting the electrocatalyst ink on Ni foam.
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The ink was prepared by ultrasonicating 4 mg of the catalyst
in a mixture of 600 pL deionized water, 300 pL isopropanol
and 100 pL of polyvinylidene difluoride (PVDF) solution for
30 min to form a homogenous suspension. Prior to drop-
casting, bare Ni foams were etched using 3 M HCI solution
to remove the native oxide layer, followed by washing with
DI water and ethanol. The mass loading of the electrocata-
lysts on the treated Ni foam was maintained between
0.8-1 mg cm™> Commercial RuO, on Ni foam and bare
nickel foam (NF) was used as a reference with a mass
loading of 0.5 mg cm?® for the comparative electrochemical
study. To avoid the effect of NF, we also drop casted the
catalyst ink on a glassy carbon electrode (GCE) and checked
the performances. The electrochemical studies were carried
out in 1 M KOH containing deionized water to evaluate the
inherent electrochemical properties of electrocatalysts.
Further, the electrocatalytic activities of the developed
heterostructure was explored in highly saline alkaline water
containing 1 M KOH + 1 M NaCl, 1 M KOH + 0.5 M Nacl,
alkaline (1 M KOH) simulated seawater and real seawater.
The simulated seawater was prepared by mixing 26.73 g of
NaCl, 2.26 g of MgCl,, 3.25 g of MgSO,, 1.12 g of CacCl,,
0.19 g of NaHCOg3, 3.48 g of Na,SO, and 0.72 g of KCl in 1 L
of ultrapure water. The real seawater was collected from the
Bay of Bengal, Digha, West Bengal, India (21.62°4527"N,
87.53°01'67"E).

To activate the electrode materials before data collection for
OER measurements, all working electrodes were pre-activated
via cyclic voltammetry (CV) scanning at 40 mV s~ in 1 M KOH
electrolyte. Polarization curves were obtained using linear
sweep voltammetry (LSV) at a scan rate of 2.0 mV s™*. The LSV
curves were represented with 90% iR compensation to avoid
uncompensated series resistance of the electrochemical circuit
(Rs). All the measured potentials were converted into a revers-
ible hydrogen electrode (RHE) and calibrated with 90% iR
compensation using eqn (1) and (2):

Erue = Eapply + Eng/ugo + (0.059 x pH) (1)
Eir = Erug — IRs (2)

The overpotential (17) and Tafel slope (b) of water oxidation
were calculated using eqn (3) and (4):

n=a+blogj (4)

The activation energy (E,) was determined using polariz-
ation curves of OER between 30 to 60 °C. Electrochemical
impedance spectroscopy (EIS) curves were obtained
throughout a frequency range of 100 kHz to 0.1 Hz with an
amplitude of 5 mV. Cyclic voltammograms with varied scan
rates (40-200 mV s~ ') in the 0.96-1.0 V vs. RHE region were
used to determine the double layer capacitance (Cgq;) of the
catalysts. The value of Cq4; was calculated by taking half of
the difference between the anodic and cathodic current
density against the scanning rate. The electrochemical
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active surface area (ECSA) was derived from Cgy values
through eqn (5):
C
ECSA = -2 (5)
Cs
where Cs is the specific charge resistance of the working elec-
trode which has the value of 40 pF cm™> in alkaline solutions.
Mass activity (jmass) Was calculated using eqn (6):
Mass activity (MA) = JE (6)
A long-term stability test was evaluated using a chronoam-
perometry method for 100 h at current densities of 100 and
500 mA cm 2, respectively.

2.5 Turn over frequency (TOF)
TOF was determined based on the number of total active sites
for all electrodes using the following given eqn (7):
JxA

TOF = ———
axFxn

(7)
where j (A ecm™?) is the current density at a particular overpo-
tential, A (cm®) is the geometric surface area of the working
electrode, F is the Faraday constant (96 485 C mol ™), « is the
number of electron transfers and n = Q¢/F is the number of
active sites during the electrochemical reaction process. Here,
surface charge (Qs) is calculated from integrated area of the
redox peak of the CV plot.

2.6 Corrosion study

Corrosion studies of NFM-LTH/MXene, NFM-LTH and bare
nickel foam (NF) were performed in 1 M KOH + 1 M NacCl
electrolyte in three electrode configurations. The sample elec-
trodes were immersed in electrolyte solution for 1 h to reach
a stable open circuit potential (OCP). The electrochemical
impedance spectroscopy (EIS) measurements were carried
out at an OCP between 100 kHz to 0.01 Hz with an amplitude
of 5 mV. The corrosion characteristics were further analyzed
using the Nyquist plots. The Tafel test was carried out in the
potential range from —0.4 to 0.2 V vs. the Hg/HgO reference
electrode (the potential range was chosen based on the OCP).
The corrosion potential (E.) and corrosion current (I.or)
were measured from the Tafel analysis of the polarization
curve.

2.7 Todometry test

To check whether any hypochlorite (ClO™) was generated,
iodometry tests were conducted using 10 mL of electrolyte
solution after long term stability test in 1 M KOH + sea-
water electrolyte. At first, the electrolyte solution was acidi-
fied (pH = 2) by adding the required volume of 0.5 M
H,SO, solution. Then, 5 mL of freshly prepared KI solution
was added to the solution. ClO~ formation was ignored
since no yellow colouration was observed in the solution
sample.

This journal is © The Royal Society of Chemistry 2025
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2.8 Electrolyzer assembly and experiment setup

The electrolyzer cell was assembled with current collectors,
two PTFE gaskets, cathode and anode substrates,
Sustainion® X37-50 grade RT membrane as anion exchange
membrane (AEM) and a continuous flow design on the anode
and cathode sides. NFM-LTH/MXene catalyst ink was spray
coated on Ni foam for its use as an anode and Pt/C contain-
ing ink was spray coated on Ni foam for use as a cathode for
anion exchange membrane water electrolysis (AEMWE). Prior
to spray coating, the 2.6 x 2.6 cm” Ni foams were cleaned
with 3 M HCI to remove the native oxide layer followed by
washing with DI water and ethanol. The catalyst ink was pre-
pared by dispersing 40 mg of catalyst powder in 4 mL of
water-isopropanol mixture and 100 pL of PVDF (1 wt%) solu-
tion as binder by ultrasonication. Then, the spray coated cata-
lyst ink on Ni foams were dried in vacuum and a mass
loading of 1.5 mg cm™” and 1 mg cm~” was maintained for
the anode and cathode, respectively. For comparison, RuO,
loaded NF was prepared as an anode using the same process
with a mass loading of 1 mg cm™2. The 1 M KOH was used as
catholyte and anolyte and was circulated by two single
channel peristaltic pumps using a flow rate of 50 mL min~".
Initially, the anode and cathode materials were placed in the
accurate position of flow plates, separated using AEM and
then an equal compression torque was applied to complete
the MEA process.

All electrolyzer tests were performed on the same work-
station (Metrohm Autolab M204) with a 10 A current
booster. LSVs were collected at an operating temperature of
60 °C with a scan rate of 50 mV s™'. The chronopotentio-
metry test was conducted at 60 °C at a current density of
100 and 200 mA cm~” under electrolyte flow conditions in
the electrolyzer.

2.9 Calculation of AEM electrolyzer energy efficiency, energy
consumption and H, cost

The electrolyzer energy efficiency was calculated based on the

method described in earlier studies.>*3*

i. H, production rate at 0.5 A cm™>:

=(Acem?) (1e/1.602x 107 C) (1 Hy/2¢€7)
=0.5Acm 2/(1.602 x 107 C x 2)
=2.59 x 10~® mol H, per cm? per s
ii. LHV of H,:
=120 MJ kg™! H,
=2.42 x 10° ] mol™! H,
iii. H, power out:

= (2.59 x 107° mol H, per cm? per s)x
(2.42 x 10° J mol™* H,)

=0.627 W cm 2

Nanoscale, 2025, 17,12094-12107 | 12097
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iv. Electrolyzer power at 0.5 A cm™>:

=05Acm?x2.07V
=1.035 W cm >
v. Electrolyzer efficiency:
= (H, power out)/(electrolyzer power)
=0.627 W em 2/1.035 W ecm ™2 = 60.5%

vi. Energy consumption of per gasoline-gallon equivalent
(GGE) H,

=1 GGE H,/(H, production rate) x electrolyzer power

=0.997 kg/(2.59 x 10~® mol H, per ecm?* per s x 2 kg mol ™)
x 1.035 W cm >

=55.5kW h
vii. Price per gasoline-gallon equivalent (GGE) H,

_ 1GGEH, x electrolyzer power x electricity bill
N H, production rate

_0.997kg x 1.035W cm > x $0.02 kW perh
~2.59 x 106 mol H, per cm? pers x 2 kg mol *

= $1.11/GGE H,

3. Results and discussion

3.1 Morphological and structural characterization of
electrocatalysts

The synthesis method of NFM-LTH/MXene was schematically
illustrated in Fig. 1a. Briefly, multi-layered Ti;C,T, MXene was
obtained by selective etching of Al from the TizAlIC, MAX
phase with LiF and HCI solution. Following ultrasonic treat-
ment, a few layered exfoliated Ti;C,T, MXene was obtained
with many negatively charged functional groups which mainly
helps to anchor NFM-LTH nanosheets on Ti;C,T, MXene.
After the addition of metal salt solution to the MXene suspen-
sion, nucleation starts and in situ growth of LTH occurs on the
surface of MXene, resulting in the formation of NFM-LTH/
MXene hybrid materials. Field emission scanning electron
microscopy (FESEM) was used to obtain the morphology of
Tiz;C,T, MXene, NFM-LTH and NFM-LTH/Ti;C,T, MZXene.
FESEM images of MXene clearly showed a nanosheet like
structure as expected (Fig. SlaT).26 The corresponding energy
dispersive X-ray analysis (EDAX) of Ti;C,T, shows a nominal
presence of Al in MXene nanosheets, confirming successful
etching of Al metal from bulk MAX phase as depicted in
Fig. S1b.7 Elemental mapping clearly reflects homogeneous
distribution of Ti, C and other elements throughout the
nanosheets (Fig. Slc-hf). NFM-LTH was observed as a nano-
flake structure that oriented together to form flower-like mor-
phology (Fig. S2at). The EDAX elemental mapping shows that
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Ni, Fe and Mo are homogeneously distributed throughout the
surface (Fig. S2b-et). The heterostructure formation combin-
ing NFM-LTH and MXene is clearly seen in the FESEM image
and TEM image displayed in Fig. 1b and c. The close obser-
vation reveals the fact that the flowery nanoflakes of LTHs were
grown on MZXene nanosheets with largely exposed edges,
offering many accessible active sites and openings for easy gas
diffusion to favour water electrocatalysis.*> >’ Certainly, the
combination of NFM-LTH nanoflakes and MXene nanosheets
improve the easy access of electrolyte and provide great con-
ductive support. Such MXene support to NFM-LTH helps to
facilitate and shorten the charge transfer pathway, boosting
OER mechanism. Further in-depth morphological analysis was
carried out by high resolution transmission electron
microscopy (HRTEM) and the combination of NFM-LTH and
MXene is easily seen in Fig. 1d. The interface of the NFM-LTH/
MXene heterostructure is clearly visible, showing characteristic
lattice fringes of respective materials with an (012) plane of
NiFeMo-LTH and (015) plane of Ti;C,T,. Thus, a well-defined
interface between LTH and MXene facilitates electron transfer
which improves the electrocatalytic activity of the hetero-
structure. The corresponding SAED pattern in Fig. 1e displays
diffused rings for both the materials. This confirms the for-
mation of the NFM-LTH/Ti;C,T, heterostructure, which is
believed to be beneficial for rapid electronic charge transfer
between two phases. The presence of these two phases and the
distribution of their respective elements were investigated
using high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and energy dispersive
X-ray elemental mapping (Fig. 1f-m and Table S2f). The
much-affirmed differences in elemental distribution between
the two phases further confirmed the co-existence of NFM-LTH
and MXene as intended. The molar ratios of Ni, Fe and Mo in
NFM-LTH/MXene and NFM-LTH were 3.28:1.35:1 and
4.75:2.5: 1, respectively (Table S37).

The development of MXene, NFM-LTH and NFM-LTH/
MXene were further evaluated by XRD analysis (Fig. 2a). The
XRD pattern for MXene shows a major peak at 5.94° corres-
ponding to the (002) plane of Ti;C,T,, confirming the syn-
thesis of MXene.*®* On the other hand, the formation of
NiFeMo-LTH was confirmed from diffraction peaks located at
11.6°, 23.4°, 33.8°, 39.1°, 59.9° and 60.7° corresponding to
(003), (006), (012), (015), (110) and (113) planes for LDHs,
respectively (JCPDS no. 40-0215).>° Moving forward, the XRD
pattern for NFM-LTH/MXene heterostructure reflects the pres-
ence of characteristic peaks for LDH and MXene, confirming
the co-existence of the materials. The weakening of (002) peak
intensity for MXene was due to the growth of LTHs on the
MXene nanosheets. The Raman spectroscopy of MXene,
NFM-LTH and NFM-LTH/MXene heterostructures are shown in
Fig. S3.f For pristine MXene and heterostructure, the
vibrational bands presented at 156 cm™*, 390 cm™*, 599 cm™"
can be assigned to the Eg B;, and A;; modes of Ti;C,Ty
MXene, respectively.’® The D (1350 cm™') and G (1560 cm ™)
bands present in MXene and in the heterostructure (with a
small shift) is believed to be due to the strong interaction and

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic of the synthesis of NFM-LTH/MXene. (b) FESEM image, (c) TEM image, and (d) HRTEM image showing clear lattice fringes and
(e) SAED pattern of NFM-LTH/MXene. (f-m) HAADF-STEM image and elemental mapping images showing uniform distribution of Ni, Fe, Mo, Ti, C
and O elements in distinct LTH and MXene parts in the NFM-LTH/MXene heterostructure.

charge transfer process between LTH and MXene. On the other
hand, NFM-LTH shows a broad peak at 250-680 cm™' and
around 1000 cm™", which correspond to the vibration modes
of M-O, M-OH and intercalated CO5>~ ions, which are also
present in the heterostructure.”" The surface chemical environ-
ment and electronic states of elements present in NFM-LTH/
MXene and NFM-LTH were thoroughly examined with the help
of X-ray photoelectron spectroscopy (XPS). The XPS spectra
confirms the co-existence of Ni, Fe, Mo, O, C, and Ti elements
in NFM-LTH/MXene and Ni, Fe, Mo, O, and C in NFM-LTH
(Fig. S4t). The high-resolution Ni 2p XPS spectra of NFM-LTH
suggests the presence of Ni** and Ni** with binding energies
of 855.7 eV (2ps/,) and 873.3 €V (2p15), and 857.2 eV (2ps/»)
and 875.1 eV (2pi), respectively, along with two satellite
peaks (861.6 eV and 878.3 eV), as shown in Fig. 2b."°

This journal is © The Royal Society of Chemistry 2025

Interestingly, the peak intensity ratio of Ni**/Ni** of the
NFM-LTH/MXene composite increases from 0.5 to 0.72
(Fig. S5at), confirming partial oxidation of Ni** to Ni**. This
phenomenon indicates that MXene is a support material and a
driving material for strong electronic communication within
LTH and MXene. The development of Ni** is believed to be
beneficial for the OER mechanism as reported elsewhere.*"*?
The core Fe 2p spectra of NFM-LTH shows two distinct doub-
lets of Fe 2p3/, and Fe 2pq,, at 712.3 eV and 725.4 eV, respect-
ively, combined with two satellite peaks at 717.5 eV and 734.3
eV, respectively (Fig. 2c). Careful deconvolution of the doublets
reflects the coexistence of Fe** and Fe*".** A decrease in peak
intensity ratio of Fe**/Fe*" from 1.75 to 0.83 is noticed in the
heterostructure (Fig. S5b¥). The high-resolution Mo 3d spectra
shows two major peaks at 232.2 eV for Mo 3ds/, and at 235.3 eV
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Fig. 2 (a) XRD patterns of NFM-LTH/MXene, NFM-LTH and MXene. (b—f
(f) Ti 2p.

for Mo 3dj,, confirming the presence of Mo®" without any
significant changes in the NFM-LTH/MXene heterostructure
(Fig. 2d). The O 1s spectra shows three distinct peaks located
at 529.6 €V, 531.3 eV and 532.5 eV for M-O, M-OH and the
absorbed water molecule, respectively (Fig. 2e).>° Apart from
the strong M-OH peak, the stronger M-O peak in the
NFM-LTH/MXene heterostructure may be due to the available
Ti-O bonds in MXene layers and coordination with metal
species of LTH through a bridging oxygen (Fig. S5ct). The Ti
2p spectra in the heterostructure indicates the presence of Ti**
with the characteristic doublets situated at 458.1 and 463.8 eV
(Fig. 2f).>°

3.2 Electrocatalytic activity of NFM-LTH/MXene in 1 M KOH

The electrocatalytic activity of the NFM-LTH/MXene hetero-
structure towards the OER mechanism was evaluated in 1 M
KOH containing freshwater (pH = 13.9) in a three-electrode
system and compared with the activities of pristine materials
and conventional RuO, as a reference. To reduce the influence
of capacitive current, the scan rate for the LSV polarization
curve was chosen as 2 mV s™'. The LSV polarization plots indi-
cates that the MXene phase is inert towards OER (Fig. 3a),
while NFM-LTH is much more active for the OER mechanism.
Interestingly, the combination of NFM-LTH and MXene as a
heterostructure boosts the OER activity considerably. The
activity trend in terms of overpotentials at a current density of
100 mA cm™> was NFM-LTH/MXene (280 mV) < NFM-LTH
(330 mV) < RuO, (400 mV) < MXene (570 mV) < NF (630 mV).
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The heterostructure achieved an ultralow overpotential of
220 mV at the benchmark current density of 10 mA cm™> indi-
cates its superiority over other electrocatalysts and the differ-
ences in overpotential values at different current densities are
represented in a bar diagram (Fig. 3b). In fact, the developed
heterostructure outperforms most of the recently reported
MXene based electrocatalysts (Fig. 3c and Tables S6, S77). The
elevated current density of NFM-LTH/MXene may be influ-
enced by the high conductivity of nickel foam. To verify this
assertion, we checked the OER performances by drop-casting
samples on a glassy carbon electrode (GCE) (Fig. S67).
Following the same trend, the heterostructure shows better
activity than pristine NFM-LTH with a decrease of 56 mV over-
potential at 100 mA cm™> current density. The results demon-
strate that MXene helps to improve the activity of NFM-LTH/
MXene by providing conductive support driving electronic
communication and thereby facilitating the generation of the
active site. Moreover, the lower Tafel slope for NFM-LTH/
MXene (56 mV dec™') compared to NFM-LTH (69 mV dec™%),
MXene (312 mV dec™ ), RuO, (262 mV dec™') and NF (382 mV
dec™) indicates faster OER kinetics of the heterostructure
(Fig. 3d). The charge transfer phenomena of developed electro-
catalysts were investigated by electrochemical impedance spec-
troscopy (EIS). The fitted Nyquist plot determines the charge
transfer resistance (R.) values of the electrodes from the radii
of semicircles. The lowest R.; value of 0.95 Q was observed for
NFM-LTH/MXene, offering easy charge transfer at the elec-
trode/electrolyte interface compared to pristine NFM-LTH

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 OER activity in 1 M KOH electrolyte: (a) LSV polarization curves of NFM-LTH/MXene, NFM-LTH, MXene, RuO, and NF at a 2 mV s™* scan rate.
(b) Comparison of overpotential values at 10, 50 and 100 mA cm? current densities for different electrocatalysts. (c) Comparison of the OER overpo-
tential of this work and recently reported MXene based electrocatalysts at a 10 mA cm™2 current density. (d) Tafel slope of NFM-LTH/MXene,
NFM-LTH, MXene, RuO, and NF derived from the LSV curve. (e) Nyquist plots (inset: circuit diagram), (f) mass activity, (g) TOF values and (h) double
layer capacitance (Cq) determined for different electrocatalysts. (i) Stability test of NFM-LTH/MXene at 100 mA cm™2 current density in 1 M KOH

electrolyte medium.

(2.71 Q) and MXene (19.9 Q) (Fig. 3e and Table S47). The lower
R of the heterostructure was due to the presence of the edge
exposed LTH nanoflakes, which provides a shorter electron
pathway that hastens charge transfer at electrode-electrolyte
interface. Thus, it is believed that the presence of MXene acts
as a conductive support material and facilitates the electron
transfer between LTH and MXene as evidenced from XPS ana-
lysis, resulting in higher OER activity for the NFM-LTH/MXene
heterostructure. Mass activity is an important parameter to
evaluate the electrochemical activities of electrocatalysts. The
NFM-LTH/MXene heterostructure exhibited higher mass
activity of 58 A g~ at an overpotential of 250 mV compared to
the others (Fig. 3f), implying the capability of fast mass trans-
fer facilitating the OER mechanism. In fact, the mass activity
was boosted by almost six times compared to pristine
NFM-LTH, suggesting significant improvisation towards OER

This journal is © The Royal Society of Chemistry 2025

activity due to the synergistic effect between LTH and MXene.
Moreover, the morphology of the heterostructure plays a big
role as LTH nanoflakes on MXene nanosheets reduce the mass
diffusion and prevent bubble accumulation during the OER,
hastening the process. The intrinsic activity of electrocatalysts
were also evaluated by determining the turn over frequency
(TOF, s™') obtained from the redox active area calculation at
250 mV overpotential (Fig. S7t). As anticipated, the NFM-LTH/
MXene poses the highest TOF value among all the prepared
electrocatalysts, and is seven-fold higher than NFM-LTH
(Fig. 3g). The determination of the electrochemical active
surface area (ECSA) is considered to reflect the real electroac-
tive sites, which linearly varies with the double-layer capaci-
tance (Cq;) values evaluated by measuring CVs at different scan
rates from a non-faradaic region (Fig. S8a-ct). In line with
other inherent electrochemical properties, the heterostructure
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exhibited the highest Cq; value of 11.5 mF cm™2, which is two
times higher than NFM-LTH (Fig. 3h). The high ECSA or Cy
values of the heterostructure (Fig. S8df) suggests that the
MXene nanosheets support NFM-LTH and facilitate the easy
penetration of alkaline electrolyte to the active sites of LTH
nanoflakes, increasing the availability of catalytically exposed
active sites during OER compared with other electrocatalysts.
The results support the superior OER performance of
NFM-LTH/MXene compared to the other structures
(Table S5%). The robustness of NFM-LTH/MXene was checked
by performing stability tests at constant current density. The
electrocatalyst shows a steady potential at fixed current density
of 100 mA cm™? for more than 60 h in 1 M KOH, confirming
its great stability (Fig. 3i). Importantly, the performance in
terms of the LSV plot remains unchanged after such long oper-
ation, as shown in Fig. S9.}

3.3 Electrolyzer performance of NFM-LTH/MXene

Following the excellent OER activity and robust stability of
NFM-LTH/MXene heterostructure in alkaline medium, we
further explored its performance in an anion exchange mem-
brane alkaline water electrolyzer (AEMWE) set up. The AEMWE
set up was assembled by combining NFM-LTH/MXene on NF
as the anode, commercial Pt/C on Ni foam as the cathode and
Sustainion membrane between the anode and cathode
(Fig. 4a). The digital image of the electrolyzer is shown in
Fig. 4b. The influence of the developed heterostructure is
clearly shown as the electrolyzer only needs 2.16 V to attain an
industry level current density of 0.75 A cm™>, which is almost
2.5 times more efficient than the commercial RuO,||Pt/C based
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electrolyzer at 60 °C (Fig. 4c). This saves a considerable
amount of energy, making the electrolyzer efficient enough.
The economic efficiency of electrolyzer is an important factor
its commercialization. It was calculated to be 60.5%, which is
acceptable for practical consideration.®® Further, the corres-
ponding energy consumption and price per gasoline-gallon
equivalent (GGE) H, were estimated to be 55.5 kW h and US
$1.11 which is almost half of the target cost (US$2.00) for H,
production in 2026 as directed by Department of Energy,
USA.** Further, to evaluate its durability, a chronopotentiome-
try was performed study at current densities of 100 and
200 mA cm 2, showcasing robust stability over 30 h of electro-
lysis (Fig. 4d). Further, an H, production rate of 4.5 ml min~"
was achieved by collecting H, and O, gases at different time
intervals upon applied current density of 100 mA cm™>
(Fig. 4e). Thereby, after over 30 h of operation a total amount
of about 8 L H, was produced, which may further improve
towards large scale hydrogen production upon scalability of
the technology in near future. For better clarity, a comprehen-
sive assessment has been tabulated in Table S8f by comparing
our electrolyzer performance with other reported state-of-the-
art electrolyzers. Notably, our electrolyzer was quite impressive
in terms of activity, durability, hydrogen production rate, per-
formance and economic efficiency.

3.4 Electrochemical activity in alkaline highly saline,
simulated seawater and real seawater media

After showcasing the impressive activity in 1 M KOH contain-
ing freshwater, NFM-LTH/MXene heterostructure was further
explored in alkaline saline water (1 M KOH + 0.5 M NacCl),

a
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Fig. 4 AEM water electrolyzer performance in 1 M KOH medium. (a) Schematic of AEMWE components. (b) Digital image of AEMWE. (c)
Polarization plots of NFM-LTH/MXene||Pt/C vs. RuO,||Pt/C taken at a 60 °C operating temperature. (d) Chronopotentiometry test of the electrolyzer
performed at an applied current density of 100 and 200 mA cm™2. (e) H and O, gases collected at different time intervals.
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Fig. 5 OER performance evaluation in saline- and seawater-based electrolytes. (a) LSV polarization curves of NFM-LTH/MXene taken at a 2 mV s™*
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highly saline alkaline electrolyte. (c) Potentiodynamic polarization curves for NFM-LTH/MXene, NFM-LTH and NF and (d) Nyquist plot (inset: fitted
circuit) taken at OCP for NFM-LTH/MXene and NFM-LTH in 1 M KOH + 1 M NaCl electrolyte. (e) Chronopotentiometry test at an operating current
density of 500 mA cm™2 in real alkaline seawater electrolyte (inset: iodometry test). (f) Activation energy (E,) variation at different oxidation poten-
tials, (g) E, obtained at equilibrium state and (h) reaction paths in terms of overpotential along the reaction coordinate for NFM-LTH/MXene and

NFM-LTH in alkaline real seawater electrolyte.

highly saline water (1 M KOH + 0.5 M Na(l), alkaline simu-
lated seawater and real seawater medium. The LSV polarization
curves show outstanding activity of NFM-LTH/MXene with 714
of 292 mV, 295 mV, 322 mV and 340 mV in 1 M KOH + 1 M
NaCl, 1 M KOH + 0.5 M Nacl, alkaline simulated and real sea-
water, respectively (Fig. 5a). Meanwhile, the activities are much
more comparable in saline water in simulated and real sea-
water, irrespective of NaCl concentration. The activity is com-
promised to some extent due to the presence of various
elements. Importantly, the catalyst achieved a 500 mA cm™>
current density at 354 mV, 362 mV, 397 mV and 440 mV in 1 M
KOH + 1 M NaCl, 1 M KOH + 0.5 M NaCl, 1 M KOH + simu-
lated seawater and 1 M KOH + real seawater electrolytes,
respectively which is well below the CER limiting potential of

This journal is © The Royal Society of Chemistry 2025

480 mV. The charge transfer resistance values from Nyquist
plots were 1.1 Q and 1.24 Q in saline and real seawater,
respectively, indicating efficient charge transfer at the elec-
trode-electrolyte interface (Fig. $107). Considering durability
as the major concern for seawater electrolysis owing to the
presence of corrosive chloride ions, we examined the ability of
the NFM-LTH/MXene heterostructure and compared it with
pristine NFM-LTH through a chronopotentiometry study at a
high applied current density of 1 A cm™” in highly saline
media (Fig. 5b). Interestingly, NFM-LTH/MXene exhibited
much longer stability of 4.5 h than pristine NFM-LTH (1.9 h),
even though the potentials were beyond 1.72 V. This indicates
that NFM-LTH/MXene has greater sustainability along with
good activity compared to its LTH counterpart in harsh con-
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ditions with double the chloride concentration than that in
real seawater. We further examined the stability of NFM-LTH/
MXene in different comparable salt concentrations like sea-
water, for example, in 1 M KOH + 0.5 M NaCl and 1 M KOH +
simulated seawater in high current densities of 1 and 0.5 A
em™>, as shown in Fig. S11.f Impressively, an outstanding
stability was achieved for over 120 h in 1 M KOH + 0.5 M NaCl
and about 80 h in alkaline simulated seawater, reflecting its
great ability to restrict chloride corrosion. The corrosion polar-
ization plots for NFM-LTH/MXene, NFM-LTH and NF in 1 M
KOH + 1 M NaCl were compared to explore the corrosion resist-
ant ability of LTH/MXene heterostructures (Fig. 5c). The
superior corrosion resistance ability for LTH/MXene was con-
firmed from the more positive corrosion potential (Ecoy, 1.04
V) and lower corrosion current density (Ioor, 1.28 X 107> A
cm™?) compared with pristine NFM-LTH (1.01 V and 4.07 x
10 A cm™®) and NF (0.87 V and 6.30 x 107> A cm?)
(Table S9t). Besides, the EIS study at OCP was performed to
determine different corrosion parameters of the anode, includ-
ing solution resistance (Ry), corrosion resistance (R.) and
charge transfer resistance (R.) (Fig. 5d and Table S10%). The
higher R. and R, values of NFM-LTH/MXene compared with
NFM-LTH confirms its better corrosion resistance ability than
NFM-LTH.*>*® Owing to such great ability, the stability of
NFM-LTH/MXene in real alkaline seawater electrolyte was
examined at a constant current density of 500 mA cm™>.
Impressively, the NFM-LTH/MXene electrocatalyst exhibited a
steady performance over more than 95 h without any notice-
able change distinguishing the effect of MXene towards pro-
tecting electrode from chloride corrosion (Fig. 5e). The poss-
ible formation of CIO™ during the seawater electrolysis was
further examined with the help of the iodometry test. The near
lack of yellow coloration of the electrolyte sample after long
hours of stability tests ruled out chloride corrosion (inset:
Fig. 5e). Only a handful of literature has revealed such cor-
rosion resistance behaviour of MXene, and to the best of our
knowledge, this is the first report on its application in sustain-
able seawater oxidation.*”"*®

To evaluate the synergistic effect of MXene and LTH upon
the kinetic behaviour of electrocatalysts towards seawater oxi-
dation, activation energies (E,) of NFM-LTH/MXene and pris-
tine NFM-LTH were evaluated with the help of the temperature
dependent Arrhenius equation:***°

. E
an:—é—i—C (8)

where j is the current density, E, is the activation energy, T is
the absolute temperature (K) and R is the universal gas con-
stant. The temperature dependent LSV polarization curves are
shown in Fig. S12a and bt and the slope of logj vs. 1000/T dis-
played in Fig. S12c and df was used to determine the acti-
vation energies (E,) of electrocatalysts at different oxidation
potentials. Linearity was well-maintained in the logj vs. 1000/T
plot (Arrhenius plot) in both cases, suggesting the interfacial
charge transfer as the rate-determining step (RDS). The plotted
E, at different potentials depicts the fact that the NFM-LTH/
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MXene heterostructure has lower activation energy than
NFM-LTH (Fig. 5f). The linear plot was extrapolated to zero
overpotential ( = 0) to acquire information about the kinetic
energy barrier at equilibrium. The obtained values of E1~°
corresponding to NFM-LTH/MXene and NFM-LTH are 80 and
87 kJ mol ™", respectively (Fig. 5g). This suggests that the lower
E'=0 for the heterostructure supports faster kinetics towards
OER with the LTH/MXene combination. To understand the
relationship between E, and 7 in a better way, the reaction
pathway are represented in in terms of different overpotentials
for both electrocatalysts (Fig. 5h). The activation energy
decreases with increasing 7. Likewise, the overpotential value
at zero activation energy (7°°) indicates the energy required to
overcome the kinetic energy barrier for the OER.*° As expected,
the LTH/MXene heterostructure requires much lower potential
to overcome kinetic energy barrier for the OER, making the
combination superior in alkaline seawater than the pristine
LTH.

3.5 Post OER characterization and proposed mechanism

The robustness of NFM-LTH/MXene after prolonged seawater
oxidation was evaluated by FESEM, XPS and Raman spec-
troscopy analysis. The FESEM image confirms the existence
of MXene sheets and LTH nanoflakes (Fig. S13a and bf)
along with homogeneous distribution of Ni, Fe, Mo, Ti, C and
O elements throughout the material even after 100 h of con-
tinuous seawater oxidation, which demonstrates the robust-
ness of the heterostructure, as shown by EDAX elemental
mapping (Fig. S13c-ht). Raman spectroscopy was used to
explore the surface alteration of NFM-LTH/MXene under
different oxidation potentials in such harsh condition
(Fig. 6a). At the OCP condition, the Raman bands at 470 cm™*
and 575 cm™" are identified as the stretching vibration mode
of Ni"-O for Ni(OH),>" while bands at 305 cm™' and
680 cm™! correspond to weak vibration of Fe™-O in NiFe
hydroxides.®® At an anodic potential of 1.4 V, the develop-
ment of a broad band in the range of 500-600 cm ™" can be
noticed, indicating partial oxidation at an anode surface
which transforms into two distinct Raman peaks at 480 cm™*
and 560 cm™' at higher anodic potential (1.6 V and
onwards).>® These characteristic bands correspond to the Eg
and A, vibration modes of Ni'"-O for NiOOH due to surface
reconstruction during seawater oxidation, often recognized as
an active site beneficial for water oxidation.’®** The bands
remain prominent without the appearance of any new bands
after prolonged operation (100 h), confirming the robustness
of the electrocatalyst. On the contrary, the bands corres-
ponding to Fe-O are suppressed compared to intensified
Ni'""-0 bands and remain as weak bands, suggesting that
NiOOH acts as the active site during OER, not FeOOH.
Besides a broad band is observed in the range of
900-1100 cm ™" at higher anodic potential, supporting the for-
mation of NiOO-species.>®>® The observation was further
assessed by XPS analysis (Fig. 6b-f). As expected, the main
peak of Ni 2p was shifted by 0.16 eV towards higher binding
energy (Fig. 6b) at higher oxidation potentials and a gradual
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Fig. 6 (a) Raman spectroscopy and (b—f) XPS spectra of NFM-LTH/MXene for each element at different oxidation potentials and after 100 h of

operation in 1 M KOH + real seawater electrolyte.

increase of Ni**/Ni** ratio can be seen (Fig. S147). This obser-
vation supports partial oxidation of Ni** to Ni** and the for-
mation of NiOOH is also seen in Raman analysis.’”*® In line
with Raman analysis, the Fe*'/Fe®" ratio decreases upon
applied anodic potential compared to the OCP condition,
ruling out Fe oxidation (Fig. 6c and Fig. S14%). Further,
the shift of Mo 3d towards higher binding energy was
observed due to long exposure in oxidative conditions
(Fig. 6d), which facilitates the stabilization of electroactive
species during OER.

Besides, the peak intensity of M-OH increases with
greater potential and 100 h exposure, reflecting the for-
mation of oxyhydroxide species during water oxidation
(Fig. 6€).”° On the other hand, a negative shift by 0.2 eV for
Ti 2p (Fig. 6f) is possibly due to partial reduction of Ti*" to
Ti**, stabilizing the oxidized species (Ni*") in LTH, which
helps boost the OER activity. The transfer of electrons from
LTH to MXene is probably due to the presence of a vacant
d-orbital in Ti** (d"), which can easily accommodate elec-
trons from Ni** in LTH. Besides, the presence of terminal
functional groups (-OH, -F, -O) in MXene helps to strongly
coordinate with LTH, allowing facile electron transportation
through Ni-O-Ti pathway.®® Therefore, the evidences
confirm the fact that MXene not only act as ESL,{ but also
takes part in strong electronic interaction between the metal
species within LTH and MXene, as illustrated in Fig. 7. In a
way, MXene is believed to indirectly participate by activating
LTH favouring OER activity. This clearly supports the
boosted OER activity of LTH/MXene heterostructure com-
pared to active LTH and relatively inactive pristine MXene.
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Fig. 7 Schematic of electronic communication between LTH and
MXene, which is responsible for the boosted OER performance.

Moreover, the anti-corrosive ability of MXene adds to the
robustness of the electrocatalyst, allowing sustainable sea-
water oxidation over long hours.

4. Conclusions

We have fabricated a heterostructure by combining a NiFeMo
layered triple hydroxide on Ti;C,T, MXene using a simple
hydrothermal method. The heterostructure leads to superior
OER activity with an overpotential of 220 V at 10 mA cm™>
current density and good stability over 60 h in alkaline fresh-
water. The impressive OER activity of the heterostructure is
due to the strong electronic coupling between two phases and
formation of electroactive sites. Further, the combination of
NiFeMn-LTH/MXene||Pt/C in the electrolyzer cell set up of
AEMWE conveyed the impressive improvement in the activity,
durability, hydrogen production rate and economic efficiency
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of water splitting to produce hydrogen compared to conven-
tional RuQ,||Pt/C. The combination in AEMWE achieved an
industrial level current density of 750 mA cm™> at 2.16 V cell
voltage, maintained a steady operation over 30 h and displayed
good electrolyzer efficiency of 60.5%. The estimated H, pro-
duction cost per GGE was only $1.11, which is well below to
the targeted value by the DoE, USA, indicating that it can be
implemented as a potential performer for industry. The elec-
trocatalysts were also implemented for seawater oxidation and
found to be active and stable without generating hypochlorite
species during 100 h operation. The lowering of the activation
energy of NiFeMn-LTH/MXene compared with NiFeMn-LTH is
an important factor for boosting OER kinetics. The post OER
stability characterization of anode confirms the formation of
NiOOH as the main active species that maintains the OER
activity and stability. In fact, MXene in the heterostructure
acted as a conductive support material, indirectly facilitated
activation by easy electronic transportation from LTH to
MXene, generating electroactive species in favour of the OER,
and imparted a corrosion resistive ability, making the electro-
catalyst robust enough for seawater oxidation.
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