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Designing efficient electrocatalysts for industrial-scale seawater splitting that can mitigate anodic corrosion
while effectively driving oxygen evolution remains a significant challenge. Strategic surface engineering is
crucial in developing electrocatalysts, bridging the gap between fundamental research and the practical
demands of industrial water-splitting applications. In this work, we present the development of
a CoZnCr@MXene heterostructure, which achieves a low cell voltage of 1.55 V at a current density of 50

mA cm™2

and outperforms RuO, in alkaline seawater electrolyte. The remarkable performance is
attributed to synergistic enhancements arising from compositional tuning, surface engineering, and the
integration of conductive supports, which collectively lead to substantial reductions in overpotentials for
the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). The CoZnCr@MXene
catalyst exhibits excellent stability and selective oxidation in alkaline seawater, with MXene incorporation
effectively suppressing chloride-induced corrosion while enhancing charge transfer efficiency.
Furthermore, when employed in an anion exchange membrane (AEM) electrolyzer, the CoZnCr@aMXene

catalyst delivers a current density of 500 mA cm™2

at an operating voltage of 172 V at 60 °C,
corresponding to a cell efficiency of 77.8%. The calculated hydrogen production cost is $0.86 per gallon
of gasoline-equivalent (GGE), significantly below the 2026 technical target of $2.00/GGE set by the U.S.

Department of Energy. This work represents a significant breakthrough in the design of long-lasting,
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Introduction

As a sustainable energy source, hydrogen has the potential to
reduce greenhouse gas emissions from conventional fossil fuels
and their negative effects on the environment. Water electrol-
ysis is the most appropriate approach to generate high-purity
hydrogen as it can efficiently utilize solar and wind energy."* So
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noble-metal-free electrodes for industrial-scale alkaline seawater electrolysis.

far, high-purity water remains the primary raw material for
commercial electrocatalytic hydrogen generation. However, the
global shortage of freshwater resources (approximately 3% of
Earth's water) demands the development of catalytic electrodes
based on abundant metal elements for the electrolysis of non-
drinkable water sources.® Seawater splitting is a prominent
alternative as it makes up about 96.5% of the world's total
water.* One of the main advantages is that seawater, which
covers than 70% of the Earth's surface, is readily available and
offers an almost infinite supply of feedstock for electrolysis,
allaying worries about freshwater shortages. It offers many
benefits, such as the ability to produce green hydrogen, reduced
competition with fresh water, and the utilization of a plentiful
and renewable resource. With the added advantages of afford-
ability, environmental sustainability, and scalability, seawater
electrolysis offers a promising way to meet the world's energy
needs and help us move toward a sustainable, hydrogen-pow-
ered future.’

However, dissolved ions in seawater, particularly chloride
ions, block the catalytically active sites and reduce the durability
and efficiency of seawater splitting.® The long-term stability and

cost-effectiveness of seawater electrolysis systems are
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significantly hampered by corrosion, particularly when sub-
jected to a harsh, salty environment for long periods. Although
various current studies have focused on freshwater electrolysis,
alkaline saltwater electrolysis is becoming more and more
acknowledged as a practical and beneficial substitute, particu-
larly considering the large and plentiful supply of seawater.”
Alkaline seawater electrolysis has emerged as a preferred
method for seawater splitting, as it eliminates the need for
a continuous alkali supply and effectively mitigates the anodic
chloride oxidation reaction (COR).*° Recently, many researchers
have focused on an anion exchange membrane (AEM) as the
separator for seawater electrolysis. However, chloride ions (Cl™)
still appear to pass through the membrane towards the anode
under the applied electric field. This results in the unwanted
chloride oxidation reaction (CIOR) at the anode, which can
cause degradation of the membrane. Therefore, it is essential to
develop OER catalysts that have excellent salt tolerance to
enhance the advancement of large-scale seawater electrolysis.

Lately, significant reports have been published on low-cost
transition metal catalysts such as NiS," MoS,,"* and P-
CoNiO,," for water splitting in an alkaline medium. Most of the
catalysts are not suitable for industrial conditions due to the
harsh conditions (60-80 °C, 400 mA cm™2), bubble desorption
and low occupancy of hydrogen bubbles at the active sites on
the surface of the electrocatalyst due to inappropriate Gibbs free
energy.”” To withstand extreme working conditions, industrial
electrocatalysts must fulfil specific requirements such as low-
cost materials with fast synthesis routes, active catalyst sites,
suitable Gibbs free energy and excellent chemical and structural
stability."**® Layered double hydroxides (LDHs) are the most
promising candidates to match the above criteria as they exhibit
high OER electrocatalysis.”” The unique structural design
exposes the catalyst's active sites and enhances the electro-
chemical surface area of the OER electrocatalyst.'® For example,
Fe, Co, Ni, Zn, and Mn-based LDHs have been studied widely for
the OER.™>" Y. Gong et al. reported FeCo LDH as a seawater
electrocatalyst using a surface corrosion method, achieving an
overpotential of 229 mV at a current density of 100 mA cm ™ 2.2
Y. Park et al. concluded that a NiFeCo LDH-based AEM alkaline
seawater electrolyzer with a potential of less than 1.72 V can
completely suppress the chloride evolution reaction (CIER)
thermodynamically.®® Therefore, developing efficient and
durable electrocatalysts that allow for direct seawater electrol-
ysis at low voltage is very desirable.

In this study, we present a highly efficient and stable
CoZnCr@Mo,TiC, alkaline seawater electrocatalyst. The elec-
trocatalyst has high durability with a stable long-term perfor-
mance in alkaline media with a low overpotential of 45 mV at 10
mA cm? for the HER, which is lower than that of the Pt/C
catalyst (58 mvV). Similarly, the catalyst provided a low over-
potential of 20 mV at 10 mA cm ™ for the OER, surpassing that
of RuO, (49 mV). It required a cell voltage of 1.54 Vand 1.62 V to
reach current densities of 100 mA cm™? and 200 mA cm ™2 in an
alkaline medium. In addition, the AEM alkaline seawater cell
needs a cell voltage of 1.73 V to reach a current density of 0.6 A
ecm 2, outperforming the state-of-the-art electrolyzer for
seawater electrocatalysis. An AEM electrolyzer catalyzed by the
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CoZnCr@Mo,TiC, electrocatalyst is stable for over 17 days with
a faradaic efficiency of 100%. The price of hydrogen (H,)
produced per gallon of gasoline-equivalent (GGE) is $0.89,
which is below the U.S. Department of Energy's (DOE) target of
$2.00 per GGE by 2026, suggesting superior application pros-
pects. This work provides an optimal approach towards devel-
oping a highly efficient, corrosion-resistant and stable
industrial-scale catalyst at low potential for seawater electro-
catalysis. It delivers a deeper understanding of the factors
driving performance enhancement and offers valuable insights
for the design of future catalysts.

Methods

Chemicals

Cobalt nitrate hexahydrate (Co(NOs),-6H,0), zinc nitrate
hexahydrate (Zn(NOj),-6H,0), chromium nitrate hexahydrate
(Cr(NOs3)3-9H,0), 2-methylimidazole (C4HgN,, 2-MIM), ruth-
enium(wv) oxide (RuO,) and urea (NH,CONH,) were supplied by
Lachema. Mo,TiAIC,, potassium hydroxide (KOH, Sigma
Sigma-Aldrich, 99.99%), Pt/C (20 wt% Pt), sodium chloride
(NacCl), Nafion (5 wt% Nafion polymer is dissolved in a combi-
nation of lower aliphatic alcohols and water), methanol
(CH30H), ethanol (C,H50H) and hydrochloric acid (HCI) were
purchased from Fluorochem. Nickel foam was obtained from
Sigma-Aldrich.

Preparation of ZIF-67

Co(NO3), (894 mg) was dissolved in methanol (5 mL) and stirred
for 10 min. 2-MIM (985 mg) was dissolved in methanol (30 mL)
and stirred at room temperature for 10 min. Then, both solu-
tions were mixed and stirred at room temperature for 24 h. The
product was collected by centrifugation, followed by repeated
washings with ethanol and dried at 60 °C overnight.

Preparation of CoZnCr LDH

The CoZnCr LDH was prepared using a hydrothermal method.
Briefly, Zn(NO3),-6H,0 (150 mg), Cr(NO;);-9H,0 (50 mg) and
urea (9 mg) were dissolved in ethanol (60 mL) and stirred for 5
min. ZIF-67 powder (50 mg) was added to the solution and
stirred for 20 min. The mixture was transferred into a Teflon
liner loaded in an autoclave and heated to 120 °C for 6 h. After
cooling down to room temperature, the product was isolated by
centrifugation using water and ethanol as the dispersing media
and dried at 60 °C overnight.

Preparation of LDH@Mo,TiC, MXene

For the preparation of LDH@MOo,TiC,, CoZnCr LDH (12 mg)
was added to deionized water (10 mL) and stirred for 10 min. In
another beaker, Mo, TiC, MXene (1 mg) was added to deionized
water (10 mL) and stirred for 10 min. Then, both solutions were
mixed together and stirred for 20 min. The solution was then
centrifuged at 1000 rpm for 15 min. The product was collected
and dried at 60 °C overnight.

This journal is © The Royal Society of Chemistry 2025
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Material characterization

The structural and chemical analyses were performed by
powder X-ray diffraction (XRD) (Bruker D8, Cu X-ray source, A =
0.15418 nm) and X-ray photoelectron spectroscopy (XPS) (SPECS
spectrometer equipped with a monochromatic Al Ka X-ray
source (1486.7 eV) and a hemispherical electron analyzer
Phoibos 150). The morphology and composition of synthesized
materials were examined using SEM/STEM (Tescan MAIA 3,
Czech Republic) and HRTEM (JEOL 2200 FS, Japan). Detailed
structural characterization was carried out using a transmission
electron microscope (TEM) (JEOL 2200 FS (Japan)). The bubble
contact angles were analyzed via ADVEX Instruments, Czech
Republic.

Electrochemical measurements

Electrochemical measurements were performed using a poten-
tiostat (Metrohm) with a three-electrode electrochemical system
in a laboratory at room temperature. For the preparation of the
working electrode, the catalyst powder (LDH@MXene, 3 mg)
was mixed with Nafion solution (40 pL) and an ethanol-water
mixture (200 pL/100 pL), followed by sonication for 20 min to
make an ink like solution, which was then drop-cast on nickel
foam (1 x 1 cm active area) and dried at ~60 °C. For the
preparation of Pt/C (40% Pt/C) and RuO, (3 mg Ru0,), the same
procedure was followed. The as-prepared electrode, Hg/HgO (1
M KOH) and a graphite rod were used as the working, reference
and counter electrode for HER analysis, respectively. For the
OER measurements, platinum was used as a counter electrode.
All potentials were converted to the reversible hydrogen elec-
trode (RHE) using the Nernst equation (Egyg = Epg/mgo 10.0591
+0.098 x pH).>* Before analysis, the sample was scanned with
20 cycles of cyclic voltammetry (CV) to reach stabilization.
Linear sweep voltammetry (LSV) for the HER and OER was
recorded with a sweep rate of 10 mV s~ in various electrolyte
solutions (1 M KOH, 1 M KOH + NaCl (0 M to sat. NaCl), 1 M
KOH + seawater, and natural seawater). For comparison, linear
sweep voltammetry of 40% Pt/C (for the HER) and RuO, (For the
OER) was conducted in 1 M KOH. The Tafel slope was calculated
by LSV using the Tafel equation n =5 log(j/jo),>* where, 7 is the
overpotential, b is the Tafel slope, j is the current density, and j,
is the exchange current density. Electrochemical impedance
spectroscopy (EIS) was conducted in the frequency range from
0.1 Hz and 100 kHz with an amplitude of 10 mV. The durability
was measured at a constant current density of 100 mA cm ™ > for
150 hours in a three-electrode set up. The double-layer capaci-
tance (Cq;) of the electrode was evaluated using cyclic voltam-
metry at different scan rates ranging from 10 mV s~ ' to 100 mV
s~*. The sample names free-standing LDH and supported LDH
indicate CoZnCr and CoZnCr@Mo,TiC,, respectively.

AEM electrolyzer fabrication

The AEM electrolyzer was assembled using an anode (2.2 cm?),
a cathode (2.2 cm?), and an anion exchange membrane. Both
the anode and cathode were fabricated on nickel foam (2.2 x
2.2 cm™?) by directly depositing the CoZnCr@Mo,TiC, catalyst

This journal is © The Royal Society of Chemistry 2025
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at a loading of 4 mg cm 2, forming a CoZnCr@Mo,TiC,||0
CoZnCr@Mo,TiC, AEM electrolyzer. For comparison,
a RuO,||Pt/C electrolyzer was prepared by depositing RuO, (4
mg cm?) onto nickel foam as the anode, while the cathode was
prepared by applying Pt/C with Nafion onto nickel foam using
the same method as that for the anode. The electrochemical
performance of the AEM electrolyzer was evaluated using 1 M
KOH and a 1 M KOH + seawater electrolyte, which was intro-
duced into the AEM cell via a peristaltic pump at both room
temperature and 60 °C. Linear sweep voltammetry (LSV) was
performed at a scan rate of 10 mV s~ . The long-term stability of
the electrolyzer was measured via chronopotentiometry at
a constant current density of 500 mA ¢cm™? over 410 h. The
internal cell temperature was maintained at 60 °C by continu-
ously circulating a preheated electrolyte (60 °C) through the
system. Faradaic efficiency (FE) was determined using the
drainage method at a constant current density of 500 mA cm >
in 1 M KOH + seawater.

Results and discussion

Preparation and characterization of the CoZnCr
LDH@Mo,TiC, MXene

We used the self-assembly method to synthesize
CoZnCr@Mo,TiC,, as presented in Fig. 1 (see Methods for
details). Scanning electron microscopy revealed a well-defined
dodecahedral morphology (Fig. 2a).>* Upon transformation of
ZIF-67 into CoZnCr LDH, the initially smooth surface evolved
into a nanosheet-clustered structure, as shown in Fig. 2b.>” The
incorporation of Mo,TiC, MXene into CoZnCr-LDH preserved
the nanosphere-like architecture of LDH while introducing
nanoparticle-wrapped surfaces (Fig. 2c).

To further investigate the structural and compositional
characteristics, scanning transmission electron microscopy
(STEM) was employed, confirming the retention of the
dodecahedral shape in CoZnCr@Mo,TiC,, as shown in Fig. 2d.
Elemental mapping of Co, Zn, Cr, Mo, Ti, and C demonstrated
a uniform distribution of elements throughout the composite
(Fig. 2e). High-resolution transmission electron microscopy
(HRTEM) revealed the presence of a distinct hollow nanocage
structure, shown in Fig. 2f and g, in agreement with the SEM
observations. The presence of hollow cavities within
CoZnCr@Mo,TiC, serves as an electrolyte reservoir, enhancing
the contact between electrolyte ions and the material, thereby
facilitating electrochemical reactions.”® The selected area elec-
tron diffraction (SAED) pattern (inset, Fig. 2¢g) further confirms
the crystallinity of the synthesized composite. Fig. 2h and i
depict well-resolved lattice fringes with an interplanar spacing
of 0.25 nm and 1.12 nm, corresponding to the (012) and (002)
planes of LDH and MXenes, respectively, which XRD* further
confirmed. The XRD pattern of CoZnCr@Mo,TiC, aligns with
the characteristic peaks of both Mo,TiC, and CoZnCr, as pre-
sented in ESI Fig. 1a and bf. Notably, the diffraction peaks at
31.7° and 36.2° correspond to the (012) and (015) planes of
CoZnCr, while the peak at 7.3° is indexed to the (002) plane of
Mo,TiC,, consistent with the HRTEM results. The chemical
state of CoZnCr@Mo,TiC, was investigated using X-ray

J. Mater. Chem. A
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CoZnCr LDH@Mo,TiC, MXene

Fig. 1 Schematic illustration of the synthesis process of CoZnCr@MXene.

photoelectron spectroscopy (XPS). The Zn 2p spectrum exhibits
two distinct peaks at 1023.6 eV and 1046.6 eV, corresponding to
Zn 2p;), and Zn 2p,,,, respectively, indicating the presence of
Zn”* (ESI Fig. 2at).

Similarly, the Cr 2p XPS spectrum of the composite (ESI
Fig. 2bt) shows two distinct peaks at 579.4 eV and 589.1 eV,
corresponding to Cr 2p;, and Cr 2p,,, respectively. These
binding energies are characteristic of chromium in the +3
oxidation state (Cr(m)), indicating that chromium is

predominantly present as Cr(um) species in the material. This
confirms the oxidation state of chromium and supports the
understanding of its chemical environment within the
composite structure. The deconvolution of the high-resolution
spectrum of the Mo 3d region suggests the presence of Mo in
two oxidation states, Mo*" and Mo®", respectively. The peaks at
231.0 and 234.2 eV correspond to the 3ds, and 3dj, compo-
nents of Mo*", respectively, and peaks at 234.7 and 237.7 eV
correspond to the same components of Mo®" as shown in ESI

Fig. 2 SEM image of as-prepared (a) ZIF-67, (b) CoZnCr and (c) CoZnCr@Mo,TiC,. (d) STEM image of as prepared CoZnCr@Mo,TiCs. (e)
Elemental mapping showing the uniform distribution of Co, Zn, Cr, Mo, Tl and C. (f and g) HRTEM image of CoZnCr@Mo,TiC,. (h and i) Lattice

fringes of CoZnCr and Mo, TiC,.

J. Mater. Chem. A

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta04517g

Open Access Article. Published on 22 July 2025. Downloaded on 8/17/2025 6:14:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Fig. 2¢.1***° The XPS C 1s spectrum reveals peaks at 286.9 eV,
285.7 eV, and 282.2 eV, which are assigned to C-O, C-C, and
Mo(Ti)-C bonds, respectively (ESI Fig. 2dt). Additionally, the O
1s spectrum displays peaks at 532.4 eV and 534.0 eV, corre-
sponding to Mo-OH and O-C species, respectively, as shown in
ESI Fig. 2e.t

Electrocatalysts for alkaline electrolysis

Half-cell performance of the CoZnCr@Mo,TiC, electrode.
The electrochemical performance of the CoZnCr@Mo,TiC,
electrode was evaluated using half-cell water electrolysis in a 1.0
M KOH electrolyte. To assess the HER activity, linear sweep
voltammetry (LSV) measurements were performed for various
catalysts. CoZnCr@Mo,TiC, demonstrated superior HER
performance, exhibiting a low overpotential of 45 mV at 10 mA
cm 2 and 141 mV at 100 mA cm >, outperforming ZIF-67 (297
mV at 100 mA cm™ ), CoZnCr (208 mV at 100 mA cm ™), and
commercial Pt/C (214 mV at 100 mA cm ™), as shown in Fig. 3a.

View Article Online

Journal of Materials Chemistry A

In contrast, the Tafel plots (Fig. 3b) reveal that Pt/C has a lower
overpotential at a given current density, reflecting faster
intrinsic reaction kinetics. This difference highlights that while
Pt/C excels in catalytic kinetics at low overpotentials,
CoZnCr@MXene outperforms Pt/C in delivering higher current
densities due to enhanced active site availability and electron
transport. Additionally, the CoZnCr@Mo,TiC, electrode
exhibited a Tafel slope of 90 mV dec™ ', which suggests that the
rate-determining step is the Heyrovsky pathway. Additionally,
the obtained value is lower than that of Pt/C (112 mV dec™ %),
indicating enhanced HER kinetics and superior catalytic effi-
ciency compared to those of the commercial 40% Pt/C catalyst.
Furthermore, CoZnCr@Mo,TiC, achieved significantly higher
current densities of 500 mA cm™? and 1000 mA cm 2
surpassing that of commercial Pt/C, which highlights its
potential for industrial applications (ESI Fig. 3af). Electro-
chemical impedance spectroscopy (EIS) analysis of
CoZnCr@Mo,TiC, demonstrates its efficient charge transfer, as
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Fig. 3 Electrochemical performance. (a) HER polarization curves of CoZnCr@MXene, CoZnCr, ZIF-67, Pt/c and Ni foam in 1 M KOH. (b) Tafel
slopes of the five electrocatalysts. (c) OER polarization curves of CoZnCr@MXene, CoZnCr, ZIF-67, RuO, and Ni foam in 1 M KOH. (d) Tafel slopes
of the five electrocatalysts. () Comparative overpotential of the three different electroctalysts at various current densities. (f) Polarization curves
of overall water splitting (OWS) in 1 M KOH. (g) (i) Contact angles (static water droplet) for CoZnCr@MXene and Ni foam. (i) Digital photos

demonstrate the hydrogen release behavior. (h) Long-term stability test at 100 mA cm
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indicated by its low charge transfer resistance (R.) of 4.17 Q,
which is lower than that of commercial Pt/C (5.53 Q), as shown
in ESI Fig. 3bf (inset: equivalent circuit diagram). The electro-
chemical surface area (ECSA) of the catalyst was determined by
measuring the double-layer capacitance (Cq) from cyclic vol-
tammetry (CV) scans at different scan rates. CoZnCr@Mo,TiC,
exhibits a significantly higher Cq; of 22 mF compared to CoZnCr
(11 mF), indicating a larger ECSA and a greater number of
electrochemically active sites (ESI Fig. 4a-dt). Beyond the HER,
the oxygen evolution reaction (OER) plays a crucial role in water
electrolysis. The OER catalytic performance of different elec-
trodes was evaluated under identical conditions to those of the
HER. As shown in Fig. 3¢ and d, the CoZnCr@Mo,TiC, elec-
trode exhibits outstanding OER activity, requiring a low over-

potential of 20 mV to achieve a current density of 10 mA cm 2,

with a Tafel slope of 47 mV dec .

These values are significantly lower than those of RuO, (49
mvV), highlighting the superior OER kinetics of CoZnCr@Mo,-
TiC,. Additionally, to reach a current density of 50 mA cm™>
CoZnCr@Mo,TiC, required an overpotential of 180 mV. For
comparison, the overpotential and Tafel slope values of recently
reported OER electrocatalysts are summarized in ESI Table S1.f
Fig. 3e presents the overpotential required at various current
densities for different catalysts, highlighting the superior HER
activity of CoZnCr@Mo,TiC, across the entire current density
range. Notably, at a high current density of 500 mA cm 2,
CoZnCr@Mo,TiC, requires an overpotential of only 339 mV,
which is significantly lower than that of the commercial 40% Pt/
C catalyst (497 mV). This remarkable performance underscores
the exceptional catalytic efficiency and robust stability of
CoZnCr@Mo,TiC,, particularly at high current densities,
making it a promising candidate for practical electrocatalytic
applications. Furthermore, to investigate the OER pathway, pH-
dependent measurements were performed in KOH solutions
(pH 13.0-14.0). The overpotential increased with decreasing pH,
indicating proton-coupled electron transfer consistent with the
Adsorbate Evolution Mechanism (AEM). This trend rules out the
Lattice Oxygen Mechanism (LOM), which typically shows weak
or irregular pH dependence. (ESI Fig. 5t). The CoZnCr@Mo,-
TiC,||CoZnCr@Mo,TiC, electrode exhibits outstanding overall
water-splitting performance, requiring a remarkably low cell
voltage of 1.48 V at 50 mA cm ™ > and 1.40 V at 10 mA cm >, This
performance surpasses that of the commercial Pt/C||RuO,
electrode (1.58 V) and represents one of the best values reported
to date (ESI Fig. 6 and Table S27), as illustrated in Fig. 3f. The
wettability of the electrode surface plays a crucial role in cata-
lytic performance, particularly at high current densities, as it
influences mass transport and electrolyte penetration. To assess
this, the contact angle (CA) of a water droplet on the electrode
surface was measured. As shown in Fig. 3g (i), the
CoZnCr@Mo,TiC, electrode exhibits a significantly smaller
contact angle of 65°, indicating superior wettability compared
to Ni foam (114°). Enhanced wettability improves the electrode-
electrolyte interface, facilitating better electrolyte infiltration
and mass transport.**> Furthermore, hydrogen bubble release
observations reveal that large bubbles formed on Pt/C elec-
trodes in comparison to CoZnCr@Mo,TiC, (Fig. 3g(ii)), which
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indicates variations in gas release behavior. Larger bubbles on
Pt/C suggest delayed detachment, potentially due to surface
wettability or bubble adhesion forces. In contrast, smaller
bubbles on CoZnCr@Mo,TiC, imply more efficient bubble
detachment and dispersion, which can enhance reactant
diffusion to the catalytic surface. However, these differences do
not affect intrinsic reaction kinetics, which is governed by
thermodynamics and catalyst conductivity. The long-term
operational stability of CoZnCr@Mo,TiC, for overall water
splitting (OWS) was evaluated in a two-electrode system under
alkaline conditions (1 M KOH). As shown in Fig. 3h, the cell
voltage remains nearly unchanged over 150 hours of continuous
operation, demonstrating remarkable durability and stability at
high current densities. The stable performance of
CoZnCr@MXene reflects the robustness of its engineered
interface and composition. Strong coupling between the LDH
active phase and the conductive MXene support ensures reliable
electrical contact and prevents agglomeration or detachment of
active sites. This finding is consistent with recent reports
demonstrating that interface engineering in LDH-MXene
composites enhances electrocatalytic durability. In contrast, the
commercial Pt/C||RuO, catalyst exhibits an initial increase in
potential followed by a gradual decline during the same period.
This behavior is likely due to surface activation of RuO, at the
beginning of electrolysis, followed by progressive degradation.
Ru-based catalysts are known to undergo oxidative dissolution
and structural changes under prolonged alkaline conditions,
leading to a loss of active sites and reduced stability over
time.**** This outstanding long-term performance highlights
the robustness of CoZnCr@Mo,TiC, as a promising electro-
catalyst for practical water-splitting applications.

Salinity test of the catalyst. The electrocatalytic activity of the
CoZnCr@Mo,TiC, electrocatalyst was systematically investi-
gated in an alkaline electrolyte with varying NaCl concentra-
tions (ranging from 0 M to saturation). Remarkably, the catalyst
maintains excellent HER and OER kinetics even in a saturated
NacCl solution, as illustrated in Fig. 4a and b. For the HER, the
overpotential exhibits a slight increase of 53 mV when tran-
sitioning from 0 M to saturated NacCl, indicating stable catalytic
efficiency under saline conditions. Similarly, for the OER, the
overpotential increases from 68 mV (0 M NaCl) to 131 mV
(saturated NaCl), demonstrating a moderate variation of 63 mV
(Fig. 4c), at a current density of 10 mA cm 2. These results
demonstrate the catalyst's remarkable salt tolerance and elec-
trochemical stability. Notably, its catalytic performance is stable
with increasing salt concentration, consistent with the experi-
mental observations, underscoring the potential of
CoZnCr@Mo,TiC, for electrocatalytic applications in saline and
seawater environments.

The cycliing stability of the CoZnCr@Mo,TiC, catalyst was
evaluated by comparing the linear sweep voltammetry (LSV)
curves for the HER and OER before and after 10 000 cycles ina 1
M NaCl + 1 M KOH electrolyte. As shown in Fig. 4d, the
CoZnCr@Mo,TiC, catalyst demonstrates stable catalytic
performance, with only a 19 mV increase in overpotential for the
HER and a negligible 6 mV increase for the OER (Fig. 4d inset) at
a current density of 10 mA cm 2. Furthermore, the long-term

This journal is © The Royal Society of Chemistry 2025
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(a) LSV curves of CoZnCr@MXene for the HER in different salt solutions. (b) LSV curves of CoZnCr@MXene for the OER in different salt

solutions. (c) Corresponding histogram of the overpotential (HER and OER) at 10 mA cm™~2. (d) Polarization curves of CoZnCr@MXene before and
after 10 000 cycles for the HER; inset: LSV curves for the OER before and after 10 000 cycles. (e) Chronopotentiometry curves for the OER in 1.0

M KOH with 1 M NaCl and sat. NaCl at 90 mA cm 2.

stability of the CoZnCr@Mo,TiC, catalyst was assessed using
a chronopotentiometric (CP) test at a current density of 90 mA
cm 2 at various salt concentrations. In the 1 M NaCl electrolyte,
no significant loss in current density was observed over 70
hours of continuous operation, highlighting the catalyst's
excellent resistance to salinity. Notably, the catalyst maintained
outstanding durability without any noticeable degradation,
even in a saturated NaCl electrolyte over a 40 hour test, further
demonstrating its superior durability (Fig. 4e). These findings
highlight the CoZnCr@Mo,TiC, electrocatalyst as a promising
candidate for seawater splitting applications, owing to its high
corrosion resistance, excellent salt tolerance, and long-term
stability.

Electrocatalytic seawater performance of the -catalysts.
Seawater electrolysis presents a cost-effective and abundant
alternative to freshwater electrolysis; however, its suitability as
an electrolyte for efficient electrolyzer operation must be care-
fully evaluated.®® In this study, the electrocatalytic activity of
CoZnCr@Mo,TiC, for overall water splitting was assessed in
both 1 M KOH + seawater and natural seawater. The catalyst
required cell potentials of 1.55 V and 1.58 V to achieve a current
density of 50 mA cm > in 1 M KOH + seawater and natural
seawater, respectively, as shown in Fig. 5a. Notably, the cell
potential required in natural seawater (1.58 V at 50 mA cm %) is
significantly lower than that of the Pt/C||RuO, electrode (1.69 V
at 50 mA cm™?), as seen in ESI Fig. 7a.f The CoZnCr@MxXene
catalyst exhibited overpotentials of 73 mV (HER) and 71 mV
(OER) in 1 M KOH + seawater, and 86 mV (HER) and 129 mV

This journal is © The Royal Society of Chemistry 2025

(OER) in natural seawater (10 mA cm™?), demonstrating supe-
rior HER and OER kinetics compared to other catalysts, as
shown in ESI Fig. 7b and c.f At higher potentials, the LSV curves
in 1 M KOH + seawater (Fig. 5¢) exhibit a deviation from the
linear trend observed in 1 M KOH (Fig. 5b), indicating possible
mass transfer limitations. This behavior can be attributed to the
complex ionic composition of seawater, which contains addi-
tional ions such as Cl~, SO,>~, Mg®*, and Ca®". These species
can interfere with hydroxide ion transport, alter electrolyte
conductivity, and contribute to the formation of surface-
adsorbed layers or precipitates on the catalyst surface, thereby
impeding access to active sites. In contrast, the simpler and
more conductive 1 M KOH electrolyte supports more efficient
mass transport, resulting in a continuous increase in current
density with potential. This highlights the influence of elec-
trolyte composition on catalytic performance, especially under
high current conditions.

These results demonstrate the potential of CoZnCr@Mo,-
TiC, as a promising electrocatalyst for seawater electrolysis,
with excellent performance in both the HER and OER under
practical, seawater-based conditions. The typical operating
temperature for industrial water electrolysis systems ranges
between 50 and 90 °C to reduce the total voltage required for
water splitting.*® To bridge the gap between laboratory condi-
tions and commercial applications, the electrochemical
performance of CoZnCr@MXene was evaluated at these
temperatures in a three-electrode system. As the temperature of
the alkaline and alkaline seawater electrolytes increased from

J. Mater. Chem. A
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Fig. 5 Catalytic performance in different electrolytes: (a) LSV curves of the CoZnCr@MXene|| CoZnCr@MXene catalyst in various electrolytes at
26 °C. The polarization curves of CoZnCr@MXene|| CoZnCr@MXene for overall water splitting at different temperatures, (b) in 1 M KOH and (c) in
1 M KOH + seawater. (d) A cell potential of CoZnCr@MXene|| CoZnCr@MXene to reach 100 mA cm~2 current density in 1 M KOH and 1 M KOH +

—2.

seawater electrolyte. (e) The HER overpotentials of the CoZnCr@MXene electrocatalyst to achieve current densities of 10-200 mA cm™ in
various electrolytes. (f) EIS curves. (g) Chronopotentiometric curve at 50 mA cm~2in 1 M KOH + seawater and natural seawater. (h) Overpotential
and long-term stability compared with those in the literature. The Tafel slopes and long-term stability data are from references (ESI Table S5¢).

26 °C to 90 °C, the voltage required for water splitting
decreased, as shown in Fig. 5b and c. At elevated temperatures,
CoZnCr@MXene achieved a current density of 1000 mA cm ™2,
outperforming Pt/C||RuO, (ESI Fig. 7d).

The catalyst facilitated overall water splitting with a cell
voltage of 1.52 V at 26 °C in 1 M KOH + seawater at a current
density of 100 mA cm ™2, as shown in Fig. 5d. When comparing
the cell voltage at 100 mA cm > in 1 M KOH and 1 M KOH +
seawater, only an additional 0.09 V (at 26 °C) was required in the
seawater electrolyte, highlighting the potential of CoZnCr@M-
Xene for industrial water electrolysis applications. Fig. 5e
demonstrates the overpotentials of CoZnCr@MXene to achieve
current densities of 10, 50, 100, and 200 mA cm ™2, showing only
a 10-20 mV change across four different electrolytes at
a particular current density (ESI Table 3%1), confirming its

J. Mater. Chem. A

efficacy in alkaline, saline, and seawater electrolytes. Further-
more, CoZnCr@MXene exhibits a low charge transfer resistance
of 4.74 Q in 1 M KOH + seawater, further emphasizing its rapid
reaction kinetics (Fig. 5f and ESI Table 4t). Chronoampero-
metric measurements demonstrate the excellent durability of
the CoZnCr@MXene catalyst with minimal cell voltage decay
over 100 hours of continuous operation in 1 M KOH + seawater
and 60 hours of continue operation in natural seawater, as
shown in Fig. 5g. To better highlight the performance of our
catalyst, we compared it with recent state-of-the-art seawater
electrolyzers. As shown in Fig. 5h and detailed in ESI Table S5,
our catalyst delivers a low overpotential of 74 mV at 10 mA cm >
and maintains excellent stability over 100 hours. In contrast,
a NiFe LDH/FeOOH catalyst shows 181 mV with 25 hour
stability, and CoMoC/MXene/N exhibits 312 mV with 100 hours

This journal is © The Royal Society of Chemistry 2025
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of stability. These comparisons demonstrate that our catalyst
offers a superior combination of activity and durability under
harsh alkaline seawater conditions, making it a promising
candidate for practical seawater electrolysis applications.
Additionally, the decreasing cell voltage for natural seawater
indicates improved energy conversion efficiency of water split-
ting. The CoZnCr@MZXene catalyst demonstrates significantly
faster reaction kinetics and exceptional stability compared to
other reported non-noble metal catalysts (Fig. 5g and ESI Table
S5t). Inductively coupled plasma (ICP-OES) analysis of electro-
lytes shows very low concentrations of Zn, Cr and Mo ions after
the long-term stability test, confirming negligible leaching and
demonstrating that the material is effectively resistant to
corrosion and oxidation (ESI Table S67). Post-test scanning
electron microscopy (SEM) images (ESI Fig. 8at) show that the
CoZnCr@MXene catalyst retains its surface morphology,
further confirming its robust structural integrity. The catalyst
exhibits outstanding corrosion resistance against chloride ions
and other complex ionic species present in seawater, along with
superior structural stability at high current densities. X-ray
diffraction (XRD) analysis of the post-OER electrodes shows
negligible changes in peak positions across various planes,
further supporting the chemical stability of CoZnCr@MXene
under seawater conditions (ESI Fig. 8bf). Additionally, X-ray
photoelectron spectroscopy (XPS) analysis (ESI Fig. 8ct) reveals
a positive shift in all peaks, which is indicative of enhanced OER

View Article Online
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kinetics.*”*® These findings suggest that the CoZnCr component
plays a pivotal role in providing resistance to chloride-induced
corrosion,*>*® contributing to the catalyst's efficient catalytic
activity and outstanding stability for alkaline seawater
electrolysis.

Mechanism understanding. To gain a deeper understanding
of the relationship between the catalyst and its electronic
structure, density functional theory (DFT) calculations were
performed on model structures of CoZnCr and MXenes. The
results reveal a relatively low number of antibonding states in
CoZnCr@MXene, which further supports the stability of the
computational model (ESI Fig. S9a and bt). The electronic
coupling between CoZnCr and Mo,TiC, is shown in ESI
Fig. 10a—f.T The results demonstrate that hybridization between
CoZnCr and Mo,TiC, leads to charge redistribution, shifting
the density of states near the Fermi level and enhancing the
catalytic activity of active sites. The total density of states (DOS)
analysis shows that CoZnCr@Mo,TiC, has a larger electron
density around the Fermi level compared to CoZnCr (Fig. 6a and
ESI 11a and bt). The results imply that the thorough restruc-
turing of the catalyst boosts its electrical conductivity, allowing
for efficient electron transfer in electrocatalysis.

To determine the most favorable surface-active site for each
intermediate step, we compared the adsorption energies across
different surface sites. In the case of the HER (Fig. 6b), the
Gibbs free energy values of the key intermediates (*H) on
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freestanding LDH are positive, with a minimum barrier of 0.4
eV. It is evident that the presence of MXenes significantly
influences the HER energy barrier of the heterostructure
compared to the freestanding CoZnCr (see Table S77).
CoZnCr@Mo,TiC,(OH), exhibits the lowest energy barrier
among the different considered surface terminations, suggest-
ing high catalytic activity for the HER. Moreover, the free energy
of hydrogen adsorption (AGH*) is a key parameter influencing
HER performance, with a value close to zero suggesting optimal
H adsorption and efficient H, release. The calculated AGH*
value for CoZnCr@ Mo,TiC, is 0.06 eV, which is nearer to the
thermoneutral point compared to the values for CoZnCr (0.39
eV) (Fig. 6¢), indicating a surface that facilitates the efficient
desorption of the evolved hydrogen species. Notably, hybrid-
ization is more pronounced in the case of CoZnCr and Mo,-
TiC,0,, resulting in the highest charge transfer and interfacial
binding energies, as shown in Fig. 6d and Table S8.f This strong
interaction effectively lowers the energy barrier for *OOH
formation, the rate-limiting step, further improving OER effi-
ciency. The structural configurations of intermediates (Fig. 6¢)
reveal that Cr atoms serve as the most favorable adsorption sites
for stabilizing intermediates during the OER process. Free
energy profile calculations (Fig. 6f) indicate that the rate-
limiting step in supported heterostructures corresponds to the
transformation of [O*] into [*OOH], consistent with a previous
report.** However, the overpotential is lower than that of free-
standing LDH under similar conditions, suggesting faster OER
kinetics on CoZnCr@Mo,TiC,. Thus, the incorporation of
Mo, TiC, modifies the Gibbs free energy landscape of the HER-
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OER pathway and tunes the electronic structure of the catalyst,
resulting in enhanced HER and OER activity.

Performance of an AEM seawater electrolyzer. We further
assembled an alkaline seawater AEM electrolyzer utilizing
CoZnCr@MXene as both the anode and cathode, as depicted in
Fig. 7a. The polarization curve for overall water splitting in 1 M
KOH + seawater reveals that the electrolyzer requires a cell
voltage of 1.64 V to achieve a current density of 100 mA cm ™ at
26 °C, which is significantly lower than that of the commercial
Pt/C||RuO, electrolyzer (1.77 V) at the same current density, as
shown in Fig. 7b. For further comparison, the performance of
Pt-RuO,//Pt-RuO, at 60 °C is also included in Fig. 7b. This
demonstrates that the CoZnCr@MXene-based AEM electrolyzer
outperforms commercial electrocatalysts in terms of efficiency.
Additionally, using a drainage-gas collection method, the O, gas
production from the CoZnCr@MXene electrolyzer was
measured (ESI Fig. 12a and bf¥), yielding a faradaic efficiency of
99% in an alkaline seawater electrolyte, as shown in Fig. 7c. The
catalyst also exhibited exceptional durability, maintaining
stable performance at a current density of 200 mA cm > for 16.8
days, with negligible cell voltage degradation, indicating
outstanding stability and high selectivity for alkaline seawater
electrolysis, as demonstrated in Fig. 7d. Furthermore, the
CoZnCr@MXene||CoZnCr@MXene-catalyzed AEM electrolyzer
exhibits a cell efficiency of 77.8%, surpassing the U.S. Depart-
ment of Energy’s (DOE) target efficiency of 77%, at a current
density of 0.2 A ecm ™2 (ESI Fig. 12¢c and ESI Note 11). Addition-
ally, a critical metric of the electrolyzer's economic viability is
the hydrogen production cost, which is calculated to be as low
as $0.86 per GGE of H,, as detailed in ESI Note 1.1 This value is
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Fig. 7 AEM electrolyzer performance in alkaline seawater. (a) Schematic illustration of the AEM electrolyzer. (b) Polarization curves of
CoZnCr@MXene|| CoZnCr@MXene in 1 M KOH + seawater at 26 °C and 60 °C and with Pt/C||RuO, at 26 °C and 60 °C. (c) FE of producing O.. (d)
Durability test of the CoZnCr@MXene|| CoZnCr@MXene AEM electrolyzer in 1 M KOH + seawater electrolyte at 200 mA cm™2.
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less than half of the DOE's 2026 target of $2.00 per GGE,
demonstrating the potential for economical hydrogen produc-
tion.”” These results highlight a promising pathway for the
efficient and cost-effective production of H, and O, via seawater
electrolysis, facilitated by outstanding catalytic activity and
stability. This remarkable performance can be attributed to (1)
the unique nanocage architecture, which facilitates optimal
interface interaction and creates a high density of active cata-
Iytic sites; (2) the synergistic interplay between the catalyst's
hierarchical structure and compositional attributes, which
enhance the interfacial electron transfer between active sites
and the substrate, thereby significantly improving the intrinsic
catalytic activity; and (3) the chloride ion resistance of
CoZnCr@MXene, which minimizes Cl~ interference, promotes
the H,O-OH ™ reaction pathway, and ensures selective catalysis.

Conclusion

In summary, we successfully developed a CoZnCr@MXene
electrocatalyst for selective, efficient and highly stable alkaline
seawater electrolysis at higher current densities. The hierar-
chical hollow structures enhance the diffusion of reactants and
products to and from the catalytic sites. Increasing the number
of such sites lowers the overall activation energy and promotes
efficient electron transfer, facilitating faster charge transfer and
reaction kinetics. The catalyst displays a good HER and OER
performance with a low overpotential of 45 mV and 20 mV at 10
mA cm 2 in an alkaline medium, respectively. Notably, the
catalyst exhibits an impressive performance, with an over-
potential increase of less than 63 mV as the salt concentration
in the electrolyte increases from 0 M to saturated NaCl. More-
over, CoZnCr@MXene exhibits a low cell voltage of 1.60 V at 100
mA cm 2 current density in alkaline seawater electrolyte,
demonstrating the higher stability for the electrocatalytic
seawater OER. The CoZnCr@MXene AEM seawater electrolyzer
achieves high performance with a cell voltage of 1.83 V at 1000
mA cm ™ under industrial conditions with a high cell efficiency
of 77.8% and durability over 16.8 days (0.2 A cm™?) in alkaline
seawater electrolyte. Moreover, the DFT calculations revealed
that MXene plays a crucial role in enhancing HER and OER
performance by significantly improving electroactivity,
strengthening adsorbate binding, and facilitating efficient
electron transfer. The result outperforms those of reported
articles in seawater electrolysis. The results provide important
insights for effective electrolyzer design and a strategic
approach to catalyst development for seawater electrolysis with
low energy consumption.
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