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MXene-Assisted NiFe sulfides for high-
performance anion exchange membrane
seawater electrolysis

Jiaqi Wang, Yue Liu, Ganceng Yang, Yanqing Jiao, Youming Dong, Chungui Tian,
Haijing Yan & Honggang Fu

Anion exchange membrane seawater electrolysis is vital for future large-scale
green hydrogen production, however enduring a huge challenge that lacks
high-stable oxygen evolution reaction electrocatalysts. Herein, we report a
robust OER electrocatalyst for AEMSE by integrating MXene (Ti3C2) with NiFe
sulfides ((Ni,Fe)S2@Ti3C2). The strong interaction between (Ni,Fe)S2 and Ti3C2

induces electron distribution to trigger lattice oxygen mechanism, improving
the intrinsic activity, and particularly prohibits the dissolution of Fe species
during OER process via the Ti-O-Fe bonding effectively, achieving notable
stability. Furthermore, the good retention of sulfates and the abundant groups
of Ti3C2 provide effective Cl

- resistance. Accordingly, (Ni,Fe)S2@Ti3C2 achieves
high OER activity (1.598 V@2A cm-2) and long-term durability (1000h) in
seawater system. Furthermore, AEMSE with industrial current density
(0.5 A cm-2) and durability (500 h) is achieved by (Ni,Fe)S2@Ti3C2 anode and
Raney Ni cathode with electrolysis efficiency of 70% and energy consumption
of 48.4 kWh kg-1 H2.

Developing sustainable and clean energy is significant for alleviating
energy shortages and carbon emissions caused by the utilization of
fossil fuels1,2. Green hydrogen via water electrolysis using renewable
electricity has attracted intensive interest3. Thereinto, anion exchange
membrane water electrolysis (AEMWE) that could operate in low
alkaline system emerges as a promising technology as it inherits the
merits of both alkaline water electrolysis (AWE, cost-efficiency) and
proton exchange membrane water electrolysis (PEMWE, compatible
with intermittently renewable electricity), fulfilling the requirements
for the sustainable development4,5. Beside the deliberations of the
availability of electrolyzers and renewable electricity, water feed is a
kernel for the scalable application of water electrolysis6. In terms of
rare freshwater resources, direct electrolysis of earth-abundant sea-
water is extremely appealing as it not only alleviates the crisis of
freshwater resources but also avoids the complex and cost purification
steps7. Therefore, thedevelopment ofAEM-based seawater electrolysis
(AEMSE) is more meaningful and urgent. However, there is rare

satisfactory progress in AEMSE to date. There are higher requirements
for membrane and electrocatalysts in seawater electrolysis, especially
for anodic oxygen evolution reaction (OER) due to the strong inter-
ference of Cl- ions, such as chloride evolution reaction (CER) and
deterioration of electrodes. It is still a huge challenge to develop high-
stableOERelectrocatalysts, particularly for industrially current density
and long-term durability, to ensure the efficient operation of AEMSE8.

Transition-metal materials (TMMs) have exhibited sublime per-
formance for OER in alkaline seawater electrolysis9–11. For instance,
layered double hydroxides (LDHs) are the most studied OER catalysts
in alkaline seawater electrolysis, but suffering from low conductivity,
infertile active sites, and weak Cl- corrosion resistance12–15. In this
regard, several strategies have been reported to enhance and activity
and Cl- corrosion resistance of LDHs for seawater electrolysis, includ-
ing adding oxyanions in the electrolyte16, constructing oxide
overlayer17, doping anions18, etc. Alternatively, recent studies have
manifested that sulfides, phosphides, and nitrides own prominent
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conductivity, and unique electron configuration and particularly can
alleviate Cl- corrosion to a certain extent due to in situ generated Cl--
repelling species (e.g., sulfates, phosphates, and nitrates)19–22 on their
surfaces based on electrostatic repulsion mechanism in seawater
electrolysis23. Nevertheless, when these composites are utilized during
high-potential and long-term electrolysis, the high-valence metal ions
of (oxy)hydroxides generated from catalyst reconstruction are vul-
nerable to leach out24, along with the Cl- corrosion resistance effect
decreases enormously as Cl--repelling species gradually dissolve. Thus,
TMMs still face the common issue of activity and stability degradation
induced by the dissolution of metals and or Cl- corrosion during sea-
water electrolysis. How to solve this dilemma is the key to the avail-
ability of TMMs in AEMSE. Recently, MXene, as a class of emergent 2D
transition metal carbides or nitrides, serves as a brilliant catalyst sup-
port owing to its high electrical conductivity, abundant surface func-
tional groups and notable stability25. In this context, employing a
robustMXenematrix, particularly for Ti-basedMXene (e.g., Ti3C2)with
corrosion-resist and firm structure, may be a subtle strategy to
enhance the corrosion resistance of TMMs for seawater electrolysis
through the establishment of strong metal-support interaction.
Besides, some reaction mechanisms of the catalysts could be modu-
lated by introducing MXene via strong metal-support interaction26.
Sun and co-workers utilized O-containing groups of MXene to effec-
tively activate water molecules for promoting HER in seawater
electrolysis27. Qiu et al. reported CoS2@C/Ti3C2Tx for HER in seawater
electrolysis by construing a synergistic metal-support interface28.
However, studies in this respect have not touched on the anode in
seawater electrolysis.

Herein,wedexterously employTi3C2 to assistNiFe sulfides ((Ni,Fe)
S2@Ti3C2), achieving large-current and high-stable OER performance
in AEMSE. A series of experimental and theoretical results reveal that
Ti3C2 traps the electrons from (Ni,Fe)S2 to increase the valences of Ni
and Femetals, which accelerates the catalyst reconfiguration to trigger
latticeoxygenmechanism (LOM), improving the intrinsic activity.More
importantly, the strong interaction between (Ni,Fe)S2 and Ti3C2 effec-
tively prohibits the dissolution of Fe species (mainly active centers)
during the OER process via the Ti-O-Fe bonding, achieving notable
stability. Furthermore, the good retention of sulfates and the abundant
negative charge functional groups of Ti3C2 provide dependable Cl-

resistance. Accordingly, (Ni,Fe)S2@Ti3C2 achieves high OER activity
(1.598 V at 2 A cm−2) and long-termdurability (over 1000h) in seawater.
Furthermore, AEMSE with industrial current density and durability
(500h at 0.5 A cm−2) is achieved by (Ni,Fe)S2@Ti3C2 anode and Raney
Ni cathode, manifesting the practicability of the catalyst.

Results
Material synthesis and structural characterization
The synthetic procedure of (Ni,Fe)S2@Ti3C2 is illustrated in Fig. 1a.
Briefly, the few-layer Ti3C2 nanosheets with an average thickness of
~ 5 nm were obtained by delaminating Ti3AlC2 MAX with the HCl + LiF
solutions (Supplementary Figs. 1, 2). Subsequently, NiFe LDH was
evenly grown on the Ti3C2 substrate (NiFe LDH@Ti3C2) via a reflux co-
precipitation procedure in the presence of Ni and Fe sources, urea and
N-Methylpyrrolidone (NMP) (Supplementary Figs. 3, 4). After con-
trollable sulfurization of NiFe LDH@Ti3C2, yielding the (Ni,Fe)
S2@Ti3C2 sample (Supplementary Fig. 5). The (Ni,Fe)S2, NiS2@Ti3C2

and FeS2@Ti3C2 samples were also prepared for comparison (Sup-
plementary Figs. 6–8). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of (Ni,Fe)S2@Ti3C2

show the vertically interlaced nanosheet array architecture (Fig. 1b, c).
Such vertically interlaced arrays could expose more active sites,
increase the permeation of electrolytes, and provide rapid gas release.
The high-resolution TEM (HRTEM) image (Fig. 1c insert) shows a clear
lattice fringe of 0.278 nm, corresponding to the (200) plane of (Ni,Fe)
S2. Energy dispersive X-ray spectroscopy (EDS) elemental mapping

(Fig. 1d) demonstrates the homogeneous distribution of Ni, Fe, S, Ti,
and C elements throughout the nanosheets. The molar ratio of Ni and
Fe is 3:1, and themass ratio of (Ni,Fe)S2 and Ti3C2 is 12:1 determined by
inductively coupled plasma-emission spectroscopy (ICP- MS). The
above results prove the successful synthesis of (Ni,Fe)S2 on Ti3C2

substrate. Besides, four probe electrical conductivity instrument and
N2 adsorption analysis manifest that (Ni,Fe)S2@Ti3C2 owns higher
conductivity and larger surface area than (Ni,Fe)S2 (Supplementary
Figs. 9, 10), suggesting the enhanced conductivity and more active
sites of (Ni,Fe)S2 by introducing Ti3C2, which are beneficial for rapid
electron transfer and effective accessibility of active sites to gain large
current performance.

The electronic states of (Ni,Fe)S2@Ti3C2 and the interaction
between (Ni,Fe)S2 and Ti3C2 were investigated by X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy (XAFS). The
XPS survey spectrumconfirms the co-existenceof Fe, Ni, Ti, S, C, andO
elements in (Ni,Fe)S2@Ti3C2 (Supplementary Fig. 11). The O element in
(Ni,Fe)S2@Ti3C2 partly originates from the surface oxidation of
sulfide29, and the other from the functional groups (-OH and -O) of
Ti3C2

30. The rich functional groups on the surface of Ti3C2 offer Ti3C2 a
strong Cl- repulsive capability. The Ni 2p spectra of (Ni,Fe)S2@Ti3C2

and (Ni,Fe)S2 show three doublet peaks for 2p3/2 and 2p1/2 cores, cor-
responding to Ni(II)-S bond, Ni(II)-O bond and satellite signals,
respectively (Fig. 1e)31. The Ni peaks of (Ni,Fe)S2@Ti3C2 present a shift
toward higher binding energy (0.7 eV) compared with those of (Ni,Fe)
S2. Meanwhile, (Ni,Fe)S2@Ti3C2 owns a larger peak area of Ni(II)-O
bond and a lower peak area of Ni(II)-S bond than (Ni,Fe)S2. These
results indicate that Ti3C2 attracts electrons from Ni and makes the
increase of valence state of Ni. The Ni K-edge XAFS spectra (Fig. 1f and
Supplementary Fig. 12a) show that the Ni absorption edge for (Ni,Fe)
S2@Ti3C2 shifts toward higher energy than that of (Ni,Fe)S2, further
confirming the electron transfer from Ni to Ti3C2

32. Fe 2p region of
(Ni,Fe)S2@Ti3C2 and (Ni,Fe)S2 shows six prominent peaks, assigning to
Fe 2p3/2 and Fe 2p1/2 cores of Fe(II)-S, Fe(III)-O and satellite signals
(Fig. 1g)31. Notably, two additional peaks at 714.3 and 727.4 eV indexed
to Fe(III)-O-Ti bond are observed in (Ni,Fe)S2@Ti3C2

33, proving the
strong electronic coupling between (Ni,Fe)S2 and Ti3C2. The existence
of the bridge Fe(III)-O-Ti bond favors stabilizing the Fe ions. A shift
toward higher binding energy (0.5 eV) of Fe in (Ni,Fe)S2@Ti3C2 relative
to that of (Ni,Fe)S2 is observed, illustrating that Ti3C2 also strips elec-
trons fromFe and endows thehigher valence state of Fe. The FeK-edge
XAFS spectra (Fig. 1h and Supplementary Fig. 12b) manifest that the Fe
absorption edge for (Ni,Fe)S2@Ti3C2 shifts to the higher energy than
that of (Ni,Fe)S2, corroborating the electron transfer fromFe to Ti3C2

34.
Ti 2p spectra (Fig. 1i) of (Ni,Fe)S2@Ti3C2 shows that five pairs of 2p3/2
and 2p1/2 doublets, corresponding to Ti-C, Ti(II)-O, Ti(III)-O, Ti(IV)-O
and particularly Ti(IV)-O-M (Fe, Ni) bonds, respectively, further con-
firming the existence of Ti-O-M (M= Fe, Ni) bond in (Ni,Fe)
S2@Ti3C2

30,33. Furthermore, the Ti peaks of (Ni,Fe)S2@Ti3C2 shift
toward lower bonding energy in comparisonwith that of Ti3C2, further
validating electron transfer from (Ni,Fe)S2 to Ti3C2, which is also sub-
stantiated by Mulliken charge analysis (Supplementary Fig. 13). Above
observations reveal that Ti3C2 traps electrons from both Ni and Fe
metals and induces the increase of metal valence states. The higher
metal valence states endow the consolidation of the orbital hybridi-
zation between the metal 3 d and O 2p orbitals, leading to a
strengthened M-O covalent bond that favors triggering the highly
active LOMpathway forOER35. A further interaction betweenNi and Fe
in (Ni,Fe)S2@Ti3C2 is analyzed (Supplementary Figs. 14–16). There is an
electron transfer from Fe to Ni in (Ni,Fe)S2@Ti3C2, resulting in a higher
valence state of Fe that is more likely to be the active site for OER36.
While the higher valent Fe easily dissolves during OER electrolysis,
leading to the stability decay37. Fortunately, the strong Ti-O-M bond
(especially for the Ti-O-Fe bond) between (Ni,Fe)S2 and Ti3C2 will help
to stabilize the metal ions, enhancing the stability of the catalyst. In
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addition, electron spin resonance (ESR) manifests the presence of
sulfur vacancies in both (Ni,Fe)S2@Ti3C2 and (Ni,Fe)S2, but lower
content S-vacancies in (Ni,Fe)S2@Ti3C2 (Fig. 1j). (Ni,Fe)S2@Ti3C2with S
vacancies can facilitate the adsorption of H2O molecules and oxygen
species for catalyst reconstruction to improve intrinsic activity38.
Meanwhile, the less content of S vacancies ensures the stability of the
structure39. Moreover, the lower S vacancies mean higher S content in
(Ni,Fe)S2@Ti3C2, demonstrating that Ti3C2 has a role of fixing sulfur,
which would increase Cl- resistance in seawater systems. Considering
thatwettability is the keyparameter ofOER catalysts, the contact angle
(CA) test was carried out. TheCAof (Ni,Fe)S2@Ti3C2 is nearly 0°, which

is smaller than (Ni,Fe)S2 (82.3°) (Supplementary Fig. 17), confirming
that demonstrating the enhanced hydrophilicity and good electrolyte
permeability of (Ni,Fe)S2@Ti3C2, which facilitates the intimate contact
with the electrolyte to accelerate mass transfer process. It should be
noted that all the above structural characterizations on (Ni,Fe)
S2@Ti3C2 were performed for the samples after optimization of the
electrocatalyst properties.

Electrocatalytic OER performance
The electrocatalytic OER performance of (Ni,Fe)S2@Ti3C2 was first
assessed in 1.0. M KOH. A series of control experiments were
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Fig. 1 | Material synthesis and structural characterization of (Ni,Fe)S2@Ti3C2.
a Schematic synthesis of (Ni,Fe)S2@Ti3C2. (NiFe LDH@Ti3C2: NiFe layered double
hydroxides loading on the Ti3C2 surface. (Ni,Fe)S2@Ti3C2: NiFe sulfide loading on
the Ti3C2 surface.) b SEM image and (c) TEM and HRTEM (insert) images of (Ni,Fe)
S2@Ti3C2. d STEM image of (Ni,Fe)S2@Ti3C2 and corresponding EDS mappings of

Ni, Fe, S, Ti, and C. eNi 2pXPS spectra of (Ni,Fe)S2@Ti3C2 and (Ni,Fe)S2. fNi K-edge
XAFS spectra of (Ni,Fe)S2@Ti3C2, (Ni,Fe)S2, NiO, and Ni foil. g Fe 2p XPS spectra of
(Ni,Fe)S2@Ti3C2 and (Ni,Fe)S2.h FeK-edgeXAFS spectraof (Ni,Fe)S2@Ti3C2, (Ni,Fe)
S2, FeO, Fe2O3, and Fe foil. i Ti 2pXPS spectra of (Ni,Fe)S2 and Ti3C2. j ESR spectra of
(Ni,Fe)S2@Ti3C2 and (Ni,Fe)S2.
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performed to select the optimal catalyst, including the molar ratios of
Ni/Fe, mass ratios of (Ni,Fe)S2 and Ti3C2, and sulfurization conditions
(Supplementary Figs. 18−23 and Table 1). The optimal (Ni,Fe)S2@Ti3C2

catalyst exerts the notable OER catalytic activity, requiring the low
overpotentials of 266 (η0.5A), 285 (η1A) and 320mV (η2A) to reach the
industrial-level current density of 0.5, 1 and 2 A cm−2, respectively
(Fig. 2a), which far exceeds (Ni,Fe)S2, RuO2, NiFe LDH@Ti3C2,
NiS2@Ti3C2 and FeS2@Ti3C2 (Supplementary Fig. 24 and
Tables 2 and 3). This activity surpasses the currently reported OER
catalysts (Supplementary Fig. 25 and Table 4). (Ni,Fe)S2@Ti3C2 also
exhibits the lower Tafel slope and charge-transfer resistance (26mV
dec−1 and 1.62Ω) (Fig. 2b, c), as compared with (Ni,Fe)S2 (56mV dec−1

and 7.50Ω) and RuO2 (61mV dec−1 and 8.86Ω), indicating the fast
catalytic reaction kinetics and charge-transfer capability of the (Ni,Fe)
S2@Ti3C2. Moreover, (Ni,Fe)S2@Ti3C2 exhibits a higher electro-
chemically active surface area (ESCA) and the activity normalized by

ECSA (Supplementary Figs. 26, 27), indicating that Ti3C2 contributes to
the increased intrinsic activity. Furthermore, (Ni,Fe)S2@Ti3C2 shows
notable long-term stability at 0.5 A cm−2 for 1000h and even at 1 A cm−2

for 500h without no obvious degradation of 62 and 158μA·cm−2·h−1,
respectively (Fig. 2d and Supplementary Fig. 28). In contrast, (Ni,Fe)S2
experiences a significant current decay about ~ 30% for only 80 h
(Supplementary Fig. 29). This result manifests the important role of
Ti3C2 in boosting the catalyst stability.

We then evaluated the OER activity of (Ni,Fe)S2@Ti3C2 in alkaline
artificial seawater (1.0M NaOH+0.5M NaCl). (Ni,Fe)S2@Ti3C2 still pre-
serves splendid catalytic activity in alkaline seawater, requiring low
overpotentials (η0.5A = 297, η1A = 332 and η2A = 368mV) and Tafel slope
(33mV dec−1) (Fig. 2e, f). Furthermore, the activity of (Ni,Fe)S2@Ti3C2

also outperforms these counterparts (Fig. 2g, Supplementary Fig. 30
and Tables 5 and 6), and represents one of the notable currently
reported OER catalysts in alkaline seawater (Supplementary Fig. 31 and

Fig. 2 | Electrocatalytic OER performance. a Polarization curves with 85% iR
compensation (The electrode area is 1 cm× 1 cm, and the resistance is
0.15 ± 0.01Ω), (b) Tafel plots and (c) Nyquist plots without iR compensation of
(Ni,Fe)S2@Ti3C2, (Ni,Fe)S2 and RuO2 in 1.0M KOH.d I-t curve of (Ni,Fe)S2@Ti3C2 at
0.5 A·cm−2 in 1.0M KOH. e Polarization curves with 85% iR compensation (The

electrode area is 1 cm× 1 cm, and the resistance is 0.15 ± 0.01Ω) and (f) Tafel plots
of (Ni,Fe)S2@Ti3C2, (Ni,Fe)S2 and RuO2 in 1.0MNaOH+0.5MNaCl. gComparisons
of overpotential, Tafel slope, and impedance value.h I-t curve of (Ni,Fe)S2@Ti3C2 at
0.5 A·cm−2 in 1.0M NaOH+0.5M NaCl.
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Table 7). Furthermore, the outstanding stability of (Ni,Fe)S2@Ti3C2 was
evaluated at 0.5 A cm−2 for 1000h in alkaline seawater, exhibiting no
apparent current fluctuation of 69μA·cm−2·h−1 (Fig. 2h), while a more
severe current decay over ~ 35% after 60h for (Ni,Fe)S2 is observed
(Supplementary Fig. 32). Together, the large current density and dur-
able stability of (Ni,Fe)S2@Ti3C2 enable it suitability for practical sea-
water electrolysis. Furthermore, the combined SEM and XRD
characterizations of the post-catalytic sample reveal that morphology
of nanosheet experience no obvious change, while surface reconfi-
guration occurs to generate (oxy)hydroxides, which are active species
for OER reported by literature40,41(Supplementary Fig. 33). In addition,
the impedance of (Ni,Fe)S2@Ti3C2 did not exhibit obvious increase
during the stability test, indicating that the surface reconstruction does
not impact the conductivity of the material (Supplementary Fig. 34).

Origin of OER performance and Cl- resistance
We further investigate the origin of the enhanced OER activity, stabi-
lity, and Cl- resistance effect on (Ni,Fe)S2@Ti3C2. In situ electro-
chemical impedance spectroscopy (in situ EIS) was conducted to

analyze the surface reconstruction and electrochemical reaction
kinetics. Bode plots reflect the oxidation reconstruction of catalyst at
the middle-frequency region (101-102Hz) and OER process at low-
frequency region (10−1-100Hz) (Fig. 3a, b)42. At the potential of 1.35 V,
the phase angle of (Ni,Fe)S2@Ti3C2 lessens faster at the middle-
frequency region, while a similar circumstance appears at the potential
of 1.40V for (Ni,Fe)S2, demonstrating that (Ni,Fe)S2@Ti3C2 has a faster
oxidation reconstruction to generate MOOH species, which is also
supported by the different pseudocapacitive charges (Supplementary
Fig. 35). Since the higher metal valences induced by the electron-
catching Ti3C2 endows the more easy oxidation reconstruction, which
facilitates to start the active LOM pathway. Moreover, in the low-
frequency region, (Ni,Fe)S2@Ti3C2 starts at 1.40 V for OER, while
(Ni,Fe)S2 begins at 1.45 V, illustrating the fast reaction kinetics of
(Ni,Fe)S2@Ti3C2. In addition, Nyquist plots show that (Ni,Fe)S2@Ti3C2

possesses a smaller charge transfer resistance than (Ni,Fe)S2 (Supple-
mentary Fig. 36).

In situ XPS spectra of (Ni,Fe)S2@Ti3C2 depict that the metal-S
bond vanishes, and metal-OOH bond appears with the increase of the
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applied potential, indicating the surface reconfiguration of (Ni,Fe)
S2@Ti3C2 to form NiFeOOH@Ti3C2 (Supplementary Fig. 37). It’s worth
noting that from 1.32 V to 1.37 V,Ni-S bonds gradually decreases but do
not disappear completely, illustrating that the oxidization ofNi species
has started at 1.32V. When increasing the potential to 1.42 V, Ni-S is
completely vanished, which matches the Bode plots and CV curves.
The same phenomenon can be observed in the S 2p spectra. From
1.32 V to 1.42 V, the peak of S2

2- gradually weaken. Specifically, Ni2+ is
partly reconstructed to Ni3+, along with the content of NiOOH and the
position of Ni 2p peak gradually rises with increase of the potential
(Fig. 3c). In contrast, Fe2+ is entirely reconstructed to Fe3+, and the
content of FeOOHand thepositionof Fe 2ppeakelevateswith increase
of the potential (Fig. 3d). These results indicate catalyst reconstruction
and themore rapid reconstruction rate of Fe than Ni. Besides, the sum
of M-O and M-OH bonds hoists with the increase of potential (Fig. 3e),
implying more NiFeOOH generation, which implies potentially fol-
lowing LOM43. Moreover, in situ XPS spectra of (Ni,Fe)S2@Ti3C2 are
similar to those of NiFeOOH@Ti3C2 after the potential of 1.42 V, con-
firming that high-metal-valent NiFeOOH species induced by Ti3C2 are
the actual active species for OER (Supplementary Fig. 38). To further
unveil the origin for the enhanced activity and stability, the dissolved
metal contents of catalysts after OER electrolysis at 0.5 A cm−2 were
monitored (Fig. 3f). Ni dissolves slightly, but Fe dissolves obviously in
(Ni,Fe)S2. Comparatively, after the introduction of Ti3C2, the dissolu-
tion of Fe is dramatically dampened. This can be attributed to the
strong pulling effect of the Ti-O-Fe bond formed between Ti3C2 and
(Ni,Fe)S2, which can effectively stabilize the Fe ions. Meanwhile, the
leaching of Ni was further prohibited, manifesting that Ti3C2 con-
tributes to stabilizing the overall structure of the catalyst. Further-
more, the negligible Ti content detected indicates the stability of Ti3C2

substrate (Supplementary Fig. 39 and Table 8). We further explore the
role of Cl- resistance of (Ni,Fe)S2@Ti3C2 in alkaline seawater. The sul-
fates increase and steadily adsorb at the catalyst surface with an
increase of potential (Supplementary Fig. 37d), which produces a
positive role of electrostatic and spatial repulsion to Cl- in seawater
electrolysis20. Furthermore, (Ni,Fe)S2@Ti3C2 presents a higher corro-
sion potential, a smaller corrosion current and a lower concentration
of ClO- (1.28 V, 9.79*10−7A and 2.10 × 10−7mol L−1) than (Ni,Fe)S2 (1.12 V,
1.79*10−5A, and 5.10 × 10−5mol L−1) (Fig. 3g, h and Supplementary
Fig 40)44. Moreover, the rotating ring-disk electrode tests show no
occurrence of CER on (Ni,Fe)S2@Ti3C2 (Supplementary Fig. 41)45.
These results demonstrate that the introduction of Ti3C2 substantially
increases the Cl- corrosion resistance, which is due to the dual effects
of Ti3C2 that owns good retention of sulfates and rich negative charge
function groups. Besides, (Ni,Fe)S2@Ti3C2 presents a better Cl- resis-
tance thanNiFe LDH@Ti3C2, illustrating the sulfurization improves the
catalytic performance to a great extent. (Supplementary Fig. 42). In
addition, Cl- repulsion in catalysts surface with pH was studied,
demonstrating the Cl- resistance is positively dependent on pH (Sup-
plementary Fig. 43). To sum up, the introduction of Ti3C2 accelerates
the reconstruction of (Ni,Fe)S2, which facilitates to trigger the LOM
pathway and boosts the catalytic activity. Meanwhile, the bridging
effect of the Ti-O-Fe bond enormously suppresses the leaching of Fe,
thereby enhancing the stability. In addition, the good retention of
sulfates and the abundant function groups of Ti3C2 substantially
improve the Cl- resistance of (Ni,Fe)S2@Ti3C2.

Identification of OER mechanism and Cl- resistance
To accurately identify the actual mechanism of OER, a range of
experiments and theoretical calculations were performed. The pH-
dependent experiments (Fig. 4a and Supplementary Fig. 44) display
that (Ni,Fe)S2@Ti3C2 has a stronger pH-dependent OER activity than
(Ni,Fe)S2. Meanwhile, a larger proton reaction order (ρRHE = ∂log(j)/
∂pH) of (Ni,Fe)S2@Ti3C2 (0.89) than (Ni,Fe)S2 (0.54) is observed,
implying that (Ni,Fe)S2@Ti3C2 may undergo LOM while (Ni,Fe)S2 may

experience AEM46. Furthermore, we use tetramethylammonium cation
(TMA+) to detect O2

2- species produced from LOM based on strong
electrostatic interaction47. (Ni,Fe)S2@Ti3C2 presents a larger reduction
of OER activity in 1.0M TMAOH compared to 1.0M KOH (Fig. 4b and
Supplementary Fig. 45), whereas there is a slight change for (Ni,Fe)S2.
Besides, Raman spectroscopy shows (Fig. 4c) that the characteristic
peaks of TMA+ at 750 and 947 cm−1 appear in (Ni,Fe)S2@Ti3C2, while no
characteristic peaks are observed in (Ni,Fe)S2, verifying the existence
of O2

2- species only in (Ni,Fe)S2@Ti3C2 during OER47. In situ Raman and
in situ attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectra further showcase the presence of *O-O* bonds from O2

2-

species in (Ni,Fe)S2@Ti3C2 not in (Ni,Fe)S2during OER process48,49

(Supplementary Fig. 46). These results validate that (Ni,Fe)S2@Ti3C2

experiences a LOMpathwayand (Ni,Fe)S2 undertakes anAEMpathway.
Density function theory (DFT) calculations were further per-

formed to unveil the OER mechanism and the origin of Cl- repulsion.
Owing to the surface reconstruction of the catalyst and substrate
during OER, we selected NiFeOOH@Ti3C2-xOx and NiFeOOH as the
models to study the OER mechanism (Supplementary Fig. 47 and
Supplementary Data1)50. A charge transfer of 1.86 e- from NiFeOOH to
Ti3C2-xOx, which is more than that between (Ni,Fe)S2 and Ti3C2 (0.64
e-). This confirms that the valence states of Ni and Femetals are further
elevated after the reconstruction process, which provides the possi-
bility to trigger the LOM mechanism (Supplementary Fig. 48). The
density of states (DOS) of the O 2p and metal 3 d orbitals were calcu-
lated to verify the lattice oxygen activity. The O 2p energy band center
(εO-2p) of NiFeOOH@Ti3C2-xOx (− 2.934 eV) is much closer to Fermi
energy level (EF) than that of NiFeOOH (− 3.500 eV) (Fig. 4d), sug-
gesting the incorporation of Ti3C2-xOx promotes the release of lattice
oxygen, which favors LOM process51. Based on molecular orbital the-
ory, the strong d-d Coulomb interaction will promote the Mott-
Hubbard splitting, producing a vacant upperHubbard band (UHB) and
an electron-filled lower Hubbard energy band (LHB). The energy dif-
ference (ΔU)betweenUHBandLHB is a critical descriptor to access the
lattice oxygen activity, where a larger ΔU implies the experience of the
LOM pathway52. Therefore, we compared ΔU values of
NiFeOOH@Ti3C2-xOx and NiFeOOH (Fig. 4e and Supplementary
Table 9). The introduction of Ti3C2-xOx reduces the LHB of metals and
elevates the ΔU value, weakening the metal-oxygen bonding in
NiFeOOH, which further confirms that NiFeOOH@Ti3C2-xOx is more
inclined to the LOM mechanism.

The AEM and LOM pathways on NiFeOOH@Ti3C2-xOx and
NiFeOOH and the corresponding Gibbs adsorption free energy dia-
grams were calculated and compared53,54. As shown, Ni sites exert a
lower energy barrier than Fe sites for NiFeOOH@Ti3C2-xOx and
NiFeOOH in AEM, whereas Fe sites present a lower energy barrier than
Ni sites for them in LOM (Fig. 4f and Supplementary Figs. 49–52). In
addition, both NiFeOOH@Ti3C2-xOx and NiFeOOH own the rate-
determining step (RDS) of deprotonation in the AEM pathway. The
RDSof the LOMpathway forNiFeOOH@Ti3C2-xOx is the deprotonation
in the first step, but the oxygen vacancy refilling step for NiFeOOH55.
Besides, the energy barrier of RDS for NiFeOOH in the AEM pathway is
0.54 eV, but 0.69 eV for LOM, suggesting NiFeOOH follows the AEM
pathway. In contrast, NiFeOOH@Ti3C2-xOx needs to overcome the RDS
with an energy barrier of 0.30 eV in the LOM pathway, which is lower
than that in AEM (0.43 eV), suggesting NiFeOOH@Ti3C2-xOx follows
the LOM pathway. Moreover, the energy barrier of RDS in the LOM
pathway for NiFeOOH@Ti3C2-xOx is lower than that in the AEM path-
way for NiFeOOH, indicating the rapid kinetics of NiFeOOH@Ti3C2-xOx

(Supplementary Table 10). These observations demonstrate the
change of mechanism from AEM to LOM and rapid kinetics by the
introduction of Ti3C2-xOx (Fig. 4g). Furthermore, Cl- adsorption beha-
vior on the NiFeOOH@Ti3C2-xOx and NiFeOOHmodels was evaluated.
Strong Cl- absorption results in a poison of the active sites and
destruction of catalysts56. NiFeOOH@Ti3C2-xOx presents a lower ΔECl

*
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(−0.47 eV) than NiFeOOH (−0.73 eV) (Fig. 4h and Supplementary
Table 11), suggesting that NiFeOOH@Ti3C2-xOx owns weaker interac-
tion with Cl-, which can inhibit CER and Cl- corrosion. Furthermore, the
free energy of CER was calculated to support the viewpoint the ΔG
values of the rate-determining step for CER for NiFeOOH@Ti3C2-xOx

are distinctly larger than those of NiFeOOH, confirming that the
introduction of Ti3C2 plays an important role in enhancing overall Cl-

resistance of catalyst15 (Supplementary Fig. 53 and Table 10).

Electrolyzer performance
A two-electrode electrolyzer by using (Ni,Fe)S2@Ti3C2 anode and
Raney Ni cathode was assembled to access the industrial perfor-
mance at 70 ◦C (Fig. 5a). The pH monitoring of the electrolyte was
shown in Supplementary Fig. 54. The influence of pore size of the gas
diffusion layer (GDL), the composition of binder/catalyst, diffident
anion exchange membranes on the performance of the electrolyzer
were carried out (Supplementary Figs. 55–57). The optimal Raney
Ni | |(Ni,Fe)S2@Ti3C2 exhibits notable industrial activities in both
AEMWE and AEMSE, requiring merely 1.75 and 1.80 V to achieve 2 A,

which are superior to Raney Ni | |RuO2 (1.97 and 2.06 V) (Fig. 5b and
Supplementary Fig. 58). The performance can be further improved
with the increase of temperature (Supplementary Fig. 59). Further-
more, Raney Ni | |(Ni,Fe)S2@Ti3C2 exerts low energy consumption of
4.19 and 4.31 kWhm−3 H2 and high electrocatalytic efficiencies of
72.00% and 70.00% for AEMWE and AEMSE, respectively. The activ-
ities and efficiencies surpass the currently reported electrolyzers
(Supplementary Table 12). Besides, the gas-liquid-solid boundaries
were conducted, demonstrating the rapid mass/electron transfer of
Raney Ni | |(Ni,Fe)S2@Ti3C2 electrolyzer (Supplementary Fig. 60). To
further investigate the origin of electrolyzer performance for Raney
Ni | |(Ni,Fe)S2@Ti3C2, the ohmic overvoltage (ηohm), mass transport
overvoltage (ηmt), and activation overpotential (ηact) were analyzed
via performing electrochemical impedance spectroscopy and steady-
state polarization without iR correction57 (Supplementary Fig. 61).
Raney Ni | |(Ni,Fe)S2@Ti3C2 achieves the lower ηohm, ηmt and ηact than
Raney Ni | |(Ni,Fe)S2 implying the multilevel optimization of anodic
(Ni,Fe)S2@Ti3C2 catalyst layer. In addition, Raney Ni | |(Ni,Fe)
S2@Ti3C2 exhibits outstanding long-term durability at 2 A for 500 h
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in AEMWE and AEMSE with negligible current degradation of 20 and
38μA·cm−2·h−1, respectively, (Fig. 5c) whereas the large current
degradation in short-time for RaneyNi | |RuO2 is observed.Moreover,
the electrode and membrane of post-AEMWE and AEMSE testing
maintain the same structure with those of before ones (Supplemen-
tary Fig. 62), and neither AEMWE nor AEMSE shows obviously decay
in performance (Supplementary Fig. 63), confirming the notable
stability of (Ni,Fe)S2@Ti3C2 under industrial condition. Furthermore,
such AEMSE devices can be poweredwith a solar cell (Supplementary
Fig. 64 and Supplementary Movie 1). The hydrogen purity and pro-
duction rate are 99.997% and 13.5mLmin−1@0.5 A cm−2, respectively
(Supplementary Fig. 65). Collectively, (Ni,Fe)S2@Ti3C2 can be a pro-
mising OER electrocatalyst for industrial application of AEMSE with
renewable electricity input.

Discussion
In summary, we report a robust Ti3C2-assisted NiFe sulfide electro-
catalyst, achieving industrial-level OER activity, long-term durability,
and corrosion Cl resistance in seawater. A series of characterizations
and theory calculations verify that the strong interaction effect
between (Ni,Fe)S2 and Ti3C2 regulates the electron distribution to
trigger the active LOM mechanism, improves the durability by stabi-
lizing metal ions, and enhances the resistance to Cl-. AEMSE with
industrial-level density and durability is achieved by (Ni,Fe)S2@Ti3C2

anode and the Raney Ni cathode with a high electrolysis efficiency of
70% and low energy consumption of 48.4 kWhkg−1H2. This work pro-
vides an efficient approach to address the issue of deactivation of
transition metal catalysts induced by the dissolution of active metals
and or chloride corrosion in AEMSE.

Methods
Chemicals
Ti3AlC2MAXwaspurchased fromLaizhouKai Kai CeramicMaterials Co.,
Ltd. Lithium fluoride (LiF), o-Toluidine, and Ruthenium dioxide (RuO2)
was purchased from Shanghai Aladdin Chemical Reagent Co., Ltd.
Commercial Raney Ni was purchased from Hebei Aegis Metal Materials
Co., Ltd. Potassium hydroxide (KOH), hydrochloric acid (HCl), Sodium
hydroxide (NaOH), and Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O)
and solution was purchased from Tianjin Kermel Chemical Reagent Co.,
Ltd. 10% NaClO solution was purchased from Fuyu Chemical Reagent
Co., Ltd. Nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O) was purchased
from Tianjin Damao Chemical Reagent Co., Ltd. Sodium chloride (NaCl)
and Urea (CH4N2O) was purchased from Tianjin Guangfu Chemical
ReagentCo., Ltd. 1-Methyl-2-pyrrolidinone (NMP, analytical reagent)was
purchased from Shanghai Rhawn Chemical Reagent Co., Ltd. commer-
cial Titanium mesh (TM) was purchased from Kunshan Guangjiayuan
Electronics Co. Ltd. All of the reagents were of analytical grade and
directly usedwithout further purification.Deionized (DI)waterwas used
in the experiments.

Preparation of Ti3C2

Under magnetic stirring at 25 °C, 3 g of LiF were added into 80mL of
HCl solution (9M) and allowed tomix for 20min. Following this, 2 g of
Ti3AlC2 MAX powder were slowly introduced into the solution and
etched at 35 °C for 48 h with continuous stirring. Following that, the
suspension underwent repeated washing with deionized water (DI
water) through centrifugation at 342.31 × g for 2min per cycle, con-
tinuing until the pH of the supernatant reached roughly 7. The final
black sediment was redispersed in DI water, then subjected to
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ultrasonic treatment under an N2 flow for 1 h. After centrifugation at
342.31 × g for 1 h, the dark green Ti3C2 supernatantwas collectedwith a
concentration of 10mgmL−1 58.

Preparation of (Ni,Fe)S2@Ti3C2

Ni(NO3)2·6H2O (3mmol), Fe(NO3)3·9H2O (1mmol) (Ni andFemolar ratio
was 3:1), urea (0.2mmol) were dissolved in deionizedwater (20mL) and
stirred for 1 h to form a clear and uniform solution (named as Solution
A). 10mL of Ti3C2 colloidal solution (10mgmL−1) was dispersed into
30mL of NMP and stirred for 1 h to form a uniform solution (named
Solution B). Then, Solution A was dropped into Solution B and the
mixture was then subjected to reflux at 100 °C for 6 h in N2 flow. The
productswere harvested by several centrifugation-rinsing cycleswithDI
water followed by freeze-drying, named NiFe LDH@Ti3C2. Finally, 0.5 g
sulfur powder and 0.05 g NiFe LDH@Ti3C2 precursor were put into the
upstream and downstream of the quartz tube, respectively. The NiFe
LDH@Ti3C2 precursor was heated at 400 °C with a ramp rate of 5 °C
min−1 and maintained at 400 °C for 0.5 h, obtaining the final product
(Ni,Fe)S2@Ti3C2. (The sample with the Ni:Fe molar ratio of 3:1, and the
(Ni,Fe)S2:Ti3C2 mass ratio of 12:1 exhibits better catalytic activity, which
is expressed as Ni0.75Fe0.25S2@0.06Ti3C2 in chemical formula.) To study
the influence of active species and calcination temperature on the per-
formance of the catalyst, control synthesis of (Ni,Fe)S2@Ti3C2 with dif-
ferent Ni and Fe molar ratios, different (Ni,Fe)S2 and Ti3C2 mass ratios
and calcination temperatures were carried out. Specifically, Samples
with different Ni and Fe molar ratios were adjusted to Ni: Fe = 2:2, 1:3,
and 4:1. Samples with different (Ni,Fe)S2 and MXene mass ratios were
prepared by adjusting the dosage of Ti3C2 solution to 5mL and 20mL
(The mass ratios of (Ni,Fe)S2 and Ti3C2 are 24:1 and 6:1, respectively).
Samples with different calcination temperatures were prepared at
300 °C and 500 °C.

Theoretical calculation
Density Functional Theory (DFT) simulations were conducted via
employing the Cambridge Sequential Total Energy Package (CASTEP)
module integrated within Material Studio (MS). The generalized gra-
dient approximation (GGA) with a Perdew-Burke-Ernzerhof (PBE)
functional was employed to describe the electronic exchange and
correlation effects59. A (2 × 2 × 1) Monkhorst-Pack grid was utilized for
Brillouin zone sampling, while a vacuum slab of 15 Å thickness was
applied along the z-axis on each slab to prevent pseudo interactions
between periodic images. The projector augmented-wave (PAW)
method was employed with a planewave energy cutoff set at 500 eV.
Geometry optimization was performed iteratively until convergence
was achieved, with the total energy tolerance reaching 2 × 10−5eV and
the changes in atomic forcesbelow0.03 eV/Å60. Considering the lattice
match, the heterojunction was modeled based on the (001) crystal
plane of NiFeOOH and (001) crystal plane of Ti3C2 with O-termination.
The plane fitness of NiFeOOH and Ti3C2 was tuned in order that the
lattice mismatch was less than 5%.

OER calculation
In the caseof the adsorbate evolutionmechanism (AEM) approach, the
steps follow the following reaction equation:

* +OH� ! *OH+ e� ð1Þ

*OH+OH� ! *O +H2O+ e� ð2Þ

*O+OH� ! *OOH+e� ð3Þ

*OOH+OH� ! * +O2ðgÞ+H2O+e� ð4Þ

where “*” is for the adsorption sites61.
Regarding the lattice oxygen oxidation mechanism (LOM), the

reaction steps are as follows:

O�M�OlH+OH� ! O�M�Ol +H2O+e� ð5Þ

O�M�Ol +OH
� ! O�M�OlOH+e� ð6Þ

O�M�OlOH+OH� ! O�M�Ov +O2 +H2O+e� ð7Þ

O�M�Ov +OH
� ! O�M�OlH+e� ð8Þ

where “Ol” denotes the lattice oxygen atoms48.

CER calculation
For the chlorine evolution reaction, the Volmer-Heyrovsky reaction
was adopted15. The reaction formulas are as follows:

*O+Cl� ! *OCl + e� ð9Þ

*OCl ! * +OCl� ð10Þ

The Gibbs free energy differences (ΔG) for each step of OER and
CER were determined using the computational hydrogen electrode
model in conjunction with the relevant equation as following:

ΔG=ΔE +ΔEZPE�TΔS ð11Þ

where ΔE is the DFT energy difference; ΔS stands for entropy correc-
tions based on vibrational analysis, andΔEZPEmeans zero-point energy
at 300K62.

*Cl adsorption energy calculation:
The adsorption energy of *Cl defined as:

ΔECl* = EðtotalÞ � EðsurfaceÞ � 1=2 ECl2 ð12Þ

in which E(total) and E(surface) are the energies of all research
systemswith andwithout Cl adsorption, respectively. ECl2 is the energy
of a Cl2 molecule.

Materials characterizations
The X-ray diffraction (XRD) was performed using a Rigaku Miniflex
600 diffractometer with Cu Kα radiation. The acceleration voltage is
40 kVwith a scanning speed of 10omin−1. All test samples were pressed
into the square groove of the quartz plate (50mm*35mm). The size of
the groove is 20mm*20mm with a thickness of 0.5mm. Scanning
electronmicroscopy (SEM) testswere carried on aHitachi S-4800 at an
accelerating voltage of 5 kV. The samples were adhered to the con-
ductive adhesive and tested after gold spraying on the surface. The
transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDS) elemental mapping characterization were carried
out on a JEM-F200 electron microscope (JEOL, Japan) at an accelerat-
ing voltage of 200 kV. All test samples were uniformly dispersed in
ethanol solution and then dripped onto the bilayered carbon coated
on Lacey support film with a mesh size of 200 meshes for testing
(AZD100/200, produced by Beijing Zhongjingkeyi Technology Co.,
Ltd.). X-ray photon-electron spectroscopy (XPS) tests were performed
using a Thermo Fisher Scientific K-Alpha spectrophotometer with Al-K
α radiation (1486.68 eV) operated at 15 kV with a filament current of
10mA, and signalswere accumulatedover 5–10 cycles. High-resolution
XPS spectra (HRXPS) were obtained through C1s spectrum (284.6 eV)
correction. XAFS spectra were tested on the BL14W1 line station of the
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Shanghai Synchrotron Radiation Facility in transmission mode, in
which the Si (111) double-crystal was chosen as the crystal mono-
chromator for energy selection. After sweepingwith 100mgof catalyst
at 150 oC for 4 h, the specific surface area (77 K) was calculated using
the Brunauer-Emmett-Teller method on a Quantachrome autosorb iQ/
ASiQwin. The UV-vis spectra were tested with a MADAPA UV-1800BPC
spectrometer. Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) test was performed on Thermo DIONIEX ICS-5000 +. Raman
spectra were conducted with Horiba Lab RAM Odyssey at 532 nm.
Four-point resistance tester was conducted with ST2722. The electron
spin resonance (ESR) test was determined by a Bruker EMX plus. The
hydrogen purity is determined by hydrogen purity analyzer technol-
ogy (NK-201A Portable hydrogen analyzer. In situ attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectra were con-
ducted with Bruker INVENIO-S.

Electrochemical characterizations
For the OER measurements, a three-electrode system was employed,
and the experiments were performed using a Gamry Interface 5000
electrochemical workstation. The data was automatically recorded by
the workstation. A catalyst weighing 5mg was dispersed in a mixture
containing 30μL of Nafion and 400μL of a water-ethanol solution,
where the volume ratio of water to ethanol was 1:163. The catalyst
suspension was coated on a piece of commercial titanium mesh (TM,
1 × 1 cm−2) as aworking electrode (loading amount is 5mg cm−2). Before
coating, the Ti mesh was pretreated with acetone, oxalic acid solution
(15 % wt.), deionized water, and ethanol in sequence. A HgO/Hg (1.0M
KOH) electrode purchased from Tianjin Aidahengsheng Co., Ltd and a
carbon rod purchased from Shanghai Ledonlab Co., Ltd were used as
reference electrodes and counter electrodes, respectively. All of the
potential results were processed relative to the reversible hydrogen
electrode (RHE) through

ERHE = EHgO=Hg +0:059×pH +0:098V ð13Þ

The HgO/Hg electrode was calibrated under an H2 atmosphere,
and a Pt wire was employed as the working electrode. In order to
activate the catalyst, cyclic voltammetry (CV) testswereperformedat a
scan rate of 100mV s−1. Polarization curves were obtained from linear
sweep voltammetry (LSV)measurements. The voltage range is 1.1–1.7 V
versus RHE, and the sweep rate is 5mV s−1. 85% iR compensation was
adopted in all the polarization curves, where R is the uncompensated
resistance as determined at an open circuit voltage, which is
0.15 ± 0.01Ω. The electrochemical OER for pure alkaline water and
alkaline simulated seawater tests were conducted in 50mL 1.0M KOH
and 1.0M NaOH+0.5M NaCl solution, respectively. The 1.0M KOH
electrolyte is prepared by the following steps: (i). 56.11 g KOH solid was
dissolved by 500mL DI water in a beaker. (ii). After stirring 15min, the
KOH solids dissolved completely, and the solutionwas transferred into
the 1 L volumetric flask. (iii). Bring to volume by DI water and sonicate
for half an hour. For the 1.0M NaOH+0.5M NaCl electrolyte, the
solute is 40.00 g NaOH+ 29.22 g NaCl. Other details are the same as
the preparation with the 1.0M KOH electrolyte. All the electrolytes
were prepared one hour before the test stored at room temperature,
and protected from light. The pH of the electrolyte is 13.95 ± 0.01.
Electrochemical impedance spectroscopy (EIS) measurements were
conducted over a frequency range from 10 kHz to 0.01 Hz, with an
amplitude of 10mV. The electrochemically surface area (ECSA) of the
catalysts was estimated according to the following equal (14):

ECSA=Cdl=Cs ð14Þ

where the double-layer capacitance (Cdl) was derived from the scan-
rate-dependent cyclic voltammograms (CVs) measured in the non-
Faradaic potential region of 1.0–1.2 V versus RHE, using 1MKOH as the

electrolyte at scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180, and
200mVs−1 64. The specific capacitance (CS) of 0.04mF cm−2 was used.
The long-term stability was obtained by chronoamperometry tests
were performed without iR compensation.

For the electrolyzer, the performance is determined bymeasuring
the LSV curves within a range of 1.2–2.5 V at a scan rate of 5mV s−1 with
100% iR compensation, where R is 0.2 ± 0.045Ω. The electrolytes for
AEMWE and AEMSE were 2 L 1.0M KOH and 1.0M NaOH+0.5M NaCl
solution, respectively. For the stability test, the electrolyzer con-
tinuously operated with a peristaltic pump flow rate of 40mLmin‒1 to
circulate the electrolyte. EISmeasurements are conducted at a current
density of 0.5 A cm−2 within a frequency range of 10 kHz to 0.01 Hz,
with an amplitude of 10mV.

Electrolyzer characterizations
For the anode, the prepared catalysts were sprayed on the 2 cm× 2 cm
Ti mesh (The porosity is 50%, the PPI is 80 mesh per inch and the
thickness is 0.32mm) to make the gas diffusion electrodes (GDE) with
the loading of 5mgcm−2 catalyst by using UAC4000L-advanced
(Cheersonic, China). Before coating, the Ti mesh was pretreated with
acetone, oxalic acid solution (15 %wt.), deionizedwater, and ethanol in
sequence. The specific sprayed process as follows: the ink was pre-
pared with 20mg of catalyst, 180 µL Nafion (5%) solution as a binder,
and 6mL of 1:1 aqueous ethanol solution. After sonication for 1 h, the
ink was injected into the liquid reservoir of the machine. Spraying
length and width were 20mm. The spraying height was 50mm. The
working speed was 9000mm/mir. The fast-forward speed was
10000mm/mir. The liquid supply flow rate was 0.5mL/min. The
ultrasonic module and the heating module worked throughout the
process. The heating temperature is 70 oC.

For the cathode, the commercial Raney Ni mesh (The porosity is
40%, the PPI is 60 mesh per inch and the thickness is 0.52mm) was
used as theGDE. The PPI of the RaneyNimesh is 60pores per inch, and
the thickness is 0.52mm. Before use, the Raney Ni mesh was activated
with an alkaline solution (1M KOH) for 12 h. Prior to assembly, the
GDEs were pressurized at 40MPa for 2min to make them dense and
reduce their thickness to prevent liquid leakage.

The anion exchange membrane (Fumasep FAA-3-PK-130 with a
thickness of 130μm) was pre-treated in 1M KOH for over 24 h and
subsequently rinsed with distilled water to exchange the membrane
ions into hydroxide form. Furthermore, the pretreated membrane
should be stored under humid and CO2-free conditions to avoid CO2

contamination. The pretreated membrane is cut into 2.2 cm× 2.2 cm
and sandwiched between the cathode and anode GDEs. Then the MEA
was loaded into a fixture with other components (rubber gaskets and
titanium flow) and clamped with a torque of 4N·m.

Data availability
The data generated in this study are provided within this paper the
Supplementary Information. Source data are provided in this paper.
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