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Industrial-level alkynols electrocatalytic semi-hydrogenation using seawater as
hydrogen source offers a sustainable alternative to conventional thermo-
catalytic routes, yet remains limited by the lack of efficient and robust elec-
trocatalysts. Here, we report the synthesis of Nd;Gd; dual atomic site on
metallene for co-production of alkenol and magnesium hydroxide in the sea-
water system. Nd;Gd;Pd metallene achieves a selectivity of 96.7% and a Far-
adaic efficiency of =87.3% for the conversion of 2-methyl-3-butyn-2-ol to 2-
methyl-3-buten-2-ol at —150 mA cm? in a flow-cell system, and maintains
=98.0% selectivity at 1.2 A for over 300 h of continuous operation, achieving
the long-term stable co-electrosynthesis of alkenols and magnesium hydro-
xide in natural seawater at industrial-scale currents. Techno-economic analysis
reveals a projected product revenue of at least $8,499 per ton of 2-methyl-3-
buten-2-ol, underlining the industrial viability of this process. Mechanism
investigations illustrate dual hydrogen-spillover and co-catalytic effects on
Nd;Gd,Pd, promoting migration-reaction coupling mechanism of reactive *H
to synergize hydrogenation. This work provides a seawater electrocatalytic
semi-hydrogenation system and proposes an optimization strategy by atom-
ically engineered dual hydrogen-spillover effect.

M Check for updates

Alkenols are key intermediates in fine chemicals and bioscientific aroused a widespread research interest as an emerging green catalytic

materials (e.g., vitamins, medicines, and perfumes)"*. Among them, 2-
methyl-3-buten-2-ol (CsH;0O, MBE) is primarily used to synthesize the
key intermediate isoamyl alcohol of vitamin E°. In conventional
industry (Fig. 1a), MBE is produced by thermocatalytic hydrogenation
of 2-methyl-3-butyn-2-ol (CsHgO, MBY) under high-temperature
(=300 °C) and high-pressure conditions (=5MPa), utilizing H, as the
hydrogen source and Lindlar Pd catalysts, causing energy, safety and
environmental issues*”. In this regard, at ambient conditions, alkynol
electrocatalytic semi-hydrogenation (ECSH) (Supplementary Fig. 1),
which utilizes H,0 as a hydrogen source and drives the hydrogenation
reaction to synthesize alkenol through an applied electric field®, has

pathway’®. Currently, research on alkynol ECSH was usually done in
alkaline freshwater systems (e.g., KOH or NaOH solutions)’. However,
the expensive cost of alkaline media and the limited availability of
freshwater resources further hamper the application prospects in
large-scale industry'®". Resource-rich seawater as a hydrogen source
can significantly reduce freshwater consumption”. Moreover, sea-
water is naturally rich in alkaline ions (e.g., Na*, Mg*, and Ca®") and
anions (e.g., CI", SO,4%), providing a natural electrolyte system for the
electrocatalytic hydrogenation reaction to reduce the demand for
additional alkaline media™™. More notably, in the cathode reaction,
the high concentration of Mg? in seawater can combine with OH
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Fig. 1| Schematic illustration of alkenol production pathways. Schematic illustration for alkenol production of (a) conventional industrial thermocatalytic alkynol semi-
hydrogenation pathway and b proposed direct seawater electrocatalytic alkynol semi-hydrogenation pathway.

produced from the electrolysis process to form Mg(OH),'*". Mg(OH),,
a value-added functional material, finds widespread use across flame
retardant systems, water purification, and bio-compatible
applications”. Yet, its conventional synthesis often requires harsh
alkaline reagents, complex purification, and energy-intensive indus-
trial processes™. Hence, the construction of direct seawater alkynol
ECSH and simultaneous Mg(OH), production system provides a fea-
sible approach for the development of alkynol ECSH and green
synthesis of Mg(OH),. (Fig. 1b). Despite these inherent advantages,
practical application of seawater-based ECH on an industrial scale still
faces numerous challenges, including rapid catalyst deactivation,
competitive hydrogen evolution reaction (HER), and uncontrollable
over-hydrogenation reactions®>". Currently, Cu-based and Pd-based
catalysts have been widely explored as promising candidates for
alkynol hydrogenation reactions®® 2. Although Cu-based catalysts
have exhibited good alkenol selectivity*®, their poor chlorine corro-
sion resistance leads to rapid dissolution, surface restructuring, and
irreversible activity degradation under industrial-level current and
localized alkaline conditions***, rendering them unsuitable for long-
term operation in seawater systems. In contrast, Pd-based catalysts
offer good corrosion resistance and structure stability*°. However,
most reported Pd-based systems still operate at relatively low current
densities for alkynol ECSH*®, which is limited by over-hydrogenation
behavior and excessive HER activity on Pd under high current
conditions®. Given this, the design of efficient and stable catalysts is
urgently required for the development of MBY ECSH of seawater sys-
tems in industrial-scale conditions.

Here, we report the synthesis of Nd;Gd;Pdene and construct a
Nd;Gd;Pdene-based sustainable membrane electrode assembly (MEA)
electrolysis system for co-electrosynthesis of alkenol and Mg(OH), in
natural seawater. In the seawater flow cell system with 1 MBY,
Nd,;Gd;Pdene shows a high selectivity (=96.7%) and FE (=87.3%) of MBY
to MBE at -150 mA cm™, while continuously generating high-purity
Mg(OH), at the cathode. The constructed MEA electrolyzer (4 cm?) can
operate stably for >300 h at an industrial-scale current density of

300 mA cm?, with a high MBE selectivity of approximately 98.0%,
presenting the long-term stability and practical feasibility. This repre-
sents the demonstration of long-term stable co-electrosynthesis of
alkenols and Mg(OH), in natural seawater at industrial-scale currents.
The projected revenue per ton of MBE produced under this system is
at least approximately $8499 as revealed by techno-economic analysis
(TEA), and the system presents lower economic cost and higher rev-
enue compared with the conventional alkaline system, further indi-
cating the economic feasibility. Mechanism investigations reveal that
the introduction of dual single-atom Nd/Gd (Nd;Gd,) sites induces the
dual hydrogen-spillover effect and the synergistic co-catalytic effect,
which modulates the adsorption behavior of reactive *H on the surface
to synergize MBY hydrogenation, and optimizes the adsorption energy
and reaction energy barriers to facilitate the MBE desorption. This
work enables the co-electrosynthesis of alkenols and Mg(OH), in a
seawater system via an atomically engineered dual hydrogen-spillover
effect strategy.

Results and discussion

The synthesis of the rare-earth DSAA Nd;Gd;Pd metallene
(Nd;Gd;Pdene) is accomplished through a facile one-step solvothermal
process (Supplementary Fig. 2), where the generated dimethylamine
(DMA) from decomposition of N,N-dimethylformamide (DMF) can
promote the growth of 2D nanosheet structure through a metal facet
control”. Representative transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) images of Nd;Gd;Pdene visually
reveal the nanosheet structure with a significant curvature at a lateral
size exceeding hundreds of nanometers (Fig. 2a and Supplementary
Fig. 3). The nanoscale thickness is further confirmed via the atomic
force microscopy (AFM) technology, revealing the thickness of an
individual nanosheet for Nd;Gd;Pdene to be approximately 1.45 nm,
comparable to typically 6-8 atomic layers (Supplementary Fig. 4).
Such 2D nanosheet structures with a larger lateral size can provide
high atom utilization, wider interfacial region (solid-gas/solid-liquid),
and more specific exposed surfaces, facilitating the intercontact of the
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Fig. 2 | Structural and compositional characterization of Nd,Gd,Pdene catalyst.
a TEM image, b HAADF-STEM and EDS elemental mapping images, and ¢ 3D
topographic atom image obtained from AC-HAADF-STEM for Nd,Gd,Pdene. d The
atom intensity plot for line I in (c). e EELS spectra of Nd,Gd;Pdene. f Nd Ls-edge
XANES spectra, g Gd L;-edge XANES spectra, h Nd L;-edge EXAFS spectra, i Gd L3

k (&)

edge EXAFS spectra and j wavelet transform spectra for Nd;Gd;Pdene, Nd,O3 and
Gd,0s. k represents the photoelectron wave vector, and R denotes the radial dis-
tance in EXAFS analysis. Source data for the results are provided as a Source
data file.

catalyst surface with the electrolyte/reactant and achieving fast charge
transfer during the electrocatalytic reaction”. X-ray diffraction (XRD)
patterns for Nd;Gd;Pdene and Pdene reveal the typical face-centered
cube (fcc) structure of Pd (PDF#97-064-8676) (Supplementary Fig. 5),
in which the diffraction peaks of Nd;Gd;Pdene exhibit no significant
shift compared with Pdene and no pronounced peaks of Nd- and Gd-
based structures are observed, implying the atomic dispersion of Nd
and Gd without perturbation to the host crystal structure®.

As shown in Fig. 2b, the combination of a high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM)
image and corresponding energy-dispersive X-ray spectroscopy (EDS)
mappings reveals a uniform distribution of Pd, Nd, and Gd elements
throughout the Nd;Gd;Pdene. Moreover, the SEM-EDS results of
Nd;Gd,Pdene indicate the atomic ratio and mass ratio of Pd/Nd/Gd =
80.6%/9.0%/10.4% and Pd/Nd/Gd =74.5%/11.3%/14.2% for Pd, Nd, and
Gd, respectively (Supplementary Fig. 6), which is similar to the result
for atomic ratio (Pd/Nd/Gd =77.8%/10.5%/11.7%) and mass ratio (Pd/
Nd/Gd =70.7%/13.1%/16.2%) derived from inductively coupled plasma
optical emission spectroscopy (ICP-OES) experiment (Supplemen-
tary Fig. 7).

False-color aberration-corrected HADDF-STEM (AC-HAADF-
STEM) image of Nd;Gd;Pdene and the related fast Fourier transform
(FFT) pattern reveal that the pattern displays a typical fcc structure as
observed from the [011] diffraction zone and the lattice spacing of
Nd;Gd;Pdene was measured to be 0.232 nm attributed to the Pd (111)

crystal facet (Supplementary Fig. 8a), which is consistent with the XRD
result. Notably, the well-organized polycrystalline nature of
Nd;Gd;Pdene is observed and confirmed by selected-area electron
diffraction (SAED) and the FFT pattern (inset in Supplementary Fig. 8a
and Supplementary Fig. 9). 3D topographic atom images originated
from AC-HAADF-STEM images and corresponding atomic intensity
profile reveal several isolated high-intensity bright spots on
Nd;Gd;Pdene (Fig. 2c, d, and Supplementary Fig. 8b), attributed to the
Nd;Gd; due to the higher atomic number of Nd and Gd (60/64) com-
pared to the Pd (46). As revealed by the electron energy loss spectrum
(EELS) in the selected region (Fig. 2e, Supplementary Figs. 10 and 11),
the energy loss peaks around 998.8 and 978.1 eV can be ascribed to the
M, s transaction of Nd*’, and the energy loss peaks around 12,14.5 and
1184.6 eV can be ascribed to the M, s transaction of Gd*°, indicating the
presence of Nd;Gd,; detected at the atomic scale.

The chemical composition and surface valence state of
Nd;Gd,Pdene were further investigated through X-ray photoelectron
spectroscopy (XPS) tests (Supplementary Fig. 12). As shown in Sup-
plementary Fig. 12b, the Pd 3d XPS spectrum of Nd;Gd;Pdene shows
two obvious peaks situated at 340.4 (Pd 3d5,) and 335.1 (Pd 3ds),) eV,
ascribed to the metallic state (Pd®)*!, which indicates the predominant
presence of Pd species in the metallic state. Simultaneously, two small
peaks at 341.8 (Pd 3d5/,) and 336.5 (Pd 3ds,») eV can be ascribed to the
oxidation state (Pd**)*. It is worth mentioning that the proportion of
the oxidized state of Pd in Nd;Gd,;Pdene is higher than that of Pdene,
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which can arise from the slight ionization of Pd owing to the intro-
duction of highly oxyphilic Nd;Gd;*. The peaks are located at 1004.3
(Nd 3d53/,), 997.5 (sat.), 981.7 (Nd 3ds) and 974.2 (sat.) eV, assigned to
Nd** and satellite peaks®, and also the peaks at 148.4 (Gd 4d5/,) and
142.7 (Gd 4ds),) eV can be assigned to Gd** (Supplementary Fig. 12c,
d)*. Notably, the binding energies of the peak positions (Nd 3d and Gd
4d) for Nd;Gd;Pdene present an obvious shift relative to those of
Nd,03 and Gd,0s;, indicating the difference in the coordination
environment of the Nd,;Gd; relative to those of Nd,O5; and Gd,05>.

To further reveal the electronic structure and atomic-level coor-
dination environment of Nd;Gd;Pdene, X-ray adsorption spectroscopy
technology was performed. The X-ray absorption near-edge structure
(XANES) spectra of Nd L 3-edge and Gd Ls-edge for Nd;Gd;Pdene reveal
that the absorption edges and white-line intensity peaks of
Nd;Gd;Pdene are similar to those of Nd,05; and Gd,03, respectively
(Fig. 2f, g), indicating the positively charged Nd,Gd, in Nd;Gd,Pdene’®.
Furthermore, the white-line intensities of Nd;Gd;Pdene are higher than
those of Nd,0O; and Gd,0;, further demonstrating the common elec-
tron transfer from Nd;Gd; to Pd, hence resulting in the higher valence
state induced by the more positive charge accumulation around the
Nd;Gd;*. Figure 2h, i present the extended X-ray absorption fine
structure (EXAFS) spectra of Nd Lsedge and Gd Ls;edge for
Nd;Gd;Pdene, Nd,03 and Gd,05. Compared with Nd,03 and Gd,03, the
Nd,Gd;Pdene exhibits only one layer of Nd-O coordination (=2.00 A)
and Gd-0 coordination (+1.98 A) without Nd-Nd/Gd-Gd coordination,
revealing that Nd/Gd is not coordinated with other Nd/Gd centers to
exist as mutually isolated single-atom in Nd;Gd;Pdene, and further
demonstrating that the coordination environment of the dual mona-
tomic Nd/Gd in Nd;Gd;Pdene is different from that of Nd,0z and
Gd,0s;, matching the XPS results.

As displayed in Fig. 2j, the wavelet transform (WT) spectra of
Nd;Gd;Pdene indicate the intensity maximum exhibited at =4.11 and
~3.44 A, respectively, ascribed to the Nd-O and Gd-O paths. Notably,
it can be observed that the second intensity peaks (=2.91and =1.70 A™)
in WT spectra of Nd;Gd;Pdene are completely different from those in
Nd,0; and Gd,0; (Nd-Nd: =7.48 A* and Gd-Gd: ~6.98 A™), which is
probably reasonable that the second intensity peaks in the WT spectra
of Nd;Gd;Pdene are attributed to the Nd-Pd and Gd-Pd paths, respec-
tively. Besides, the high intensity of the Nd-O and Gd-O bonds can be
ascribed to the highly oxyphilic nature of rare-earth elements, which
induces inevitable oxidation of the rare-earth DSAA catalysts during
the non-in situ tests®. The experimental and fitted EXAFS results for
the Nd Ls-edge and Gd Lz-edge of Nd,Gd,Pdene, Nd,0;, and Gd,O3
demonstrate the favorable and appropriate fit values (Supplementary
Figs. 13-16 and Supplementary Table 1). Encouragingly, comparison
samples (Nd;Pdene and Gd;Pdene) were successfully prepared via this
universal rare-earth SAA metallene synthesis method (Supplementary
Figs. 17-19). Besides, Pdene was also synthesized for comparison
(Supplementary Fig. 20).

In a direct seawater (from the Yellow Sea after sediment removal,
Supplementary Table 2) system, the performance of ECSH of alkynol to
alkenol and simultaneous production of magnesium hydroxide
(Mg(OH),) on Nd;Gd;Pdene was investigated in a three-electrode sys-
tem with a MEA-equipped flow cell under ambient conditions (Sup-
plementary Fig. 21)*. An optimized MEA-equipped flow cell is
beneficial for collecting the formed Mg(OH), and avoiding the for-
mation of precipitates occupying the active sites of the catalyst. Linear
sweep voltammetry curves of Nd;Gd;Pdene visually show a significant
decrease in cathode current density within the potential range of
-1.2~--2.4V vs. Hg/HgO after the addition of MBY into seawater
(Supplementary Fig. 22), indicating the electrocatalytic response of
Nd,Gd;Pdene towards MBY semi-hydrogenation as well as the effective
inhibition of the HER process by the MBY process on Nd;Gd;Pdene.

As revealed in Fig. 3a, the high MBE selectivity (>94.5%) is main-
tained on Nd;Gd;Pdene at various current densities (from -20 to

—-200 mA cm2). The highest MBE selectivity of #96.9% on Nd;Gd;Pdene
is achieved at a current density of -50mA cm™. The highest MBE
production rate (ryge) of 5.2 mmol h™ mg.,. ™ and high MBE selectivity
of 96.7% are achieved on Nd;Gd;Pdene at a higher applied current
density of -150 mA cm?, revealing the high selectivity and activity for
MBY ECSH to MBE on Nd;Gd;Pdene using seawater as a hydrogen
source, and the over-hydrogenation of MBE on Nd;Gd;Pdene is well
suppressed at high current densities. Notably, the slight decrease in
rvee (4.5mmol h™ mge,. ™) for Nd;Gd,Pdene at —200 mA cm™ origi-
nates from the enhanced competition reaction HER. The MBE FEs on
Nd;Gd;Pdene approach =90.0% at current densities ranging from —20
to —150 mA cm™, and the MBE FE on Nd;Gd;Pdene reaches ~99.7% at a
current density of ~50 mA cm, with a catalytic partial current density
for MBE production (jyge) of —49.9 mA cm™ (Fig. 3b), indicating the
high electron utilization efficiency for MBY to MBE on Nd;Gd;Pdene. A
current density of -50 mA cm™ can be used as a typical current density
to investigate the time-dependent MBY conversion and MBE/2-methyl-
2-butanol (CsH;;0, MBA) yield over Nd;Gd;Pdene in seawater +1M
MBY solution. It is obvious that MBY is gradually semi-hydrogenated to
MBE with time and that the yield of the over-hydrogenation by-pro-
duct MBA is minimal (Fig. 3c), revealing that the formed MBE at
Nd;Gd;Pdene favors desorption rather than proceeding to an over-
hydrogenation reaction during the MBY hydrogenation process. Sup-
plementary Fig. 23 demonstrates that Nd;Gd;Pdene consistently holds
the high selectivity (>95.0%) and FEs (=99.0%) of MBE at different
times, and the GC spectrum of MBY conversion of =98.8% further
visually illustrates the high MBE selectivity on Nd;Gd;Pdene (Supple-
mentary Fig. 24). Moreover, in contrast to GC tests, nuclear magnetic
resonance (NMR) tests can be used as a complementary technology to
investigate the products in the electrolyte directly. 'H NMR and C
NMR spectra of the electrolyte after MBY ECSH (=98.8% MBY conver-
sion) on Nd;Gd;Pdene directly reveal the generation of MBE as well as
low amounts of the by-products MBA and the reactant MBY (Supple-
mentary Fig. 25), in line with the GC results.

To further investigate the stability and durability of co-production
of MBE and Mg(OH), on Nd;Gd;Pdene in a three-electrode seawater
system, we performed the long-term (>500 h) chronopotentiometry
(v-t) testing (Fig. 3d). Random spotting during stability testing indi-
cates that Nd;Gd;Pdene retains stable performance of MBY ECSH to
MBE in the direct seawater at ~50 mA cm™> (MBE Sel.>95.0%, MBE
FE >96.0%). As presented in Supplementary Table 3, Nd;Gd,Pdene
presents robust electrocatalytic performance for the constructed MBY
ECSH to MBE system in direct seawater, which is competitive with the
current Pd-based MBY ECSH electrocatalysts.

Moreover, these results also indirectly reveal that the electro-
catalytic performance for MBY to MBE on Nd;Gd;Pdene is not affected
by the generated Mg(OH), precipitation (step I: H,O - *H + 20H"; step
1I: MBY +2*H > MBE; Mg* + 20H > Mg(OH),) during the MBY hydro-
genation process. The pH of the electrolyte around the electrode was
simulated and calculated using COMSOL to further analyze the gen-
eration of Mg(OH), (Fig. 3e, f). The surface pH increases rapidly to =9.3
and remains stable at =10.0 within 5 min at a current of -50 mA cm™.
These pH values fulfill the requirements for the precipitation of Mg
(=9.3), but not for the precipitation of Ca** (=12.0), resulting in the in
situ formation of high-purity Mg(OH), during the electrocatalytic
hydrogenation process, and the produced trace Ca* precipitates are
converted to Mg(OH), via a complex decomposition reaction
(Mg? + Ca(OH), » Mg(OH), + Ca*)'*". Moreover, we experimentally
monitored the time-dependent actual pH changes of the catholyte
during the MBY ECSH process in a seawater system. Supplementary
Fig. 26 indicates that the pH value on the catalyst surface gradually
increases initially and subsequently stabilizes at pH = 9.8-10.0 without
significant variation, which is consistent with the COMSOL simulation
results, confirming that the local alkalization drives the selective for-
mation of high-purity Mg(OH),.
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water system. a MBE selectivity and ryge and b MBE/H, FE and jiyge On
Nd,;Gd;Pdene at various applied current densities in a seawater containing 1M MBY
solution (pH =7.85+0.02, resistance: 3.25+ 0.5 Q) at 25 °C. ¢ Time-dependent
conversion/yield of MBY, MBE and MBA on Nd;Gd,Pdene at a current density of
-50 mA cm™ in a seawater containing 1M MBY solution (pH = 7.85+ 0.02, resis-
tance: 3.25+ 0.5 Q) at 25 °C. d Stability test and MBE FE/selectivity on Nd;Gd;Pdene
by the v-t testing at a current density of -50 mA cm™ in seawater containing 1M
MBY solutions (pH =7.85 + 0.02, resistance: 3.25+ 0.5 Q) at 25 °C. e, f COMSOL

MBY concentration (M)

model of the pH distribution around the cathodic electrode at -50 mA cm™ (area:
1x1cm?). g MBE selectivity, MBE FE and H, FE on Nd;Gd;Pdene at -50 mA cm™ in
seawater solutions with different MBY concentrations (pH = 7.85 + 0.02, resistance:
3.25+0.50Q) at 25°C. Error bars display the standard deviation calculated from at
least three independent measurements. The potentials were not iR-corrected. MBY
2-methyl-3-butyn-2-ol, CsHgO, MBE 2-methyl-3-buten-2-ol, CsH;00, MBA 2-methyl-
2-butanol, CsH;,0, Sel. selectivity, FE faradaic efficiency, rygg MBE production rate, j
current density, juge partial current density of MBE, E potential. Source data for the
results are provided as a Source data file.

As shown in Fig. 3g, the effect of different MBY concentrations on
the performance of MBY ECSH to MBE over Nd;Gd;Pdene in seawater
was investigated. Observably, Nd;Gd;Pdene maintains the high MBE
selectivity (>92.0%) at different MBY concentrations, even at a low
MBY concentration, the Nd;Gd;Pdene also keeps high selective
hydrogenation for MBY to MBE, implying that the alteration of MBY
concentration has almost no effect on the MBE selectivity on
Nd;Gd;Pdene. Notably, the MBE FE of Nd;Gd;Pdene gradually increases
as MBY concentration is increased, which can originate from the fact
that the increase of local MBY concentration around the catalyst pro-
motes the stronger adsorption of MBY on the catalyst surface, con-
tributing to the inhibition of the competing reaction HER®. Besides,
considering that the electrolyte is a mixed solution containing the
inorganic electrolyte and organic, the further increase of reactant
concentration can lead to a reduction of conductivity to affect the
reaction efficiency in MBY ECSH on Nd,Gd;Pdene, hence the reactant
concentration is not further expanded (<1 M)*.

Supplementary Fig. 27 further shows the effect of different elec-
trolyte concentrations on the performance of MBY ECSH over
Nd;Gd,Pdene in simulated seawater. Apparently, Nd,Gd;Pdene

exhibits the stable performance of MBE electrosynthesis at different
NaCl concentrations, which indicates that there is almost no effect of
major inorganic Na* and CI” in seawater on the cathodic electro-
catalytic MBY semi-hydrogenation process on Nd;Gd;Pdene. More-
over, we also investigated the performance of MBE ECSH to MBE over
Nd;Gd;Pdene under different pH conditions (Supplementary Fig. 28).
Similar to the performance under neutral conditions in seawater,
Nd;Gd;Pdene also exhibits the activity (MBE selectivity: 97.9%, MBE
FE: =97.0%) of MBY ECSH to MBE under alkaline conditions.

A series of comparison experiments were carried out to further
investigate the effect of the Nd;Gd;. Nd;Gd;Pdene possesses the
highest MBE selectivity and ryge (<100 mA cm™ =95.6%, 3.4 mmol h™*
Mgeac ; —200 mA cm™ =94.5%, ~4.5mmol h™ mg.,. ) compared to
those of Nd,Pdene (-100 mAcm™ =89.4%, =2.2mmolh™ mg.,.7;
-200mAcm™?  =935%, ~0.8mmolh™ mg.. "), Gd;Pdene
(-100 mA cm™ =95.2%, =3.0 mmol h™ mgc,.%; —200 mA cm™ =85.0%,
=l.2mmolh™? mg.,. ") and Pdene (-100mAcm?> =94.7%,
~2.9 mmol h™! mgg,.; —200 mA cm™% =90.3%, =2.8 mmol h™ mgg,.™)
(Supplementary Fig. 29a, b), indicating the improvement of MBE
selectivity and ryge on Nd;Gd;Pdene due to the synergistic effect of
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Fig. 4 | Performance and techno-economic analysis (TEA) of seawater alkynol
electrocatalytic semi-hydrogenation. a Durability test and MBE selectivity of
continuous 300 h electrolysis on Nd;Gd;Pdene in an optimized 4-cm? MEA elec-
trolyzer at a constant industrial-scale current density of 300 mA cm™ in seawater
containing 1M MBY solutions (cathode: pH =7.85+ 0.02; cell resistance:
3.9+0.20Q) at 25°C. b Scheme of the process flow for MBY ECSH to MBE and
electrochemical extraction of Mg(OH), in direct seawater. ¢ 'H NMR spectra of MBE
purified from 300-h post-reaction electrolyte and corresponding standard MBE.

d XRD pattern and e SEM image of Mg(OH), collected from 300-h post-reaction
electrolyte. f Assessment of economic indicators for various alkenol electrosynth-
esis systems. g TEA results of proposed electrocatalytic alkenol synthesis and
electrochemical extraction of Mg(OH), from seawater at 0.1 A cm™. The potentials
were not iR-corrected. MBY 2-methyl-3-butyn-2-ol, CsHgO, MBE 2-methyl-3-buten-2-
ol, CsH;00, MBA 2-methyl-2-butanol, CsH;,0, Sel. selectivity, FE faradaic efficiency.
Source data for the results are provided as a Source data file.

Nd;Gd;. Notably, the ryges of Nd;Pdene and Gd;Pdene decrease sig-
nificantly at an increasing current density, which probably stems from
the facilitation of the HER process by the introduction of a single rare-
earth metal at a high current density. This point is proven by com-
paring the FE of the samples at different current densities (Supple-
mentary Fig. 29¢, d). Nd;Gd;Pdene possesses a higher MBE FE (=90.3%,
=60.2%) compared to the other comparison samples (Nd;Pdene:
=59.5%, =10.6%, Gd,Pdene: =79.1%, =16.4%, Pdene: =78.5%, =38.0%).
To further investigate the potential for practical application of
continuous co-production of MBE and Mg(OH), on Nd;Gd;Pdene in a
seawater system, the electrochemical activity and stability of
Nd;Gd;Pdene were investigated using an optimized MEA electrolyzer
(4cm? at an industrial level current density (300 mAcm™?, 1.2A)
(Fig. 4a and Supplementary Fig. 30), and the produced Mg(OH), pro-
duced was collected during the process. Figure 4a shows that
Nd;Gd;Pdene delivers the stability of at least 300 h in the MEA cell with
consistently high MBE selectivity (98.0%) and an MBE production rate
of 2.15mmol h™ cm™ in the seawater system at a current density of
300 mA cm™. Notably, no dramatic over-hydrogenation behavior was
observed due to the strong current of 1.2 A. This reveals the practical
potential for targeted electrosynthesis of MBE at an industrial-scale
current density. Although the CEM was employed to separate the
anode and cathode to prevent interference from anodic OH", to

further illustrate the feasibility and authenticity of co-electrosynthesis
of alkenol and Mg(OH), in the constructed MEA electrolyzer, the
anode electrolyte KOH was replaced with natural seawater or Na,SO,
solutions while maintaining natural seawater as the cathode solution
for continuous electrolysis. Owing to the irreversible corrosion and
poisoning of anodic OER catalysts caused by ionic species in natural
seawater, this may affect the long-term stability of the MEA electro-
lyzer. Therefore, we employed a Na,SO, solution as a feasible alter-
native to natural seawater for the anode in long-term stability testing”.
Supplementary Fig. 31 shows that the MEA electrolyzer system still
maintains the catalytic activity and stability under these conditions.
Also, the post-electrolysis morphology, structure, and chemical com-
position of Nd;Gd;Pdene were investigated. No significant degradation
of the 2D nanosheet structure of Nd;Gd;Pdene is observed after the
long-term device testing (Supplementary Fig. 32). Supplementary
Fig. 33 shows that Nd,Gd;Pdene maintains a good crystalline structure,
stable elemental compositions and surface chemical states after sta-
bility testing, indicating structural and compositional stability under
prolonged electrolysis. Figure 4b presents a process flow diagram to
obtain MBE and Mg(OH), from the cathodic solution of the MEA
electrolyzer by an electrocatalysis-separation-purification process,
which typically involves three steps. Step 1: the electrolyte product and
Mg(OH), are obtained by electrocatalysis; step 2: the Mg(OH),
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Fig. 5 | Mechanistic insights into alkynol electrocatalytic semi-hydrogenation.
In situ FTIR spectra of MBY ECSH on Nd;Gd;Pdene at various time (from 200 to
1200 s) in (a) simulated seawater (0.5 M NaCl, H,O as H source) +1M MBY (pH=
7.11+0.02) and (b) simulated seawater (0.5 M NaCl, D,O as D source) +1M MBY
solutions (pD =7.40 + 0.02). ¢ Optimized structures of MBY ECH intermediates on

Reaction coordinate

Nd;Gd;Pd model. d Comparison of free energy profiles of MBY ECH pathway on
Nd;Gd;Pd, Nd;Pd, Gd;Pd and Pd models. e Enlarged free energy profiles in the
orange block region of (d). PDS: potential-determining step. MBY 2-methyl-3-butyn-
2-0l, CsHgO, MBE 2-methyl-3-buten-2-ol, CsH;00, MBA 2-methyl-2-butanol, CsH;,0.
Source data for the results are provided as a Source data file.

precipitation is firstly obtained by filtration/centrifugation, and then
the centrifuge solution is extracted to obtain MBE, including the
extracted solution; step 3: the high-purity MBE is obtained by a pur-
ification process (vacuum distillation). The NMR spectra of the
obtained cathodic electrolyte product prove that high-purity MBE can
be obtained by this electrocatalytic process flow (Fig. 4c and Supple-
mentary Fig. 34). Moreover, the XRD spectra of Mg(OH), collected by
this process flow further show that only the diffraction peaks of
Mg(OH), can be observed without other inorganic precipitation peaks
(Fig. 4d), which is in accordance with the results of COMSOL simula-
tion. SEM image of Mg(OH), indicates the uniform distribution for the
nanoscale structure of Mg(OH), (Fig. 4e). TEA of the constructed
seawater MBY ECSH system shows that for every 1 ton of MBE pro-
duced in the system, the plant-gate levelized costs of ~9739.2 $ are
lower than the revenues (=18,739.1 $) generated by the process (Fig. 4f,
g). The constructed system presents a lower economic cost and higher
revenue than the conventional alkaline MBY ECSH system.
Supplementary Fig. 35 and Supplementary Table 4 reveal that the
obtained resistance (R.) value of Nd;Gd;Pdene (=4.3 Q) is much lower
than the values of Nd,Pdene (=6.2 Q), Gd,Pdene (=7.2Q), and Pdene

(=7.8 ), indicating a greater conductivity and faster interfacial charge
transfer on Nd;Gd;Pdene due to the introduction of the dual mona-
tomic Nd/Gd*’. Moreover, the electrochemical active surface areas
(ECSAs) of samples were evaluated through calculating the electro-
chemical double layer capacitance (Cy4) from cyclic voltammetry (CV)
curves at various scan rates (20-120 mV s™) (Supplementary Fig. 36).
Supplementary Fig. 37 shows that Nd,Gd,Pdene presents a higher Cy
value of =84mFcm? compared to Nd;Pdene (=7.6 mFcm™),
Gd;Pdene (6.9 mF cm™) and Pdene (=5.3 mF cm™), which reveals that
the larger ECSA of Nd;Gd;Pdene can expose more active sites, thus
improving the electrocatalytic activity®.

Electrochemical in situ Fourier transform infrared (FTIR) tests
were performed on Nd;Gd;Pdene to visually observe the changes of
intermediates in the electrocatalytic MBY hydrogenation reaction. As
presented in Fig. 5a, the vibration peaks observed at =3312 and
~1396 cm™ are attributed to v_c_y and vy of MBY, respectively’.
Furthermore, the vibration peaks at ~3015 and =1561cm™ occur and
gradually increase as electrolysis time extends, which can be assigned
to V—c_y and ve—c of MBE, respectively®®, indicating the gradual con-
version of adsorbed MBY to MBE on Nd;Gd;Pdene. However, it is
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notable that after the addition of MBY, the H,O peaks become exces-
sively broad and overlaps with the v_c_y and vc-c peaks. In particular,
the vc—c peak is difficult to distinguish with the &y_o0-y of H,O
(=1650 cm™). To further accurately identify key species and determine
the proton source, D,O was employed as both the solvent and proton
source. As displayed in Fig. 5b, the peaks of v_c_y (=3394 cm™), vec
(=1657cm™), vey (=:1397cm™), vcp (=3014cm™) and ve
(=1657 cm™) are distinctly observable and similar to those observed
with H,O as the proton source, indicating the conversion of MBY
(CsHsO) to MBE (CsHloo)/MBE'dz (C5H8D20) via Hzo/Dzo dissociation
as the proton source on Nd;Gd;Pdene. The intensity of the vc-c gra-
dually increases as time extends, suggesting the adsorption of MBY on
the Nd;Gd;Pdene surface. Notably, the vibration peak of vc—c appears
to be red-shifted compared to gaseous MBY, which indicates the ten-
dency of MBY to form a di-o/m-bonded configuration on the
Nd;Gd,Pdene surface*’. More importantly, no relevant vibration fre-
quencies of the MBA are observed during the time-dependent hydro-
genation process, further revealing the weak over-hydrogenation
effect on Nd;Gd;Pdene, consistent with the experimental test results.

The MBY semi-hydrogenation mechanism on Nd;Gd;Pdene is
further investigated by density functional theory (DFT) calculations.
Supplementary Fig. 38 shows the optimized geometrical configuration
for the Nd;Gd,Pdene catalyst. Figure 5c, d, and Supplementary
Figs. 39-41 illustrate the MBY hydrogenation pathway on Nd;Gd;Pd
through a reactive *H-mediated process using water as the hydrogen
source. Observably, the hydrogenation process of CsHgO*+*H to
CsHoO* on Nd;Gd,Pd surface presents a lower energy barrier
(AG =0.25eV) compared with the desorption process of *H (2*H > H,,
0.35eV) (Fig. 5d), indicating a higher MBY activity on Nd;Gd;Pd com-
pared to HER. In the hydrogenation of MBY to MBE, the energy barrier
(AG =0.25eV) of Nd;Gd,Pd for the potential-determining step is lower
than those of Nd;Pd (AG=0.54¢eV), Gd;Pd (AG=0.69¢V), and Pd
(AG=0.81¢eV) (Fig. 5d and Supplementary Table 5), suggesting a higher
electrocatalytic activity for the conversion of MBY to MBE on
Nd;Gd;Pd. Compared with Nd;Pd (AG=0.22 eV), Gd,Pd (AG=0.42eV),
and Pd (AG = 0.052 eV) (Fig. Se and Supplementary Table 5), Nd;Gd,;Pd
requires a higher energy barrier (AG=0.43 eV) for the step of MBE
over-hydrogenation to alkanols (*MBE - *MBA), indicating a weak
over-hydrogenation effect on Nd;Gd,Pd. Furthermore, Supplementary
Fig. 42 and Supplementary Table 6 show that the MBE adsorption
energy (AE,4s=-0.93 eV) of Nd;Gd,Pd is weaker than those of Nd;Pd
(AF,qs=-1.08 eV), Gd,Pd (AE,qs=-1.06€V), and Pd (AE,q=-1.14€V),
contributing to the high MBE selectivity on Nd,Gd;Pd. This can origi-
nate from that the introduced Nd;Gd; increases the charge density on
the Pd host surface, favoring weakening the adsorption capacity of the
C=C groups.

The electronic structure changes on Nd;Gd;Pd are further ana-
lyzed by the Bader charge and differential charge density (Supple-
mentary Figs. 43 and 44). The total Bader charges for Pd, Nd and Gd are
14.65, -7.22 and -7.43 e in the Nd;Gd;Pd model (Supplementary
Table 7), respectively, suggesting that electron co-transfer from the
Nd;Gd; to the Pd host, thus leading to an electron-rich state of Pd,
which is consistent with the XANES test results. As shown in Supple-
mentary Fig. 45a and Supplementary Table 8, the projected density of
states plots of Nd;Gd;Pd show a proper coupling effect close to the
Fermi level (Ef) between the Pd-4d orbital energy bands and the Nd-4f/
Gd-4f orbital energy bands, suggesting the existence of d-f orbital
hybridization interaction in Nd;Gd;Pd. Due to the 4f electron config-
uration of rare-earth elements, this interaction is beneficial for opti-
mizing the surface electron structure to accelerate charge transfer,
thus improving the intrinsic activity of the catalysts in electrocatalytic
reactions™*. Compared with the d-band center of pure Pd (-1.93 eV),
Nd;Pd (-2.06 eV), and Gd,Pd (-2.05 eV), the d-band center of Nd,Gd,Pd
is —2.07 eV (Supplementary Fig. 45b and Supplementary Table 8),
which presents a slightly downshift to the Er. This electronic

modulation weakens the adsorption strength of intermediates,
thereby facilitating the desorption of the target product MBE from the
Nd;Gd;Pdene surface, consistent with MBE AE,q4s results (Supplemen-
tary Fig. 42 and Supplementary Table 6), thus contributing to the
enhanced selectivity toward MBY ECSH.

The investigation of changes in reactive *H species generated by
the H,0 adsorption-dissociation is key to analyzing the efficient con-
version of MBY semi-hydrogenation to MBE. Various experiments and
theoretical simulations were carried out to monitor the behavior of
H,0 and reactive *H on Nd;Gd;Pdene. Since the appearance of *H
characteristic peaks in the CV curves of the double layer region is
directly related to the degree of H enrichment on the catalyst surface®,
the hydrogenation behavior of active *H was monitored by comparing
the CV curves of Nd;Gd;Pdene in 1M NaOH with and without MBY
(Fig. 6a). When MBY is not added into the electrolyte, Nd;Gd;Pdene
exhibits a strong desorption peak of adsorbed Pd-H species around
-0.6V vs. Hg/HgO. When MBY is added into the electrolyte, the des-
orption peak of Pd-H species for Nd;Gd;Pdene almost disappears,
which indicates that the generated reactive *H species on the surface
are completely consumed and efficiently utilized in the MBY hydro-
genation process.

Moreover, electron paramagnetic resonance (EPR) tests were
performed using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the *H
trapping reagent (Fig. 6b). In the electrocatalytic test without MBY,
Nd;Gd;Pdene exhibits a significant DMPO-H signal, indicating the
ability of the Nd;Gd,Pdene surface to generate reactive *H by H,O
dissociation. In the electrocatalytic test with MBY, Nd;Gd;Pdene exhi-
bits an almost undetectable DMPO-H signal, suggesting that the
reactive *H produced by H,O dissociation is rapidly consumed for MBY
hydrogenation. Meanwhile, a series of control experiments was con-
ducted to eliminate environmental factors interfering with DMPO
trapping. Supplementary Fig. 46a, b indicates that no DMPO-H signal is
detected in solutions with or without MBY in the absence of a catalyst
and applied current, further illustrating that reactive *H formation
originates from catalytic generation on Nd;Gd;Pdene. Notably, when
MBY and DMPO are simultaneously introduced into a 0.5M NaCl
solution after electrolysis, a pronounced DMPO-H signal is observed,
indicating no interference from the reactant MBY in DMPO trapping
(Supplementary Fig. 46¢). These results further confirm that the dis-
appearance of the DMPO-H signal in the presence of MBY originates
from the *H consumption during the electrocatalytic hydrogenation
process.

The in situ FTIR profiles of Nd;Gd;Pdene indicate a slight vibration
peak on Nd;Gd;Pdene at a vibration frequency of 1992 cm™ in 0.5M
NaCl +1M MBY + H,0 (Fig. 6c), which is ascribed to the vibration fre-
quency of the Pd-H signal (vpq_;) on the Nd;Gd,Pdene surface®, further
revealing the formation of reactive *H during the dynamic process and
the MBY ECSH process on Nd;Gd;Pdene as a mechanism of the reactive
*H-mediated hydrogenation reaction. Moreover, the relatively weak
Pd-H signal on Nd;Gd;Pdene can be attributed to the effect of the
enhanced overtone or combination bands (2040 cm™) by Fermi
resonance with a nearby fundamental mode in the presence of MBY?,
as well as rapid hydrogen consumption during MBY ECSH. This is
further supported by the observation of pronounced Pd-H vibration
peak in the absence of MBY (Supplementary Fig. 47), which demon-
strates the strong H,O dissociation ability of Nd;Gd;Pdene to generate
reactive *H species. Notably, compared with the MBY ECSH, the sig-
nificantly stronger Pd-H signal indicates a suppressed HER activity on
Nd;Gd;Pdene, leading to the accumulation of *H, further supporting
the more favorable MBY hydrogenation reaction on Nd;Gd;Pdene.

The electron-deficient Nd;Gd; can serve as both Lewis acid sites to
attract Lewis bases, and in neutral environments, H,O generally
behaves as a Lewis base due to the lone pair electrons of O (o-
donation)*. Under the neutral conditions of seawater, H,O tends to
adsorb more readily around the electron-deficient Nd;Gd; sites,
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Fig. 6 | Mechanistic insights into reactive *H behavior during alkynol electro-
catalytic semi-hydrogenation. a CV curves of Nd;Gd;Pdene at a scan rate of

50 mVs™in a1 M NaOH solution with and without MBY (pH =13.87 + 0.02) at 25 °C.
b DMPO-added EPR spectra of Nd;Gd;Pdene in a simulated seawater (0.5 M NaCl)
with or without MBY (pH =7.11+ 0.02). ¢ In situ FTIR spectra of MBY ECSH on
Nd,;Gd;Pdene at various current density in a simulated seawater (0.5 M NaCl,
H,0) +1M MBY solution (pH =7.11 + 0.02). Comparison of d H,O dissociation
energy barrier profiles and e hydrogen free energy profiles of HER for various sites

(Pd, Nd, and Gd sites) of Nd;Gd;Pd and Pd. f Comparison of free energy profiles at
different *H adsorption sites on Nd;Gd;Pd model. g Schematic diagram of dual
single-atom site hydrogen spillover effect for different adsorbed *H sites of
Nd;Gd;Pd model. h Plausible reaction mechanism for the co-electrosynthesis of
MBE and Mg(OH), in direct seawater. MBY 2-methyl-3-butyn-2-ol, CsHgO, MBE 2-
methyl-3-buten-2-ol, CsH;o0, MBA 2-methyl-2-butanol, CsH;,0, DMPO 5,5-dimethyl-
1-pyrroline-N-oxide, j current density, 4AG.y hydrogen adsorption free energy.
Source data for the results are provided as a Source data file.

resulting in the Nd;Gd; sites acting as an effective H,O adsorption site
to further reduce the competition adsorption between the H,O and
MBY on the Pd host. Supplementary Fig. 48 and Supplementary
Table 9 further show the adsorption energies (AE,4s) of H,O on

Nd;Gd,Pd with different sites (Pd: AE,qs=-0.23€eV, Nd:
AE,4s=-030eV, Gd: AFE,4s=-0.52eV) and pure Pd (Pd:
AE,4s=-0.04 eV), suggesting that the introduction of Nd;Gd; can serve

as the main H,0 adsorption site and further enhance the reactant H,O
adsorption. Moreover, the electron-rich Pd favors the formation of
strong interactions between Pd and the m-electron cloud of C=C in
MBY to enhance the adsorption of MBY*. The AE,4s of H,O and MBY on
Nd;Gd;Pd indicate the easier adsorption of MBY (AE,qs =-1.79 €V) on
Nd;Gd;Pd compared to H,O (AE,4s = —0.52 eV) (Supplementary Fig. 49
and Supplementary Table 10), suggesting a preferred electrocatalytic
MBY hydrogenation process on Nd;Gd;Pd. More importantly, as the
MBY concentration increases, the coverage of MBY on the Nd,;Gd;Pd
surface is expanded, which intrinsically hinders H,O adsorption. At
high MBY concentrations, HER kinetics are more strongly inhibited,

thereby enhancing the FE of MBE, consistent with electrochemical
experimental results’.

Figure 6d, Supplementary Figs. 50, 51, and Supplementary
Table 11 exhibit the optimized configurations and energy profiles of
the initial, transition, and final states for the H,O dissociation process
on Nd;Gd;Pd with different sites and pure Pd, where the Nd;Gd; sites
on Nd;Gd;Pd possess the lower H,O dissociation energy barrier (Nd:
1.05 eV, Gd: 0.86 eV) compared with pure Pd (2.48 eV), suggesting that
the introduction of the Nd;Gd; can lower the H,O dissociation energy
barrier to promote the generation of reactive *H. More importantly,
the Nd;Gd; sites on Nd;Gd;Pd are more favorable to promote the H,O
dissociation compared to the energy barrier of H,O dissociation of the
Pd site (2.18 eV) on Nd;Gd;Pd. Combined with the adsorption energy
data of H,0 on Nd;Gd,Pd with different sites (Supplementary Fig. 48),
it can be speculated that the Nd;Gd,; on Nd;Gd;Pd not only serves as the
effective H,O adsorption sites but also as the main sites for the H,O
dissociation. Moreover, the effect of reactive *H toward HER at various
sites of Nd;Gd;Pd was further investigated. Figure 6e, Supplementary
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Fig. 52, and Supplementary Table 12 display that the value of hydrogen
adsorption free energy (AG=2.90 eV) for Gd/Nd,Gd,Pd is far away
from the optimal criteria (AG-; =0 eV) compared to that of pure Pd
(AG4=-118¢eV), whereas the value of AG«; for Nd/Nd,Gd,Pd
(AG.4=0.62eV) is closer to the theoretical value compared to that of
pure Pd, indicating that site balance effect of dual single-atom on the
common hosts can achieve the inhibition of H, release process from
Gd site, hence inhibiting the side-reaction HER activity, matching the
comparison experimental results of the single-site samples and
Nd;Gd,Pdene.

Combining the results from in situ FTIR and theoretical simula-
tions, although Pd sites on Nd;Gd;Pd present an advantageous AG-y of
0.35eV, Pd sites on Nd;Gd;Pd are the main adsorption sites for reac-
tant MBY rather than the main active sites for H,O adsorption and
dissociation, thus it is difficult for the HER process to be undertaken by
the Pd sites on Nd;Gd;Pd. Besides, based on the AG. curves and in-situ
FTIR test results of Nd;Gd,Pdene, the *H adsorption energy on the
Nd;Gd; site of Nd;Gd;Pd is weak compared to that of the Pd site of
Nd;Gd;Pd (Fig. 6e). Nevertheless, the Pd-H signal (=1992cm™) was
detected by the in situ FTIR test (Fig. 6¢), indicating that the difference
in *H adsorption energy between the Nd;Gd; and Pd host induces a
dual H-spillover effect at Nd;Gd, sites, resulting in a rapid spillover of
reactive *H produced by the Nd;Gd, site to Pd site for MBY hydro-
genation. A similar phenomenon (Pd-D, <1450 cm™) is also demon-
strated when using D,O as the proton source (Supplementary
Fig. 53)*’. Notably, in contrast to the Nd;Gd,Pdene, no significant Pd-H
signal is observed on Pdene (Supplementary Fig. 54). This originates
from the limited H,O dissociation ability of Pd and the rapid con-
sumption of *H during MBY hydrogenation, resulting in limited active
*H supply*®. In comparison, the introduction of Nd,Gd; sites promotes
H,O dissociation on Nd;Gd;Pdene to increase the *H formation, and
the *H is transferred to the Pd site via a dual H-spillover effect, which is
beneficial for achieving the flow of reactive *H on the surface of Pd
hosts to form a “hydrogen pool” for effective hydrogen supply and
maximizing the use of reactive *H during MBY hydrotreating process®.

The free energy profiles of *H adsorption at different sites on
Nd;Gd;Pd prove the dual H-spillover pathway (Fig. 6f, g, and Supple-
mentary Table 13). The H-spillover energy barriers (Nd > Pd: -0.27 eV,
Gd > Pd: -2.55 eV) of Nd,Gd; sites on Nd,;Gd,Pd are lower than the *H
desorption energy barriers (Nd: 0.62 eV, Gd: 2.90 eV), which suggests
that the generated reactive *H at Nd;Gd; sites prefers to transfer
rapidly to the Pd sites for hydrogenation reaction via the dual
H-spillover pathway rather than to form H, through the desorption
process of *H®. A plausible reaction mechanism is speculated for MBY
electrocatalytic semi-hydrogenation to MB and simultaneous pro-
duction of high-purity Mg(OH), (Fig. 6h). Taken together, the green
synthesis of high-purity MBE and Mg(OH), is achieved in seawater
medium through H,O dissociation step (H,O - *H +20H"), MBY semi-
hydrogenation step (MBY+*H-> *MBYH, *MBYH +*H > MBE), and
Mg?* precipitation step (Mg?* + 20H™ > Mg(OH),).

In summary, we reported the synthesis of a Nd;Gd;Pdene DSAA
catalyst for efficient MBY ECSH and high-purity Mg(OH), production in
the constructed natural seawater electrolysis system. The selectivity
and FE for MBE of Nd;Gd;Pdene are as high as 96.7 and 87.3% under a
high current density of -150 mA cm™, respectively, indicating the high
activity and selectivity for the conversion of MBY to MBE, and the high-
purity Mg(OH), is simultaneously generated at the cathode. Mean-
while, the stability of >300 h on Nd;Gd;Pdene is achieved in the con-
structed MEA devices, revealing the long-term stability and practical
viability towards industrial-level co-electrosynthesis of alkenol and
Mg(OH), from seawater. TEA further indicates that the projected rev-
enue for per ton of MBE produced by this system is at least $8499,
indicating a favorable economic potential compared with the con-
ventional alkaline system. In situ FTIR and DFT calculations further
suggest the dual hydrogen-spillover effect and synergistic co-catalytic

effect induced by the interaction of the Nd;Gd; site with Pd host, which
is beneficial for promoting the spillover of dissociated reactive *H from
Nd/Pd as an effective H,O dissociation site to Pd host, resulting in the
circulation of reactive *H on the surface to promote the MBY hydro-
genation process and weakening the *H desorption to inhibit HER. This
work provides a promising ECSH route for the simultaneous produc-
tion of alkenols and Mg(OH), in seawater, and offers a catalyst design
strategy that leverages the atomic-level dual hydrogen-spillover effect
to optimize ECSH performance.

Methods

Materials and chemicals

2-methyl-3-butyn-2-ol (CsHgO, MBY, 98%), 2-methyl-3-buten-2-ol
(CsH;00, MBE, 98%), 2-methyl-2-butanol (CsH;,0, MBA, 98%) and die-
thylenetriamine (DETA, AR, 99%) were purchased by Shanghai Macklin
Biochemical Co., Ltd. (China). Palladium(ll) acetylacetonate (Pd(acac),,
99%), neodymium(lll) acetate hydrate (Nd(CsH;0,)3-xH,0, >99.9%),
gadolinium(lll) acetylacetonate hydrate (Gd(CsH;0,);-xH,0, 99.9%),
neodymium oxide (Nd,0s, 299.9%), gadolinium oxide (Gd,O3), N,N-
dimethylformamide (DMF, AR, 99.5%), ethylene glycol (EG, AR, 98%),
potassium hydroxide (KOH, AR, 85%), sodium hydroxide (NaOH, AR,
>96%), sodium chloride (NaCl, AR, >99.5%), dichloromethane (DCM,
>99.9%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO, >97%), Nafion (5 wt
%), and Nafion-N117 membrane were ordered from Aladdin Industrial
Corporation (China). Acetone, sulfuric acid (H,SO,, ACS, 95.0-98.0%),
hydrogen peroxide (H,0,, 35%) and ethanol (C;HsOH, AR, >95%) were
provided from Shanghai Lingfeng Chemical Reagent Co., Ltd. (China).
High-purity Ar gas (99.99%) was acquired from Hangzhou Special
Gases Co., Ltd. (China). The seawater utilized in this work was acquired
from the Yellow Sea (Qingdao, China). Ni foam (NF, 1.6 mm thick,
>99.9%) and commercial IrOy/Ti (20% IrO,) were provided from
Changsha Lyrun Material Co., Ltd.

Synthesis of Nd;Gd,Pdene

In a typical synthesis of Nd;Gd;Pdene, 1g of KOH was completely dis-
solved in a 30 mL centrifuge tube with 6 mL of DMF and 4 mL of EG.
Subsequently, 15 mg of Pd(acac),, 5mg of Nd(acac);-xH,0, 5 mg of
Gd(acac)s'xH,0, and 10 mL of DETA were added into the above solu-
tion to form a homogeneous solution through sonication. The
obtained solution was placed into a 50 mL Teflon-lined autoclave and
maintained at 200 °C for 12 h. After the completed reaction was cooled
down to room temperature (25°C), the sample was collected by
washing alternately with ethanol/water using centrifugation. Finally,
the sample was dried in a vacuum oven (50 °C) for further character-
ization and testing.

Synthesis of Ln;Pdene (M=Nd, Gd) and Pdene

Referring to the typical synthesis method of Nd;Gd;Pdene for pre-
paring Ln;Pdene, only Nd(acac);-xH,0 or Gd(acac)z'xH,0 served as the
rare-earth metal precursor. Moreover, only Pd(acac), served as the
metal precursor for synthesizing Pdene under typical conditions.

Material characterizations

SEM characterization equipped with an energy dispersive X-ray spec-
troscopy (EDS) system was collected from a Zeiss Gemini 500, and an
AFM image was collected from a Bruker Dimension ICON. TEM,
HAADF-STEM, EDS mapping data, and SAED were characterized
through an FEI Tecnai G2 F30 with an accelerating voltage of 300 kV.
Spherical aberration-corrected HADDF-STEM (AC-HAADF-STEM)
characterization and electron energy loss spectroscopy (EELS) mea-
surements were performed utilizing a FEI Titan Cubed Themis G2 300.
XPS data were acquired through a PHI-5000versaprobelll and XRD
data were acquired from a PANalytical Empyrean powder dif-
fractometer using Cu Ka radiation (A=0.1541nm). ICP-OES (Perki-
nElmer 8300) data were employed to investigate the elemental

Nature Communications | (2026)17:5224

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-71588-5

content of the sample. lon chromatography (IC) was performed on the
ICS-1100 to analyse electrolyte composition. X-ray absorption near-
edge structure (XANES) and X-ray absorption fine structure (EXAFS)
data were investigated utilizing the BL14W1 beamlines at the Shanghai
Synchrotron Radiation Facility (Shanghai, China). The electrochemical
in situ FTIR measurements were carried out on a Nicolet
iS50 spectrometer equipped with MCT detector cooled by liquid
nitrogen. Gas chromatography (GC) data were acquired from an Agi-
lent 8890/7000D. NMR spectra tests were recorded through a Bruker
Avance NEO 600, and EPR measurements were carried out utilizing a
Bruker EMXmicro.

Electrochemical experiments

All electrochemical measurements were recorded on a CHI760E elec-
trochemical workstation (Shanghai Chenhua Instrument Corporation,
China) employing a three-electrode flow cell system, in which a com-
mercial IrO,/Ti electrode and Hg/HgO electrode served as counter
electrode and the reference electrode, respectively. The catalyst-
covered carbon paper (CP, 1x1cm?) served as the working electrode.
For a typical working electrode, 10 mg of ground catalyst was dis-
persed in a mixed solution comprising 1.2 mL of water, 0.6 mL of
ethanol, and 0.2 mL of Nafion (5wt%) by sonication to configure a
SmgmL™ of homogeneous catalyst ink. Subsequently, the resulting
ink was coated on carbon paper (CP) and dried in a vacuum oven
(60 °C) for preparing a working electrode, in which the catalyst was
loaded with 0.5 mg cm™. In a typical direct seawater alkynol electro-
catalytic semi-hydrogenation (ECSH) to alkenol and electrochemical
extraction of Mg(OH),, electrochemical performance tests were
investigated by employing a flow cell equipped with MEA separated by
a cation exchange membrane (Nafion-N117, =183 pm), where the
cathodic and anodic solutions were seawater or NaCl+1M MBY
(50mL) and 1M NaOH (50 mL) electrolytes, respectively. The com-
mercial Nafion-N117 membrane was pre-treated using a standard acti-
vation procedure. The membrane was sequentially heated at 80 °C for
1hin each of the following solutions: 3 wt% H,0,, deionized (DI) water,
and 0.5M H,SO,. After each step, the membrane was thoroughly
washed with DI water to remove residual reagents. Finally, the treated
membrane was stored in DI water at room temperature (25 °C) until
use. All electrolytes were freshly prepared prior to each electro-
chemical experiment and stored at room temperature (25 °C) before
use. When the catholyte was seawater + 1M MBY (pH =7.85 + 0.02) and
the anolyte was 1M NaOH (pH =13.87 + 0.02), the resistance of the
electrochemical cell was determined to be 3.25+0.5Q. When the
catholyte was 0.5M NaCl (pH=7.11+0.02), and the anolyte was 1M
NaOH (pH=13.87 £ 0.02), the resistance of the electrochemical cell
was determined to be 3.05+ 0.5 Q. The flow rates of the cathode and
anode through the peristaltic pump were 50 mL min™ and 50 mL min,
respectively. Before the direct seawater alkynol electrocatalytic semi-
hydrogenation test, the electrolytes were purified with Ar (99.99%)
for 30 min in the cathode and anode chambers, respectively. The
chronopotentiometry (v-t) tests were conducted at —20 mAcm™
(=-1.45+0.03V vs. Hg/Hg0), -50mAcm (=-1.68+0.03V vs.
Hg/HgO0), -100 mA cm™ (=-1.95+0.05V vs. Hg/Hg0), -150 mA cm™
(=—2.45+0.08 V vs. Hg/Hg0), and —200 mA cm (=—2.95+0.08 V vs.
Hg/HgO). All polarization curves were collected at a scan rate of
5mVs™, and the current densities were normalized to the geometric
area of CP. CV tests were recorded in Ar-saturated 1 M NaOH +1 M MBY
and 1M NaOH electrolytes. The resistance of the electrochemical cell
was determined by electrochemical impedance spectroscopy (EIS)
measurements. EIS tests were performed over the measurement range
from 0.1Hz to 100 kHz. The Hg/HgO reference electrode was cali-
brated in H,-saturated electrolyte (1M NaOH or seawater) using a Pt
foil as the working electrode and a graphite rod as the counter elec-
trode. CV was performed at a scan rate of 5mV s™, and the potential at
which the current crossed zero was taken as OV versus the reversible

hydrogen electrode (RHE). All potentials were reported versus the
Hg/HgO reference electrode without RHE conversion unless
otherwise stated. Due to the dynamic fluctuations in local pH near the
electrode surface during the seawater alkynol electrocatalytic semi-
hydrogenation process, the potentials were not directly converted to
the RHE scale. For comparison, the potentials can be converted to the
RHE scale based on the initial bulk electrolyte pH using the following
equation (1):

E(vs.RHE)=E(vs.Hg/HgO0) + 0.098 + 0.059 x pH(25°C) 1)

The electrochemically active surface area (ECSA) of the catalysts
was qualitatively evaluated through testing the electrochemical
double-layer capacitance (Cq). CV tests were conducted in a non-
faradaic potential region at scan rates ranging from 20 to 120 mVs™.
The capacitive current density difference (Aj=j,—j.) at a selected
potential was plotted as a function of the scan rate, where j, and j.
represent the anodic and cathodic current densities, respectively. The
Cq value was obtained from the slope of the linear fitting according to
the equation (2):

Aj=2C4xv 2

where v is the scan rate. The obtained Cy, values were used to quali-
tatively compare the relative ECSAs of the catalysts.

For the constructed MEA electrolyzer (1x1cm? or 2x2cm?) in a
two-electrode configuration, catalyst-coated CP (1 x1cm? or 2 x 2 cm?)
with a catalyst loading of 0.5 mg cm™ was used as the cathode, while
NF or commercial IrO,/Ti served as the anode. When the catholyte was
seawater + 1M MBY, and the anolyte was seawater (pH=7.80+0.3),
the resistance of the electrochemical cell was determined to be
8.01+0.3Q. When the catholyte was seawater+1M MBY, and the
anolyte was 1M NaOH, the resistance of the electrochemical cell was
determined to be 3.9 + 0.2 Q. When the catholyte was seawater +1M
MBY, and the anolyte was 1 M Na,SO, (pH = 7.02 + 0.03), the resistance
of the electrochemical cell was determined to be 4.50 + 0.2 Q.

EPR experiments

Firstly, the electrocatalytic tests on Nd;Gd;Pdene were recorded in
0.5 M NaCl electrolytes with or without 1 M MBY at a current density of
-50mAcm? for 5min. Thereafter, 0.8 mL of electrolytes were
promptly extracted from two cathode chambers, and 25 mg of DMPO
was added to the above electrolytes. Finally, the obtained solutions
were subjected to EPR tests.

In situ FTIR experiments

In situ FTIR measurements were conducted using a Nicolet
iS50 spectrometer, which was configured with a liquid nitrogen-cooled
MCT detector. To prepare the reflective working electrode, a gold (Au)
thin film (-60 nm) was chemically deposited onto a Si prism via a two-
step wet process**. Prior to Au deposition, the Si prism underwent a
rigorous cleaning protocol: the IR reflection surface was first polished
using a diamond suspension, followed by ultrasonic cleaning in deio-
nized water. The prism was then treated in a piranha solution (H,SO4:
H,0, =7:3 by volume) for 2 h to ensure surface purity. For the working
electrode, 30 pL of the prepared electrocatalyst ink was cast onto the
Au-modified Si prism and dried. This assembly was integrated into a
H-type electrolytic cell, where a Pt mesh (1cm x 1cm) and an Hg/HgO
electrode served as the counter and reference electrodes, respectively.
The electrolyte used was a 0.5M NaCl solution containing 1M MBY.
Spectral acquisition and electrochemical experiments were conducted
simultaneously. Firstly, the i-t method was conducted at a current
density of -50 mA cm™ in this experiment, with FTIR spectra recorded
at specific intervals ranging from 200 to 1200s. Secondly, the i-t
method was conducted at a current density from —15 to —150 mA cm™
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in this experiment, capturing spectra corresponding to each current
density. All FTIR data are presented as relative reflectance changes,
defined by the following equation (3):

AR/R=(Es — Eg)/Eyg 3)

where Es and Eg represent the sample and reference spectra, respec-
tively. Unless otherwise noted, the spectral resolution for all mea-
surements was set to 4 cm™.

Product analysis

The collected cathode electrolyte after the v-t tests was directly
analyzed by NMR spectroscopy, and the formed Mg(OH), was
acquired from the cathodic electrolyte via centrifugation. Also, for
further investigating MBY conversion, MBE selectivity/FE, MBE
production rate and by-product MBA selectivity/FE, the cathodic
electrolyte was collected and extracted by using DCM. The extracted
products were investigated by comparing the GC retention times
and mass spectra. The MBY conversion, MBE selectivity/FE, MBE
production rate and by-product MBA selectivity/FE were calculated
by analyzing the GC results and according to the following equations
(4), (5), (6), and (7)*:

MBY conversion = M x100% “)
MBY1
MBE selectivity = Cuee 100% 5)
Cwige + Cyviga
MBA selectivity = Cur x100% (6)
mee T Cvsa
FE= N(Productéon)XZXF x100% )

Where Cygy; is the initial MBY concentration, Cygy, Cmge, and
Cumpa are the concentrations of MBY, MBE, MBA in the electrolyzed
product, N is the molar amount for the formed MBE/MBA, Z is the
number of electrons transferred for the formed MBE (Z=2), MBA
(Z=4) and H, (Z=2), Fis the Faraday constant (96,485 C mol™), Qis the
total amount of charge consumed.

Computational methods

According to the experiments and characterization results,
Nd;Gd;Pdene possesses a typical single-phase fcc structure and single-
atom alloy structure, and the atomic ratio for Pd/Nd/Gd on
Nd;Gd;Pdene is approximately 8:1:1 according to ICP and SEM-EDS
results. Thus, in the DFT simulation process, we constructed a
2 x2x1 supercell containing 48 atoms (Pd:38/Nd:5/Gd:5 = Pd:8/Nd:1/
Gd:1) using the fcc cubic phase of Pd as a template. All the DFT cal-
culations were performed by using the VASP package®. The effect of
water solvent was taken into account via the implicit solvation model
implemented in the VASPsol package'®*’. The RPBE functional with
Becke-Johnson damping D3 dispersion correction was utilized***°. The
PAW method was employed to describe the core treatments of the
atoms®. The kinetic energy of the wavefunctions were set as 500 eV.
Periodic slabs with 4 x 2+/3 supercell were applied to model the (111)
surfaces. 2x2x1 Monkhorst-Pack grids were implemented with
o=0.1eV of Gaussian smearing’**. The distance between the top and
the bottom of the adjacent slab was set to about 15 A. The wavefunc-
tions were fully relaxed until the electronic energy change and the
change of eigenvalues were smaller than 107 eV. The structures were
fully relaxed until the maximal force on each atom was less than
0.05eV/A. The CI-NEB method was used to determine the reaction

pathway and energy barrier®. The adsorption energy (Eads) of adsor-
bate (MBY*, MBE*) was defined as (7):

Eags = Etotal — Esurt — Eadsorbate(8) (7)

where Eqoral, Esurf, and Eadsorbate (8) are the energy of adsorbate adsor-
bed on the surface, the energy of clean surface, and the energy of an
isolated molecule in a cubic periodic box, respectively.

The crystal structures were visualized using the VESTA software**.
The atomic coordinates and optimized structures of calculation
models are provided in Supplementary Data 1.

COMSOL Multiphysics simulation

The pH values for the electrolyte surrounding the electrode were
simulated and calculated on COMSOL Multiphysics version
6.0 software’®.

Data availability

All data supporting the findings of this study are available within the
article and its Supplementary Information. Source data are provided as
a Source data file in the Supplementary Information. Source data are
provided with this paper.
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