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ewis acidity of Pt–O–Co bridges
via vacancy engineering for efficient hydrogen
evolution in seawater

Mengyue Gao,a Junfeng Qin,*b Rui Zhang,ac Xu Liu,ac Yuxin Liu,ac Yuxin Zhang,ac

Long Song,a Jingyi Xie,d Jingqi Chi, *a Xiaobin Liu*ac and Lei Wang *a

Seawater electrolysis is considered a promising approach for large scale sustainable hydrogen production.

However, its complex ionic environment often causes precipitation formation and Cl− poisoning of active

sites, severely hindering the hydrogen evolution reaction (HER) kinetics. Here, we construct a low-Pt-doped

and vacancy-rich cobalt oxide catalyst (Pt–CoOx), in which vacancy rich asymmetric Pt–O–Co bridge

structure induces charge polarization and strengthens the Lewis acidity of Co sites, thereby enabling

selective OH− adsorption while suppressing chloride ion (Cl−) adsorption and effectively preventing

poisoning of the Pt active centers. In situ characterization and theoretical calculations reveal that the

asymmetric Pt–O–Co bridge with rich O vacancies achieves ideal hydrogen adsorption energetics and

disrupts the hydrogen bond network of interfacial water molecules, thereby lowering the energy barrier

for water dissociation and preventing the formation of precipitates. Benefiting from above, Pt–CoOx

requires only 160.22 mV to deliver 500 mA cm−2 in alkaline seawater and maintains excellent durability

in natural seawater. When integrated into an anion exchange membrane water electrolyzer (AEMWE), the

catalyst achieves an industrial level current density of 1 A cm−2 at 1.97 V and operates stably for more

than 100 hours at 500 mA cm−2.
Introduction

With the growing global energy crisis and environmental
concerns, water electrolysis driven by renewable energy has
been recognized as one of the most promising strategies for
achieving a zero carbon energy economy.1,2 However, the scar-
city of freshwater resources limits the large scale deployment of
traditional alkaline electrolysis.3,4 In this context, seawater, due
to its abundance and low cost, has emerged as an attractive
alternative electrolyte. Nevertheless, the complex ionic compo-
sition of seawater introduces new challenges. During the
cathodic process, hydroxide ions (OH−) generated and accu-
mulated on the catalyst surface occupy active sites and hinder
the adsorption of reactant species. In addition, excessive local
OH− concentration promotes the precipitation of Ca2+ andMg2+
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species, while chloride ions (Cl−) can cause surface poisoning
and structural corrosion.5,6 These processes block active sites,
hinder charge transfer, and lead to catalyst deactivation,
resulting in much slower HER kinetics than in pure alkaline
electrolytes.7,8

Platinum based catalysts possess nearly ideal hydrogen
adsorption free energy and thus exhibit outstanding intrinsic
HER activity.9,10 However, their superior performance generally
requires a high noble metal loading, which signicantly
increases cost and limits large scale application.11,12 In addition,
conventional Pt catalysts suffer from three intrinsic problems:
sluggish water dissociation, susceptibility to OH− and Cl−

poisoning, and surface blockage by Ca2+ or Mg2+ deposits in
seawater.13 These issues severely restrict their practical use.
Therefore, developing low Pt catalysts with high activity and
durability that can promote water dissociation and resist
hydroxide adsorption and salt deposition remains a key scien-
tic challenge. Recent studies have demonstrated that con-
structing asymmetric metal oxygen bridges (M1–O–M2) can
effectively modulate interfacial charge transfer and accelerate
key steps in the HER, thereby improving catalytic performance.
For example, Yang et al. introduced Mn atoms into RuO2 to
form locally asymmetric Mn–O–Ru bridges, where the syner-
gistic effect between Mn and Ru sites enhanced both water
dissociation and hydrogen adsorption.14 Such asymmetric
bridge structures can tune electronic coupling between metal
Chem. Sci.
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centers and optimize the binding of reaction intermediates.
Furthermore, during the HER process, excessive OH− adsorp-
tion on active sites oen leads to catalyst poisoning, which
suppresses the adsorption of reactant species and, in seawater
electrolytes, further accelerates the formation of insoluble
precipitates. Introducing Lewis acidic sites within asymmetric
bridges can preferentially bind OH− and prevent its accumu-
lation on active centers. According to the hard so acid base
(HSAB) theory, Lewis acid sites strongly interact with basic OH−

species, thereby mitigating active site poisoning.15,16 Therefore,
regulating the Lewis acidity of these bridge sites to enhance the
Fig. 1 (a) Mechanistic illustration of Pt–CoOx and Pt–CoO catalysts. (b) H
edge XANES spectra. (f) Fourier transformed EXAFS spectra, and (g) WT co
samples.

Chem. Sci.
adsorption of OH− is crucial for preventing deactivation of
active sites and improving HER kinetics but has been barely
reported and remains challenging.

To address these challenges, we developed a low-Pt-doped,
vacancy-rich cobalt oxide catalyst (Pt–CoOx) featuring an
asymmetric Pt–O–Co bridge structure. The introduction of
vacancies alters the electronic conguration of the metal
centers, promotes electron transfer of Pt–O–Co bridges,
enriches Pt with electrons, and enhances the Lewis acidity of Co
sites. The strengthened Lewis acid centers preferentially adsorb
OH−, thus preventing its accumulation on Pt and avoiding
RTEM of Pt–CoOx. (c) EDX elemental maps. (d) EPR spectra. (e) Co K-
ntour plots of Co K-edge EXAFS for Pt–CoOx, Pt–CoO, and reference

© 2026 The Author(s). Published by the Royal Society of Chemistry
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poisoning of active sites. Importantly, the formation of vacan-
cies disrupts the hydrogen bond network of interfacial water,
increases the proportion of free water, and facilitates rapid
bubble detachment. This dynamic surface environment effec-
tively suppresses Ca/Mg2+ precipitation and prevents site
blockage (Fig. 1a). Beneting from these synergistic effects, Pt–
CoOx exhibits excellent resistance to poisoning, deposition, and
corrosion in alkaline seawater, achieving a high current density
of 500 mA cm−2 at an overpotential of only 160.22 mV and
maintaining structural and electrochemical stability during
long term operation. When employed as the cathode in an
anion exchange membrane seawater electrolyzer, Pt–CoOx

operates stably for over 100 hours at 0.5 A cm−2 with negligible
degradation, demonstrating superior catalytic activity and
durability.
Catalyst synthesis and characterization

The oxygen vacancy rich platinum doped cobalt oxide catalyst
(Pt–CoOx) was synthesized on nickel foam using a two-step
method. First, a CoO precursor was obtained through a hydro-
thermal reaction, followed by NaBH4 reduction and H2PtCl6
impregnation to introduce Pt species and generate oxygen
vacancies (Fig. S1). Scanning electron microscopy (SEM) images
reveal that the CoO precursor is uniformly grown on the
substrate, forming dense short needle like structures (Fig. S2).
Aer subsequent treatment, Pt–CoOx and Pt–CoO maintain
similar morphologies to that of pristine CoO (Fig. S3 and S4),
indicating that Pt doping and vacancy formation do not alter
the overall structure. This short needle like morphology favors
a larger specic surface area and exposes more active sites. High
resolution transmission electron microscopy (HRTEM) further
conrms a lattice spacing of 2.62 Å, corresponding to the (111)
plane of CoO, verifying the successful formation of the CoO
structure (Fig. 1b).17 Typical TEM and elemental mapping
images show uniform distributions of Co, O, and Pt elements in
Pt–CoOx (Fig. 1c), consistent with the corresponding energy
dispersive X-ray spectroscopy (EDX) results (Fig. S5). X-ray
diffraction (XRD) patterns (Fig. S6) display characteristic
diffraction peaks indexed to CoO (PDF#42-1300) and the Ni
substrate (PDF#04-0950), while no distinct Pt related peaks are
observed, suggesting that Pt exists in a highly dispersed or low
content state rather than forming a separate metallic phase,
consistent with the TEM observations. Inductively coupled
plasma optical emission spectrometry (ICP-OES) analysis
determines a Pt content of only 3.44 wt% (Table S1), which is
signicantly lower than that of commercial Pt/C catalysts.
Raman spectra (Fig. S7) show the characteristic Co–O vibration
modes at approximately 190, 473, 515, 602, and 657 cm−1, in
line with typical cobalt oxides.18 Electron paramagnetic reso-
nance (EPR) spectra (Fig. 1d) further conrm the presence of
oxygen vacancies. Pt–CoOx exhibits a strong signal at g = 2.003,
suggesting an increased concentration of unpaired electrons
induced by vacancy formation.19 X-ray photoelectron spectros-
copy (XPS) survey spectra (Fig. S8) conrm the presence of Co,
Pt, and O elements in the samples. The high resolution O 1s
spectrum (Fig. S9) can be deconvoluted into three peaks located
© 2026 The Author(s). Published by the Royal Society of Chemistry
at 532.8, 531.7, and 530.7 eV, corresponding to adsorbed water,
oxygen vacancies, and lattice oxygen, respectively.20 Notably, Pt–
CoOx exhibits a signicantly larger peak area associated with
oxygen vacancies compared with Pt–CoO, which is consistent
with the EPR results. The introduction of oxygen vacancies not
only creates more coordinatively unsaturated reactive sites but
also enhances the charge transport capability of the material,
synergistically facilitating the electrocatalytic process. The Pt 4f
spectrum (Fig. S10) conrms the successful incorporation of Pt,
displaying Pt0 and Pt2+ signals at approximately 70.3 and
71.0 eV, respectively.21 Quantitative analysis shows that the Pt0/
Pt2+ ratio in Pt–CoOx is higher than that in Pt–CoO, indicating
that the presence of oxygen vacancies promotes the reduction of
Pt species. The high resolution Co 2p spectra (Fig. S11) of both
samples display characteristic Co 2p3/2 and Co 2p1/2 doublets
along with satellite peaks. Compared with Pt–CoO, the Co 2p
binding energies of Pt–CoOx shi positively, accompanied by an
increase in Co3+ signals and a decrease in Co2+ signals. This
suggests that Pt doping and oxygen vacancy formation decrease
the electron density of Co, leading to a higher oxidation state.
Such behavior can be attributed to strong electronic coupling
interactions along the Pt–O–Co bridge bonds. To further
investigate the local chemical environment and electronic
structure, the Co K-edge X-ray absorption near-edge structure
(XANES) spectrum (Fig. 1e) shows a pronounced positive shi
for Pt–CoOx compared with Pt–CoO, indicating an elevated
average Co oxidation state. Quantitative analysis of the
absorption edge energy reveals (Fig. S12) that the average Co
valence in Pt–CoOx is approximately +3.27, signicantly higher
than that in Pt–CoO (+2.18), in good agreement with the XPS
results and further conrming the oxygen-vacancy-induced
oxidation of Co sites. The Fourier transformed EXAFS spectra
(Fig. 1f) reveal that introducing oxygen vacancies disrupts the
local Co–O coordination environment, indicating an increase in
coordination incompleteness around cobalt sites. A noticeable
shi of the Co–O peak toward higher R values further suggests
an elongation of the Co–O bond distance. Such a change in
bond length also drives a rearrangement of the original Co–O–
Co bridging framework.22 Once part of the bridging oxygen is
removed, the nearby Co centers undergo redistribution of their
coordination electrons, reecting vacancy induced electronic
reorganization that strengthens the Co–O interaction. This
reconstruction of the bridging network facilitates the emer-
gence of a new Pt–O–Co linkage at the metal oxide interface,
thereby establishing an efficient pathway for interfacial elec-
tronic coupling. Moreover, the wavelet transform (WT) analysis
(Fig. 1g) demonstrates that Pt–CoOx and Pt–CoO exhibit similar
coordination features, however, the signal of Pt–CoOx is more
dispersed, suggesting that the generation of oxygen vacancies
disrupts the local symmetry and signicantly modulates the
electronic structure.23 Among them, Co foil and Co2O3 serve as
standard reference materials. Overall, the synergistic introduc-
tion of Pt and oxygen vacancies preserves the morphological
and structural integrity of the material while reconstructing the
Pt–O–Co bridge bonds. This structural rearrangement reshapes
the Co valence distribution, enhances the Lewis acidity of Co
Chem. Sci.
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sites, and establishes an optimized electronic structure favor-
able for accelerating the HER kinetics.24,25
Electrocatalytic performance evaluation

The electrocatalytic performance of Pt–CoOx was systematically
evaluated in both 1.0 M KOH and alkaline seawater electrolytes.
As shown in Fig. S13, Pt–CoOx exhibits signicantly enhanced
HER activity compared with the reference samples. In 1.0 M
KOH, Pt–CoOx requires overpotentials of only 133 and 177 mV
to reach current densities of 500 and 1000 mA cm−2, respec-
tively, which are markedly lower than those of Pt–CoO (164 and
217 mV) and CoO (410.02 and 452.52 mV). In addition, Pt–CoOx

shows amuch smaller Tafel slope of 39.67mV dec−1 and a lower
charge transfer resistance of 1.285 U compared with Pt–CoO,
indicating faster reaction kinetics. These results conrm that
the introduction of oxygen vacancies signicantly enhances the
intrinsic catalytic activity of the catalyst. Given the outstanding
performance of Pt–CoOx in alkaline medium, its electrocatalytic
behavior was further examined in alkaline seawater to evaluate
its feasibility for large scale hydrogen production. As shown in
the linear sweep voltammetry (LSV) curves (Fig. 2a), Pt–CoOx

maintains excellent HER activity in alkaline seawater, requiring
overpotentials of only 160.22 and 207.22 mV to achieve 500 and
1000 mA cm−2, respectively, which are notably lower than those
of the control samples (Fig. S14). Kinetic analyses (Fig. 2b)
further demonstrate that Pt–CoOx exhibits the lowest Tafel
Fig. 2 (a) LSV curves in 1.0M KOH+ seawater electrolyte. (b) Radar chart
with reported HER catalysts. (d) Schematic diagram of the AEMWE config
Cost analysis of hydrogen production as a function of electrolyzer cell vo
catalysts.

Chem. Sci.
slope and the smallest interfacial charge transfer resistance,
along with a larger electrochemical double layer capacitance
and a higher turnover frequency (Fig. S15–S17). These results
suggest that Pt–CoOx possesses highly efficient charge and
proton transfer capabilities and fully utilizes its active sites,
leading to superior HER kinetics. Its overall performance also
surpasses that of most recently reported cobalt based HER
catalysts (Fig. 2c). Stability is another crucial factor for evalu-
ating seawater electrolysis catalysts. As shown in Fig. S18, Pt–
CoOx maintains nearly constant potential during continuous
operation at a current density of 100 mA cm−2 for 20 hours in
alkaline seawater, exhibiting remarkable durability. Further-
more, the SEM images (Fig. S19) and XPS analyses (Fig. S20)
obtained aer the stability test show no obvious changes,
indicating that no signicant surface reconstruction or
compositional evolution of the catalyst occurs during long term
operation. To further verify its practical potential, an anion
exchange membrane water electrolyzer (AEMWE) was assem-
bled using Pt–CoOx as the cathode and S-(Ni,Fe)OOH as the
anode, and operated in alkaline seawater at 75 °C. As shown in
Fig. 2d, the S-(Ni,Fe)OOH‖Pt–CoOx electrolyzer demonstrates
excellent overall water electrolysis performance, requiring only
1.97 V to deliver an industrially relevant current density of 1.0 A
cm−2 (Fig. 2e), which is substantially lower than that of the S-
(Ni,Fe)OOH‖Pt/C system. At a current density of 400 mA cm−2,
the operating voltage of the S-(Ni,Fe)OOH‖Pt–CoOx system is
of kinetic parameters. (c) Comparison of overpotentials and Tafel slopes
uration. (e) Polarization curves of AEMWE with different electrodes. (f)
ltage and operating current density. (g) Stability test and mass activity of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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322.17 mV lower than that of the S-(Ni,Fe)OOH‖Pt/C congu-
ration, demonstrating its clear superiority and strong potential
for large scale applications. Based on the current density range
of 0–1.0 A cm−2 (Fig. S21), the hydrogen production efficiency of
the system is maintained between 60% and 85%, with low
energy consumption. Based on the experimental results,
a detailed techno economic analysis (TEA) was performed to
evaluate the overall cost of hydrogen production. The total cost
mainly consists of electricity, electrolyzer units, catalysts,
membrane materials, installation and balance of plant (BOP)
systems, chemical reagents, and operating expenses.26 The
analysis indicates that electricity represents the major cost
contributor. Under the condition of a 1 mol KOH plus seawater
electrolyte, the system operates steadily at 500 mA cm−2 and
1.8 V (Fig. 2f and S22), corresponding to a hydrogen production
cost of 1817.42 USD per ton, which is already below the 2000
USD per ton target set by the U.S. Department of Energy for
Fig. 3 (a) In situ Raman spectra of interfacial water at the Pt–CoOx interf
potentials. (c) In situ Raman spectra of Pt–CoOx in 1.0 M KOH + seaw
dependence for Pt–CoOx and Pt–CoO. (e) KIE values at corresponding po
of TBA. (g) Pt–CoOx contribution rate of pseudocapacitance derived fro

© 2026 The Author(s). Published by the Royal Society of Chemistry
2026. Further cost reductions can be achieved by lowering the
catalytic voltage and adopting low cost electricity sources. The S-
(Ni,Fe)OOH‖Pt–CoOx electrolyzer also exhibits outstanding
long term operational stability, continuously running for more
than 100 hours at 500 mA cm−2 without any noticeable voltage
decay (Fig. 2g). At the same time, its stability performance is
superior compared with the data reported in the literature as
summarized in Table S3. Impressively, the inset shows that Pt–
CoOx (1.0 mg cm−2) delivers a higher mass activity than
commercial Pt/C (0.5 mg cm−2), indicating a signicantly
improved noble metal utilization efficiency.27 Furthermore, to
evaluate the faradaic efficiency of seawater electrolysis, the
amount of hydrogen evolved was quantitatively measured using
the setup illustrated in Fig. S23. The results reveal that at
a current density of 100 mA cm−2, the measured faradaic effi-
ciency approaches 100%, and the experimentally determined
hydrogen production rate is nearly identical to the theoretical
ace. (b) The proportion of free water on the catalyst surface at different
ater at different potentials. (d) Comparison of the C4-overpotential
tentials. (f) Comparison of overpotentials with different concentrations
m the CV curve calculation.

Chem. Sci.
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value. This nding conrms that almost all electrons are effi-
ciently converted into hydrogen without noticeable side
reactions.28
Mechanistic insights into the enhanced HER activity

To unravel the intrinsic origin of the enhanced hydrogen
evolution performance of Pt–CoOx, in situ Raman spectroscopy
was employed to monitor the adsorption and dissociation of
H2O during electrolysis. Spectra of Pt–CoOx and Pt–CoO were
recorded at various potentials in alkaline seawater (Fig. 3a and
S24). The broad band observed between 3000 and 3800 cm−1

corresponds to the O–H stretching vibrations of interfacial
water and can be deconvoluted into three Gaussian compo-
nents: the peaks at 3200, 3400, and 3600 cm−1 arise from tetra
hydrogen bonded water (4HB), double hydrogen bonded water
(2HB), and non-hydrogen bonded or free water molecules (free
H2O).29,30 As shown in Fig. 3b, the fraction of free water on Pt–
CoOx increases from 10.79% to about 12.61% with increasing
potential, suggesting a gradual disruption of the hydrogen bond
network. In contrast, Pt–CoO exhibits a lower proportion of free
water, implying that the Pt–O–Co bridge with rich O vacancies
enhances interfacial water polarization and thus facilitates
water activation and dissociation. These results further verify
that oxygen vacancy induced charge redistribution increases the
Lewis acidity of Co sites, which in turn attracts the lone pair
electrons of nearby water molecules and promotes their disso-
ciation on the Pt–CoOx surface. As shown in Fig. 3c and S24, the
Pt–H vibration intensity of Pt–CoOx rst increases and then
declines with rising potential, remaining consistently weaker
than that of Pt–CoO. This behavior indicates that the electronic
reconstruction induced by oxygen vacancies weakens the Pt–H
bond, leading to a more balanced hydrogen adsorption
desorption process and improved HER kinetics.31,32 In situ
electrochemical impedance spectroscopy (EIS) measurements
were further performed (Fig. S25). By tting the charge transfer
resistance (Rct) and the pseudocapacitance associated with
hydrogen adsorption (C4), the adsorption behavior of H*

intermediates was evaluated. Integration of C4 yields the cor-
responding hydrogen adsorption charge (QH*) (Fig. 3d). Pt–
CoOx shows a markedly higher QH* than Pt–CoO, indicating
a higher surface hydrogen coverage (qH). In the log(Rct) over-
potential plots (Fig. S26), the smaller slope of Pt–CoOx suggests
faster H* adsorption desorption dynamics.33–35 The Bode plots
(Fig. S27) reveal that low frequency regionsmainly reect charge
transfer at the electrolyte catalyst interface, whereas the high
frequency regions correspond to electron migration within the
catalyst. The minor phase angle variation at high frequencies
and the pronounced change at low frequencies indicate that
charge transfer resistance during the HER primarily originates
from the electrolyte catalyst interface. Compared with Pt–CoO,
Pt–CoOx exhibits a faster decay of low frequency peaks with
increasing overpotential, conrming that the Pt–O–Co bridge
substantially promotes interfacial charge transfer and acceler-
ates HER kinetics. To examine the rate determining step of the
HER, kinetic isotope effect (KIE) measurements were conducted
in 1.0 M KOD + D2O electrolyte. As shown in Fig. S28, both
Chem. Sci.
catalysts display reduced activity in D2O, but the relatively high
KIE values indicate that hydrogen transfer is the key rate
limiting process. Notably, Pt–CoOx exhibits a lower KIE value
than Pt–CoO (Fig. 3e), implying more favorable hydrogen
transfer kinetics.14 The stability of surface active H* species was
further examined using tert butanol (TBA) as a radical scavenger
(Fig. S29).36 In 1.0 M KOH containing TBA, the HER activity of
both catalysts slightly decreased. As shown in Fig. 3f, Pt–CoOx

exhibited the smallest attenuation at current densities of 300,
600, and 900 mA cm−2, with values of 1.01, 1.03, and 1.04,
respectively, indicating a high H* coverage on the surface.
These H* species are resistant to TBA removal, reecting its
accelerated water dissociation kinetics and the generation of
more adsorbed hydrogen. Finally, cyclic voltammetry in the
non-faradaic potential region was employed to assess the
pseudocapacitive characteristics of the catalysts. As shown in
Fig. 3g and S30–S32, Pt–CoOx exhibits a signicantly higher
pseudocapacitance, suggesting that the asymmetric Pt–O–Co
bridging structure with rich oxygen vacancies enhances elec-
tronic conductivity and charge storage capacity, thereby syner-
gistically contributing to its superior HER performance.
DFT calculation

To gain deeper insight into the origin of the enhanced HER
activity of Pt–CoOx, density functional theory (DFT) calculations
were carried out based on the experimentally derived structural
models of Pt–CoOx and Pt–CoO (Fig. S33). The differential
charge density maps reveal pronounced charge redistribution
among Pt, Co, and O atoms (Fig. 4a), with yellow and blue
regions representing charge accumulation and depletion,
respectively.37 Formation of oxygen vacancies generates local-
ized electron decient regions around the missing oxygen sites.
Simultaneously, adjacent Co atoms undergo partial electron
loss, which in turn increases the electron density on neigh-
boring Pt atoms, consistent with XPS and XANES observations.
The bridging oxygen atoms act as electronic mediators,
enabling partial charge transfer from Co to Pt and stabilizing
the local electronic environment. Local charge density maps
(Fig. 4b and S34) further corroborate the distinct redistribution
of surface electrons before and aer vacancy formation. Density
of states (DOS) analysis (Fig. 4c and d) reveals that the asym-
metric Pt–O–Co bridging unit with rich oxygen vacancies
signicantly tunes the electronic conguration of Pt–CoOx.
Compared with Pt–CoO, the total DOS of Pt–CoOx exhibits
a narrower distribution, suggesting a transition from delo-
calized to more localized electronic states due to lattice distor-
tion.38 Projected DOS (PDOS) results (Fig. S35) further show that
oxygen vacancy formation reduces the coordination number of
Pt, leading to a shi of Pt states toward the Fermi level.39 This
indicates increased surface electron density on Pt, which
modulates its interaction with hydrogen intermediates. To
further clarify the catalytic role of the Pt–O–Co bridge in the
HER process, the energy barrier for water dissociation was
calculated (Fig. 4e and S36). The barrier on Pt–CoOx is lower
than that on Pt–CoO, indicating more favorable H2O activation
and conrming that the Pt–O–Co bridge effectively facilitates
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Charge density difference of Pt–CoOx. (b) Electron locational function plot for Pt–CoOx. Density of states (DOS) of (c) Pt–CoOx and (d)
Pt–CoO. (e) Calculation results of hydrogen adsorption free energy at different sites. (f) Energy distribution of water molecule dissociation on Pt–
CoOx and Pt–CoO surfaces. (g) Work function of Pt–CoOx. (h) OH− adsorption energy at different sites in Pt–CoOx. (i) Schematic diagram of
possible HER reaction pathways on Pt–CoOx.
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water dissociation, thereby creating active sites for subsequent
hydrogen generation. The free energy of hydrogen adsorption
(DGH*) on the Pt–O–Co bridge (Fig. 4f and S37) shows that the Pt
sites in Pt–CoOx are close to thermoneutral, exhibiting more
balanced hydrogen adsorption desorption behavior than Co
sites.40 Work function analysis (Fig. 4g and S38) further reveals
a slight reduction for Pt–CoOx relative to Pt–CoO, implying
enhanced electronmigration from the bulk to the surface due to
under coordinated Pt/Co atoms. Under alkaline conditions,
strong OH− adsorption poisons Pt sites and hinders HER
kinetics. In Pt–CoOx, electron redistribution regulated by
oxygen vacancies aggravates the asymmetric evolution of Pt–O–
Co bridge oxygen structures, increasing the Lewis acidity of Co
centers. Co atoms act as Lewis acidic centers, preferentially
binding OH− and facilitating hydrogen exfoliation from Pt to Co
(Fig. 4h). This reduces OH− coverage on Pt, preventing site
deactivation. Overall, the introduction of oxygen vacancies
signicantly optimizes the hydrogen desorption free energy
(Fig. 4i). Based on the above analysis, we speculate the following
© 2026 The Author(s). Published by the Royal Society of Chemistry
reaction pathway. First, water molecules are adsorbed on Pt
sites near oxygen vacancies, facilitating initial hydrogen acti-
vation (Path 1). Next, hydrogen atoms desorb from the Pt sites to
form H2 (Path 2). Finally, the resulting hydroxyl (OH−) species
preferentially migrate to Lewis acidic Co centers, alleviating
surface poisoning of Pt (Path 3). These synergistic processes
collectively regulate interfacial reaction kinetics, enhance cata-
lyst stability, and ultimately enable the Pt–Co oxide system to
achieve superior hydrogen evolution activity and durability.
Electrochemical properties of natural seawater

Theoretical analysis reveals that oxygen vacancies markedly
enhance the Lewis acidity of Co sites. The presence of vacancies
strengthens the interaction between Pt and Co through bridged
oxygen atoms, subtly redistributing charge and increasing the
acidity of Co centers. These Lewis acidic Co sites preferentially
coordinate with OH− species, leading to preferential OH−

adsorption on Co rather than Pt. Once the surface is covered by
Chem. Sci.
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OH−, steric and electrostatic effects repel Cl− ions, thereby
lowering their surface affinity and mitigating chloride induced
poisoning under simulated seawater conditions. Guided by this
understanding, the electrochemical behavior of Pt–CoOx was
further investigated in alkaline electrolytes containing Cl−. As
shown in Fig. S39, corrosion polarization measurements
demonstrate that Pt–CoOx exhibits a much lower corrosion
current density (−4.058 mA cm−2) and a higher corrosion
potential (0.863 V) than Pt–CoO, indicating that oxygen vacan-
cies not only enhance catalytic activity but also improve
seawater electrolysis stability.41,42 Given that the chloride
concentration in seawater gradually increases during electrol-
ysis, the catalytic performance of Pt–CoOx and Pt–CoO was
further evaluated under electrolytes of varying salinity (Fig. 5a).
Pt–CoOx maintains excellent catalytic stability even in high salt
environments, whereas the chloride sensitive Pt–CoO suffers
from severe performance degradation due to Cl− poisoning.43,44

To further assess its practical potential, HER performance was
tested in natural seawater. As shown in Fig. 5b, Pt–CoOx exhibits
higher catalytic activity than Pt–CoO, requiring only 463 mV to
reach a current density of 150 mA cm−2, compared with 485 mV
for Pt–CoO. Multiple electrochemical parameters corroborate
this enhancement (Fig. 5c and S40). First, its smaller Tafel slope
Fig. 5 (a) Overpotentials of Pt–CoOx and Pt–CoO at different Cl− concen
the samples. (d) Corrosion polarization curves of the samples in natural s
different current densities (inset shows corresponding optical photograph
of anti-poisoning and anti-precipitation properties of the samples in nat

Chem. Sci.
of 69.89 mV dec−1 indicates that oxygen vacancies expose more
active sites and accelerate HER kinetics. Moreover, Pt–CoOx

shows a double layer capacitance (Cdl) of 5.87 mF cm−2 nearly
three times that of Pt–CoO (2.09 mF cm−2) corresponding to an
electrochemically active surface area (ECSA) approximately 2.8
times larger. Subsequently, at 0.5 V, the TOF of Pt–CoOx reaches
1.35 s−1, which is signicantly higher than that of Pt–CoO of
0.78 s−1, indicating a higher reaction efficiency per active site.
Meanwhile electrochemical impedance spectroscopy analysis
shows that the charge transfer resistance of Pt–CoOx is only 1.48
U compared with 2.41 U for Pt–CoO (Fig. S41), demonstrating
that the introduction of oxygen vacancies effectively reduces
interfacial charge transfer resistance and further promotes the
reaction kinetics. Moreover, the corrosion resistance of both
catalysts was further evaluated in real seawater (Fig. 5d). Pt–
CoOx exhibits a higher corrosion potential and a lower corro-
sion current than Pt–CoO, conrming that oxygen vacancies
substantially strengthen its structural robustness. During
seawater electrolysis, local pH elevation near the cathode can
cause Ca2+ and Mg2+ to form hydroxide precipitates that block
active sites and hinder hydrogen evolution. Long term elec-
trolysis at 50 mA cm−2 (Fig. 5e) reveals that Pt–CoOx accumu-
lates far fewer white deposits than Pt–CoO or Ni foam (NF),
trations. (b) LSV curves in natural seawater. (c)Cdl, Tafel, TOF, and Rct of
eawater. (e) Chronopotentiometric curves of Pt–CoOx and Pt–CoO at
s). (f) Bubble dynamics experimental diagram. (g) Schematic illustration
ural seawater.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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demonstrating superior resistance to scaling. Notably, we also
performed XRD analysis (Fig. S42) on the precipitates collected
from the electrolyte and identied them as Mg(OH)2, which is
commonly regarded as a high value-added product, thereby to
some extent expanding the application prospects of this system
for the co-utilization of products during seawater electrolysis.
To elucidate this effect, gas bubble dynamics were visualized
(Fig. 5f).45 The Pt–CoOx electrode generates ne bubbles that
detach rapidly from the surface, while Pt–CoO produces larger
bubbles with slower release. The faster bubble detachment on
Pt–CoOx provides continuous micro agitation that prevents Ca/
Mg hydroxide deposition, whereas bubble retention on Pt–CoO
facilitates salt layer formation. Importantly, the stable Pt–O–Co
bridge oxygen bond formed in the presence of vacancies
modulates interfacial water orientation and polarization, opti-
mizing the local hydrogen bond network. Combined with in situ
Raman results, Pt–CoOx exhibits a higher fraction of free water
and a more relaxed hydrogen bond network, which lowers the
nucleation and detachment barriers of bubbles, leading to
smaller, more uniformly released bubbles and signicantly less
surface contamination. In summary, the synergistic regulation
of oxygen vacancies and Pt–O–Co bridging structures enhances
the Lewis acidity of Co sites and reconstructs the interfacial
water conguration. These effects enable Pt–CoOx to dynami-
cally repel Cl− adsorption and promote efficient bubble release,
thereby simultaneously suppressing chloride corrosion and salt
deposition induced deactivation, resulting in superior catalytic
stability and HER durability in seawater (Fig. 5g).

Conclusion

In summary, we have developed a Pt–CoOx catalyst featuring an
asymmetric Pt–O–Co bridging structure with rich oxygen
vacancies, where the introduction of oxygen vacancies enables
synergistic modulation of interfacial electronic states and the
reaction microenvironment. This structural conguration
optimizes the thermodynamics of hydrogen adsorption and
enhances the Lewis acidity of Co sites, promoting preferential
OH− adsorption while suppressing Cl− competition, thereby
preventing Pt site poisoning. Beneting from these electronic
and structural advantages, Pt–CoOx achieves overpotentials of
only 160.22 and 207.22 mV at 500 and 1000 mA cm−2, respec-
tively, and maintains stable operation for 100 hours at 500 mA
cm−2 in alkaline seawater. Moreover, oxygen vacancy induced
interfacial water reorganization reduces the bubble detachment
barrier, facilitating rapid bubble release and effectively miti-
gating Ca/Mg2+ precipitation. This work offers a new design
paradigm for constructing highly efficient and corrosion resis-
tant catalysts for seawater hydrogen evolution.
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