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Direct seawater electrolysis is a promising alternative for carbon-neutral energy systems since large-scale hydrogen pro-
duction is limited by the cost and scarcity of ultrapure water. Yet the high concentration of Cl− in seawater critically un-
dermines electrocatalyst  stability.  Herein,  we report  a  novel  vanadate-anchoring strategy that  simultaneously  boosts
the activity and durability of Ni(OH)2 anode for alkaline seawater oxidation. Electrochemical anchoring of vanadate onto
the Ni(OH)2 surface enables facile surface reconstruction, which significantly modulates the electronic structure of the
electrocatalyst and adsorption ability. The tailored electronic structure induced by the anchoring of vanadate steers the
reaction along a lattice oxygen-mediated mechanism (LOM). Furthermore, anchored vanadate endows with electrostat-
ic  repulsion  toward  Cl−,  granting  durability  for  direct  seawater  electrolysis.  The  optimized  vanadate-anchored  elec-
trocatalyst, Ni(OH)2-Vi, requires only 284 mV at 10 mA cm−2 in simulated alkaline seawater, surpassing 328 mV of Ni(OH)2

and 314 mV of Ni(OH)2-Pi.  Also during a 200 h chronopotentiometry at 100 mA cm−2,  Ni(OH)2-Vi shows a degradation
rate of only 0.198 mV h−1, markedly lower than the 0.812 mV h−1 for Ni(OH)2 and 0.780 mV h−1 for Ni(OH)2-Pi.

 

T he demand for hydrogen is rapidly increasing as the
world aims for carbon neutrality. Water electrolysis is
recognized  as  a  key  technology  for  hydrogen  pro-

duction.[1–4] Currently,  the  most  technologically  advanced
methods  of  water  electrolysis  are  alkaline  water  electrolysis
(AWE)  and  proton  exchange  membrane  water  electrolysis
(PEMWE).[5–8] Both  methods  require  a  water  purification pro-
cess,  which  adds  to  operational  costs.[9] Additionally,  the
high-purity  water  necessary  for  conventional  AWE  and  PEM-
WE  is  already  in  demand  for  various  uses,  including  agricul-
ture, raising concerns about resource scarcity.[10] As an altern-
ative, seawater electrolysis is highly attractive because it util-
izes an abundant resource and offers strong economic viabil-
ity,  especially  when  integrated  with  offshore  renewable  en-
ergy power plants.[11]

However,  the  high  concentration  of  chloride  (Cl−)  ions  in
seawater (~0.5M) significantly reduces the stability of the an-
ode  catalyst,  which  attracts  anions  electrically,  in  contrast  to
pure  water  electrolysis.  ClOR  (Chlorine  Oxidation  Reaction),
which competes with OER (Oxygen Evolution Reaction) at the
anode,  generates  chlorine  gas  (Cl2)  or  hypochlorite  ions
(ClO−).[12–14] These corrosive chlorine species  not  only  deteri-
orate  the  stability  of  the  anode  catalyst  but  also  reduce  the
selectivity of  the OER.  Notably,  in a seawater electrolysis  sys-
tem,  the  equilibrium  potential  difference  between  ClOR  and
OER  is  substantially  greater  in  an  alkaline  electrolyte  (~480
mV)  than  in  an  acidic  or  neutral  electrolyte  (a  minimum  of

~180 mV).[15] While electrolysis under alkaline conditions can
thus thermodynamically avoid ClOR, the two-electron accom-
panied  ClOR  can  still  kinetically  overshadow  the  four-elec-
tron  accompanied  OER,  which  has  sluggish  kinetics.[16] Fur-
thermore,  the  strong  adsorption  strength  of  chloride  on  the
catalyst continuously drives an aggressive attack on the met-
al substrate, ultimately leading to its corrosive failure.[17] Con-
sequently,  for  efficient  seawater  oxidation,  it  is  essential  to
develop  catalysts  that  exhibit  high  activity  and  fundament-
ally block chloride to ensure high stability.

One  of  the  most  interesting  strategies  for  improving  the
stability of seawater oxidation catalysts is the electrostatic re-
pulsion  of  chloride  by  incorporating  an  oxyanion  into  their
surface  structure.[18–20] The  oxyanion  not  only  plays  a  role  in
the catalyst reconstruction process, facilitating the formation
of  the  real  active  phase  known  as  amorphous  metal  oxyhy-
droxide (MOOH),  but it  also enhances the intrinsic activity of
MOOH.[21–24] Furthermore,  the negative charge of the oxyan-
ion  effectively  helps  repel  chloride,  allowing  electrocatalysts
that  contain  oxyanions  to  serve  as  optimal  catalysts  for  sea-
water  oxidation.  Luo  et  al.  developed  a  sulfur-doped  cobalt-
nickel  bimetallic  phosphide  (CoNiPS)  that  transforms  in  situ
into  an  oxyanion-decorated  Co(Ni)OOH  (referred  to  as  R-
CoNiPS)  catalyst  under  operating  conditions.[23] The  forma-
tion  of  phosphate  (PO4

3−)  and  sulfate  (SO4
2−)  enhances  the

oxygen evolution reaction (OER) by regulating and stabilizing
the  active  Co(Ni)OOH  species  while  simultaneously  blocking
chloride adsorption to enhance anti-corrosion ability. Li et al.
also  fabricated  a  nanoarray  electrode  in  which  Ni3Fe-LDH
nanosheets  were  grown  on  CoPx nanowires.[25] The  catalyst
formed a surface-anchored phosphate layer while activating,
which act as good proton acceptors, accelerating water disso-
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ciation step and thereby promoting OH− adsorption to boost
OER activity under neutral seawater condition. Beyond facilit-
ating  OH− adsorption,  the  phosphate  overlayer  also  electro-
statically  repels  chloride  ions,  mitigating  chloride-induced
corrosion.

Herein, we introduce the catalyst surface vanadate anchor-
ing  strategy  for  seawater  oxidation.  Vanadate  (VO4

3−)  incor-
porated into the alkaline electrolyte (1M KOH + x M Na3VO4)
become  anchored  onto  the  surface  of  the  reconstructed
MOOH  phase  during  electrochemical  activation.  The
anchored  vanadate  accelerates  the  surface  reconstruction
during the activation process, promoting the formation of the
highly  active  NiOOH  phase.  The  vanadate-anchored  Ni(OH)2

shows  a  strong  inhibitory  effect  of  tetramethylammonium
(TMA+),  which  indicates  that  vanadate  steers  the  reaction
away  from  the  water  oxidation  catalyst’s  traditional  rate-de-
termining  OOH-formation  step  and  toward  a  lattice  oxygen-
mediated  mechanism  (LOM).  Furthermore,  deuteric  kinetic-
isotope  measurements  verify  the  accelerated  water  depro-
tonation step, confirming that vanadate directly facilitates the
LOM  pathway.  By  optimizing  the  concentration  of  vanadate
in electrolyte, the Ni(OH)2-Vi exhibits a chloride-blocking abil-
ity  stronger  than  the  widely  adopted  phosphate  anchoring
strategy, achieving overpotentials of 284 mV at 10 mA cm−2 in
simulated  alkaline  seawater  (1  M  KOH  +  0.5  M  NaCl),  com-
pared to 328 mV for pristine Ni(OH)2 and 314 mV for Ni(OH)2-
Pi.  In  addition,  Ni(OH)2-Vi  shows  a  degradation  rate  of  only
0.198 mV h−1 during a 200 h chronopotentiometry test at 100
mA cm−2 in simulated alkaline seawater, whereas Ni(OH)2 and
Ni(OH)2-Pi shows 0.812 mV h−1 and 0.780 mV h−1, respectively.

 Result & Discussion

 Material Characterization
The vanadate (VO4

3−) oxyanion was selected as a function-
al  component  for  water  electrolysis  based  on  the  following
considerations: i) Vanadate exhibits strong electrostatic repul-
sion toward chloride ions (Cl−) due to its high negative charge
density  and  stable  tetrahedral  geometry.  ii)  The  vanadium
center in VO4

3− exists in a +5-valence state with empty 3d or-
bitals, allowing it to act as a strong electron-withdrawing unit
to  modulate  the  electronic  structure  of  active  center.[26] iii)
Compared to (PO4)3− ligand, (VO4)3− ligand can act as an act-
ive  site,  showing  synergistic  interaction  with  active
center.[27,28] Fig.  1a illustrates  the  synthesis  process  of  a
vanadate-anchored  Ni(OH)2 (denoted  as  Ni(OH)2-Vi).  It  com-
mences  with  the  formation  of  a  Ni(OH)2 pre-catalyst  via  a
simple  hydrothermal  method.  Subsequently,  Ni(OH)2-Vi  is
fabricated  by  cyclic  voltametric  electrochemical  activation
within  the  1.0  ~  1.8  VRHE potential  range  in  1M  KOH  electro-
lyte  containing varying molar  concentrations  of  Na3VO4.  The
resulting electrocatalyst comprises a nanosheet array suppor-
ted on a nickel foam substrate (Fig. 1b-c). The morphology of
Ni(OH)2-Vi  is  identical  to  that  of  the  electrocatalyst  activated
in a vanadate-free electrolyte, implying that surface vanadate
anchoring  does  not  induce  any  significant  morphological
change  (Fig.  S1). Fig.  1c presents  the  X-ray  diffraction  (XRD)
pattern  of  Ni(OH)2-Vi  shows Ni(OH)2-Vi  remains  Ni(OH)2 crys-
tal  structure  (PDF  #  38-0715),  confirming  that  the  vanadate

anchoring  does  not  significantly  alter  the  crystal  structure.
Fig.  1d presents  the Transmission Electron Microscopy (TEM)
image  of  Ni(OH)2-Vi,  which  confirms  the  sheet-like  morpho-
logy.  HR-TEM  image  of  Ni(OH)2-Vi  reveals  distinct  lattice
fringes with an interplanar spacing of 0.232 nm, correspond-
ing to the (015) planes of Ni(OH)2 (Fig. 1e).  Energy-dispersive
spectroscopy  (EDS)  mapping  of  Ni(OH)2-Vi  demonstrates  a
homogenous distribution of V across the entire nanosheet,  a
feature not observed in Ni(OH)2 (Fig. 1f; Fig. S3). X-ray photo-
electron  spectroscopy  (XPS)  was  carried  out  to  identify
vanadate species  on the Ni(OH)2 surface and gain further  in-
sight into the changes in the electronic states of Ni and O in-
duced by vanadate anchoring. Fig.  2a shows that  V 2p spec-
tra  are  composed  of  two  main  peaks  located  at  516.7  eV  (V
2p3/2) and 524.4 eV (V 2p1/2), which correspond to VO4

3−, con-
firming  successful  grafting  of  VO4

3− onto  the  catalyst
surface.[29] As  shown  in Fig.  2b,  Ni  2p  spectra  of  Ni(OH)2-Vi
present a markedly higher Ni3+ fraction (65.3 %) than that of
Ni(OH)2 (52.7 %). The concurrent decrease in peak intensity of
the  Ni  2p  satellite  further  corroborates  the  promoted  oxida-
tion of Ni2+ to Ni3+. It is attributed that surface reconstruction
into  NiOOH  is  accelerated  by  vanadate  anchoring. Fig.  2c
compares  the  O  1s  spectra  of  Ni(OH)2 and  Ni(OH)2-Vi.  Each
spectrum  was  deconvoluted  into  four  components -
chemisorbed oxygen (Ochemisorb) at 533.5 eV, hydroxyl oxygen
species (OOH) at 531.69 eV, oxygen vacancy (OV) at 530.65 eV,
and  lattice  oxygen  (OL)  at  529.7  eV.  Ni(OH)2-Vi  shows  an  in-
creased OV content (59.2 %) compared to Ni(OH)2 (43.2 %), in-
dicating that the activation process with vanadate promoted
the formation of NiOOH containing a higher concentration of
oxygen  vacancies.  Oxygen  vacancies  in  MOOH  can  tune  the
local structure and electronic state of the catalyst, optimizing
the adsorption energy of oxygen-generated reaction interme-
diates  (OH*,  O*,  OOH*).  Furthermore,  the  oxygen  vacancies
act as active sites,  increasing the total  number of active sites
and increasing the catalytic activity.[30]

 Electrochemical seawater oxidation performance
The  electrochemical  seawater  oxidation  properties  of

vanadate-anchored  Ni(OH)2 were  tested  under  simulated  al-
kaline  seawater  solution  (1  M  KOH  +  0.5  M  NaCl). Fig.  3a
shows  OER  polarization  curves  of  Ni(OH)2 activated  in  1  M
KOH solution with various vanadate concentrations (0.25, 0.5,
and 0.75 M). Ni(OH)2-0.25Vi, which is activated with 0.25 M ad-
dition  of  vanadate,  shows  promoted  OER  activity  compared
to pristine Ni(OH)2,  indicating that the vanadate anchoring is
effective  for  improving  OER  activity.  Further  increasing  the
vanadate  concentration  produced  an  additional  enhance-
ment in OER activity. The optimal concentration for OER activ-
ity  was  found  at  0.5  M,  above  which  the  activity  decreased
with  increasing  concentration  of  vanadate. Fig.  3b summar-
izes the overpotential of vanadate-anchored Ni(OH)2 for gen-
erating 10 mA cm−2 and 100 mA cm−2. While pristine Ni(OH)2

exhibits overpotentials of 328 mV at 10 mA cm−2 and 413 mV
at  100  mA  cm−2,  the  optimized  Ni(OH)2-0.5Vi  only  requires
284 mV at 10 mA cm−2 and 346 mV at 100 mA cm−2, confirm-
ing the superior OER activity of Ni(OH)2-0.5Vi. Fig. 3c presents
the Tafel slopes, where Ni(OH)2-0.5Vi exhibits the lowest Tafel
slope, further supporting its superior electrocatalytic OER kin-
etics.
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To evaluate the influence of vanadate on the intrinsic activ-
ity of Ni(OH)2, electrochemical surface area (ECSA) normaliza-
tion was performed. ECSA was determined by the double-lay-
er capacitance (Cdl) method, and cyclic voltammetry was con-
ducted in the non-faradaic region (0.9 ~ 1.0 VRHE) (Fig. S4). The
Cdl and ECSA values of Ni(OH)2,  Ni(OH)2-0.25Vi,  Ni(OH)2-0.5Vi,
and  Ni(OH)2-0.75Vi  are  summarized  in  Fig.  S5  and  Table.  S1.
The  ECSA  values  decrease  as  vanadate  concentration  in  the
electrolyte increases during the activation process. Normaliz-
ation  of  the  OER  polarization  curves  by  ECSA  yielded  trends
consistent  with  those  based  on  geometric  area,  confirming
that  Ni(OH)2-0.5Vi  exhibits  the  highest  intrinsic  activity
among the evaluated electrocatalysts (Fig. 3d). To further sub-
stantiate  the  superior  intrinsic  activity  of  Ni(OH)2-0.5Vi,
turnover  frequency (TOF)  was investigated (Fig.  3e).  The sur-
face concentration of active sites per unit area was extracted
from  the  linear  dependence  of  the  Ni2+/Ni3+ oxidation  peak
current on scan rate (Fig. S6-7). On this basis, the turnover fre-
quency (TOF) value of Ni(OH)2-0.5Vi at 1.6 VRHE was calculated
to be 0.158 s−1 – 4.5 times higher than that of pristine Ni(OH)2

(0.036 s−1). Fig.  3f shows the electrochemical  charge transfer

resistance value (Rct) that was investigated by Nyquist plot re-
corded  on  electrochemical  impedance  spectroscopy  (EIS).
Ni(OH)2-Vi (~2.00 Ω) showed a value of Rct that was obviously
lower  than  that  of  the  Ni(OH)2 (~2.85 Ω),  implying  advant-
ages  of  anchored  vanadate  species  for  facilitating  charge
transfer  from  the  catalyst  surface  to  the  adsorbed  chemical
reactants (Table. S2).

To investigate the origin of the variation in seawater oxida-
tion  performance  with  varying  vanadate  concentrations  in
the  electrolyte,  XPS  analysis  was  conducted  on  a  series  of
Ni(OH)2-xVi  samples.  As  shown  in  Table.  S3,  the  atomic  ratio
of  Ni  to  V  on  the  catalyst  surface  decreases  with  increasing
vanadate  concentration  in  the  electrolyte,  indicating  en-
hanced vanadate coverage of the reconstructed phase. As the
vanadate  coverage  increased,  both  the  Ni3+ concentration
and  the  density  of  oxygen  vacancies  (Ov)  are  increased  (Fig.
S8).  These  tailored  electronic  structures  induce  optimization
of the adsorption energy for the reaction intermediates. To in-
vestigate the *OH adsorption strength, methanol probing ex-
periments  were  performed  (with  0.602  m  L−1 methanol).
Methanol,  acting  as  a  nucleophilic  reagent,  can  readily  react
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Fig. 1    Preparation and material characterizations of the Ni(OH)2-Vi. a Schematic illustration of the preparation for Ni(OH)2-Vi. b, c Scanning
electron microscopy (SEM) images, d X-ray diffraction (XRD) patterns of Ni(OH)2 and Ni(OH)2-Vi. e Transmission electron microscopy (TEM) im-
age of  Ni(OH)2-Vi. f High-resolution transmission electron microscopy (HR-TEM) image of  Ni(OH)2-Vi. g Energy-dispersive X-ray  spectroscopy
(EDS) elemental mapping of Ni(OH)2-Vi.
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with  electrophilic  *OH  intermediates  generated  during  the
OER  process.  This  introduces  a  competitive  pathway  that  in-
terferes  with  the  adsorption  and  accumulation  of  *OH  spe-
cies essential for OER progression. In Fig. S9, as vanadate cov-
erage increases, the increase of current density is limited with
addition of methanol, indicating that *OH is too strongly bon-
ded  to  react  with  CH3OH.  These  results  show  that  the  en-
hancement of  OH adsorption energy on Ni(OH)2 induces the
enhancement  of  OER.  However,  too  intensified  *OH  adsorp-
tion  can  hinder  the  subsequent  formation  of  *O  intermedi-
ates,  ultimately  impeding  the  OER  kinetics.[31] This  explains

the  reduced  OER  performance  observed  in  Ni(OH)2-0.75Vi,
where  excessive  *OH  binding  becomes  a  limiting  factor.  In
contrast,  Ni(OH)2-0.5Vi  exhibits  an  optimal  *OH  adsorption
energy,  enabling  balanced  intermediate  formation  and
thereby achieving the highest OER activity.

 Mechanism study of vanadate anchoring-triggered
OER activity enhancement

Electrocatalysts for OER undergo surface reconstruction un-
der oxidizing conditions, forming the real active phase MOOH
on  the  surface.[32–34] Because  a  facile  reconstruction  process
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Fig. 3    Electrochemical seawater oxidation property of the Ni(OH)2-xVi. a Polarization curves, b Corresponding overpotentials at 10 and 100
mA cm−2, c Tafel  plots. d Electrochemical  surface area (ECSA) normalized polarization curves. e Turnover frequency of  Ni(OH)2-xVi. f Nyquist
plot at 1.55VRHE of Ni(OH)2-xVi.
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produces a larger population of highly active Ni3+ species, we
first  monitored  the  reconstruction  behavior  to  elucidate  the
mechanism  by  which  vanadate  enhances  OER  activity.  To
electrochemically evaluate the surface reconstruction behavi-
or,  we  tracked  the  activation  of  Ni(OH)2 pre-catalyst  in  1  M
KOH  with  and  without  0.5  M  Na3VO4 by operando electro-
chemical  impedance  spectroscopy  (EIS)  over  a  range  of  ap-
plied potentials (Fig.3a-b). The characteristic peak observed in
the  high-frequency  region  (102 ~  103 Hz)  on  Bode  plots  cor-
responds to oxidation of the metallic sites in the electrocata-
lyst. As the applied potential is increased, this peak progress-
ively diminishes, and once the electrooxidation is complete, a
new peak appears in the low-frequency region (~100 Hz) that
arises  from  the  uneven  charge  distribution  characteristic  of
the OER process.[35] Fig. 4a depicts the activation process in 1
M  KOH,  and  the  electrooxidation  peak  persists  throughout
the  scan  and  only  at  1.6  V  does  it  finally  vanish.  It  indicates
that  the  electrooxidation  step  is  scarcely  completed  before
the  OER  begins  to  develop.  By  contrast,  activation  in  the
vanadate containing electrolyte completed the electrooxida-
tion  step  at  1.55  V,  after  which  an  OER  associated  peak
emerged, indicating a more rapid surface reconstruction than
that  observed  in  plain  1  M  KOH  (Fig.  4b).  This  finding  sug-
gests  that  the  simply  adding  vanadate  to  the  electrolyte  ac-
celerates  the  formation  of  NiOOH,  and  it  is  in  good  agree-
ment with the XPS results. Operando Nyquist plots were addi-
tionally investigated to assess the resistive components asso-
ciated with electrooxidation and the OER (Fig. S10). The resist-
ive elements obtained from the high-frequency semi-circle at-
tributable  to  electrooxidation  (R1)  and  from  the  low-fre-
quency semi-circle associated with the OER (R2)  were quanti-
fied and are visualized in Fig. 4c.[36] Consistent with the Bode

plots,  1  M  KOH  activation  exhibits  only  R1 up  to  1.6  V,  after
which an additional resistance component attributable to the
OER  appears.  By  contrast,  vanadate-associated  activation
shows  that  the  R2 becomes  detectable  already  at  1.55  V.
Moreover,  the  magnitude  of  this  OER  resistance  is  markedly
lower  than  1  M  KOH  activation,  indicating  that  the  presence
of  vanadate  in  the  electrolyte  significantly  enhances  the  in-
trinsic OER activity.

To elucidate the reaction mechanism of  the catalysts  after
activation  in  the  vanadate-containing  electrolyte,  we  com-
pared  the  OER  activities  of  Ni(OH)2 and  Ni(OH)2-Vi  in  1  M
TMAOH and in 1M KOH. Evaluating in 1 M KOH electrolyte for
reference  rather  than  containing  0.5  M  NaCl  was  chosen  to
eliminate  the  kinetic  hindrance  arising  from  Cl−.  The  bulky
TMA+ (Tetramethylammonium) cation interacts strongly with
the  negatively  charged  oxygen-containing  intermediates
(*O2

2− or  *O2
−)  of  the  lattice-oxygen  mechanism  (LOM),  sub-

stantially  deteriorating  the  OER  activity  of  catalysts  that  rely
heavily  on  LOM  pathway.  Compared  with  the  conventional
adsorbate  evolution mechanism (AEM),  the  LOM delivers  su-
perior OER performance because it bypasses the high-energy
required *OOH intermediate formation step owing to the dir-
ect O-O coupling and thus breaks the thermodynamic scaling
relationship that limits AEM-based catalysts.[37,38] Fig. 4d com-
pares the polarization curves of Ni(OH)2 and Ni(OH)2-Vi meas-
ured  in  1  M  KOH  and  in  1  M  TMAOH.  Ni(OH)2-Vi  undergoes
much  more  activity  degradation  in  TMAOH  than  Ni(OH)2.  To
quantify  this  activity  degradation,  we  extracted  the  overpo-
tential at the kinetically controlled low-current region and the
Tafel  slope  (Fig.  S11).  For  Ni(OH)2,  the  differences  in  activity
between KOH and TMAOH amount to 22 mV in overpotential
at  10 mA cm−2 and 11.7  mV dec−1 in  Tafel  slope.  In  contrast,
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the  corresponding  variations  are  46  mV  and  23.16  mV  dec−1

for Ni(OH)2-Vi. The considerable variation in activity indicates
that Ni(OH)2-Vi  strongly interacts with the TMA+ cation, rely-
ing more heavily on the LOM pathway.

The  deprotonation  step  is  widely  recognized  as  the  rate-
determining  step  of  LOM.[23,39] To  investigate  how  vanadate
anchoring  influences  the  deprotonation  step  in  LOM,  we  as-
sessed the catalytic performance of Ni(OH)2 and Ni(OH)2-Vi in
deuterated  (1  M  KOD,  D2O)  and  protonated  (1  M  KOH,  H2O)
electrolytes.  As shown in Fig.  4e,  the performance of Ni(OH)2

in  1M  KOD/D2O  is  significantly  lower  than  that  in  1M
KOH/H2O. This indicates that the deprotonation process signi-
ficantly  influences  the  overall  kinetics  of  Ni(OH)2,  based  on
the fact  that  breaking an O-D bond requires  much more en-
ergy  than  breaking  an  O-H  bond.  The  kinetic  isotope  effect
(KIE)  value  calculated  at  an  overpotential  of  300  mV  for
Ni(OH)2 reaches 1.99 (Fig. 4f). This KIE value, greater than 1.5,
indicates  that  the  O-H bond cleavage step serves  as  a  major
rate-determining  step  in  the  overall  kinetic  mechanism,
which is referred to as the primary isotope effect. In contrast,
Ni(OH)2-Vi exhibits a KIE value lower than 1.5, indicating that
it  is  less  affected  by  the  sluggish  kinetics  of  the  deprotona-
tion  step  at  an  overpotential  300  mV.  This  phenomenon,  re-
ferred  to  as  the  secondary  isotope  effect,  indicates  that  the
deprotonation  step  is  no  longer  the  rate-determining  step,
thereby implying an accelerated LOM kinetics. Therefore, the
vanadate  anchored  on  the  reconstructed  catalytic  surface
acts  as  strong proton acceptors,  further  enhancing the over-
all OER activity.

 Superiority of vanadate anchoring strategy in seawa-
ter oxidation

Given that surface anchoring of vanadate represents an un-
precedented  strategy  for  seawater  oxidation,  it  was  neces-
sary  to  benchmark  its  seawater  performance  against  elec-
trocatalysts  anchored with  other  oxyanions.  For  comparison,
phosphate,  the  most  commonly  used  oxyanion  for  chloride
ion  repulsion  in  seawater  oxidation,  was  introduced  follow-
ing the same protocol used for Ni(OH)2-Vi.[40–45] The Ni(OH)2-
Pi  exhibits  a  sheet-like  morphology  and  the  same  crystal
structure  as  Ni(OH)2 (Fig.  S12-13).  XPS  analysis  further  con-
firms that phosphate is successfully anchored onto the recon-
structed  phase  of  Ni(OH)2 (Fig.  S14).  The  electrochemical
activity of phosphate-anchored Ni(OH)2 (Ni(OH)2-Pi) was eval-
uated  under  simulated  alkaline  seawater.  The  OER  polariza-
tion curves show that Ni(OH)2-Pi requires substantially higher
overpotentials than Ni(OH)2-Vi across the entire current dens-
ity range (Fig. 5a). The intrinsic activity of Ni(OH)2-Pi was also
evaluated  by  normalizing  the  OER  polarization  curves  to  its
ECSA  (Fig.  5b).  After  ECSA  normalization,  Ni(OH)2-Pi  showed
an even larger performance gap relative to Ni(OH)2-Vi  owing
to its higher ECSA value (Fig. S16). Consistent with the ECSA-
normalized  activity,  Ni(OH)2-Pi  exhibits  a  significantly  lower
TOF than Ni(OH)2-Vi, further highlighting the considerable en-
hancement in  intrinsic  activity  achieved by the vanadate an-
choring strategy (Fig. 5c; Fig. S17).

To explore the effect of vanadate anchoring on water oxid-
ation  under  chloride-rich  environments,  we  compared  the
polarization curves measured in 1 M KOH + 0.5 M NaCl (Brine)
and 1 M KOH (Fresh water). As shown in Fig. 5d, Ni(OH)2-Vi ex-

hibits  little  difference  between  the  LSV  profiles  recorded  in
the fresh and brine electrolytes, whereas Ni(OH)2 and Ni(OH)2-
Pi show significant deviations under these conditions, indicat-
ing the superior chloride tolerance of Ni(OH)2-Vi.  To evaluate
the  extent  to  which  chloride  hinders  the  OER  kinetics,  Tafel
slopes  were  also  calculated  based  on  the  OER  polarization
curves  in  brine  and  fresh  electrolytes  (Fig.  5e).  As  shown  in
Fig. 5f, the seawater oxidation property at high current dens-
ity and the seawater oxidation kinetics were evaluated based
on Tafel slopes and the overpotential at 100 mA cm−2. Pristine
Ni(OH)2 and  Ni(OH)2-Pi  exhibit  20  mV  and  16  mV  increase  in
overpotential and 10.3 mV dec−1 and 9.3 mV dec−1 increase in
Tafel  slope  when  switching  from  fresh  to  brine  electrolytes,
indicating  significant  performance  degradation  under  chlor-
ide-rich conditions. In contrast, Ni(OH)2-Vi shows only a 5 mV
increase  in  overpotential  and  a  negligible  0.4  mV  dec−1

change  in  Tafel  slope,  demonstrating  both  excellent  seawa-
ter  oxidation  stability  at  high  current  densities  and  superior
kinetic  robustness  against  chloride-induced  degradation
compared  to  Ni(OH)2 and  Ni(OH)2-Pi.  It  is  attributed  that
vanadate  anchoring  can  tailor  the  Cl− adsorption  energy  on
electrocatalyst  surfaces  through  both  electronic  modulation
and  electrostatic  repulsion,  leading  to  a  thermodynamically
less  favorable  Cl− adsorption  energy  while  phosphate  ion
only  acts  as  surface-adsorbed  layers  to  repel  Cl− via  electro-
static exclusion.

In  contrast  to  simulated  alkaline  seawater,  natural  seawa-
ter presents a harsher environment for seawater oxidation, as
catalyst degradation is driven by bromide in addition to chlor-
ide.[12] To evaluate the industrial applicability of the vanadate
anchoring  strategy,  we  carried  out  identical  electrochemical
tests in a 1 M KOH electrolyte prepared with natural seawater.
Before testing,  the seawater was rendered alkaline to induce
the  precipitation  of  Mg(OH)2,  Ca(OH)2,  and  related  species,
which were subsequently removed by filtration as a pretreat-
ment step. As illustrated in Fig. 5g, the polarization curves col-
lected  in  natural  seawater  show  a  larger  deviation  from  that
of  the  fresh  electrolyte  than  the  deviation  observed  for  the
brine electrolyte. The Tafel slope and the overpotential at 100
mA  cm−2 were  determined  from  the  polarization  curves  and
compared  with  the  corresponding  values  obtained  in  the
fresh electrolyte (Fig.  5h-i).  Compared with the fresh electro-
lyte, pristine Ni(OH)2 required a 65 mV higher overpotential at
100  mA  cm−2 in  natural  seawater  electrolyte,  and  its  Tafel
slope  increased  markedly  by  31.1  mV  dec−1.  By  contrast,
Ni(OH)2-Vi showed only a 22 mV increase in the overpotential
at  100  mA  cm−2 and  a  13.4  mV  dec−1 rise  in  the  Tafel  slope.
The results from natural seawater highlight the viability of the
vanadate-anchoring strategy for future industrial implement-
ation.

To  compare  the  long-term  stability  of  oxyanion-anchored
Ni(OH)2,  chronopotentiometry (CP) measurements were con-
ducted  at  100  mA  cm−2 for  Ni(OH)2,  Ni(OH)2-Pi,  and  Ni(OH)2-
Vi. Fig.  6a displays  the  potential  recorded  for  200h  in  simu-
lated alkaline seawater. The stability of the electrocatalyst was
quantified by DV, defined as the potential difference between
the  average  values  recorded  during  the  first  and  last  5  %  of
the  long-term  stability  test,  normalized  to  95  %  of  the  total
operation time.[46] Remarkably, Ni(OH)2-Vi exhibits a DV value
of  0.198  mV  h−1,  substantially  lower  than  those  of  Ni(OH)2
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(0.812  mV  h−1)  and  Ni(OH)2-Pi  (0.780  mV  h−1).  Moreover,
whereas  Ni(OH)2 and  Ni(OH)2-Pi  displayed  pronounced  po-
tential  fluctuations  during  prolonged  operation,  Ni(OH)2-Vi
maintained a steady potential for the entire stability test, un-
derscoring its superior stability under seawater oxidation con-
ditions.

To gain insight into the stability and structural evolution of
Ni(OH)2-Vi,  post-operation  analyses  were  conducted  after  24
h of electrolysis at 100 mA cm−2. Fig. 6c presents a post-oper-
ation  SEM  image,  revealing  that  the  Ni(OH)2-Vi  retains  its
sheet-like  morphology  even  after  prolonged  electrolysis.
Fig. 6d presents the post-OER Ni 2p XPS spectra of Ni(OH)2-Vi,
which shows the markedly higher Ni3+ fraction relative to the
pre-operation Ni(OH)2-Vi. It indicates an extensive reconstruc-
tion into NiOOH during continuous operation.  Also,  the O 1s
spectra  of  Ni(OH)2-Vi  exhibit  a  pronounced  increase  in  OV

component,  indicating  that  continuous  oxygen  evolution
through  the  LOM  pathway  has  densely  populated  the  elec-
trocatalyst  surface  with  oxygen  vacancies  (Fig.  S18). Fig.  6e
presents  the  post-OER  HR-TEM  image,  revealing  that  a  thick

amorphous  layer  produced  by  surface  reconstruction  is
clearly  discernible  on  the  sheet  surface,  matching  the  more
amorphous  XRD  pattern  observed  after  operation  (Fig.  S19).
Also,  the  interior  of  the  nanosheet  still  displays  clear  lattice
fringes after long-term seawater electrolysis (Fig. S20).

 Conclusion

We report a novel surface vanadate anchoring strategy that
transforms  ordinary  Ni(OH)2 into  a  chloride-tolerant,  long-
lived seawater-oxidation anode. This one-step electrochemic-
al activation anchors vanadate onto the in-situ formed NiOOH
layer.  The  surface  anchored  vanadate  accelerates  Ni2+ /  Ni3+

conversion,  steers  the  reaction  toward  a  LOM  pathway,  and
creates  a  persistent  electrostatic  barrier  against  Cl− attack.
Compared  with  the  widely  used  phosphate  anchoring,  the
vanadate  approach  affords  markedly  greater  resistance  to
chloride-induced  degradation  and  maintains  stable  opera-
tion  in  both  simulated  and  real  seawater  electrolysis.  These
findings  identify  vanadate  anchoring  as  a  simple,  scalable
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design  principle  for  robust  oxygen-evolving  catalysts  in  sea-
water electrolysis.
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