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ABSTRACT: Seawater  electrolysis  offers  a  promising  route  to
green  hydrogen  production  by  utilizing  abundant  seawater
resources,  yet  its  commercial  viability  is  hindered  by  chlorine-
related  side  reactions  that  cause  corrosion  and  reduce
efficiency.  Current  strategies  mainly  employing  anion-enriched
layers  to  repel  chloride  ions  face  challenges,  as  these  pre-
designed  structures  may  not  dynamically  maintain  selective
exclusion  under  varying  operational  potentials.  Here,  we
propose  a  fundamentally  different  approach  based  on  spin-
mediated  selectivity  and  employ  a  series  of  spinel  oxides  with
varying magnetic properties to elucidate the correlation between
spin  regulation,  anodic  reaction  selectivity,  and  electrolysis
stability.  We  demonstrate  that  ferromagnetic  catalysts
intrinsically  strengthen  hydroxyl  adsorption  while  suppressing  chloride  binding,  thereby  favoring  oxygen  evolution  over
competing  chlorine  chemistry.  Mechanistically,  spin  alignment  facilitates  the  formation  of  triplet  oxygen  and  inhibits
chlorinated  byproducts.  Benefiting  from  such  intrinsic  selectivity,  catalysts  with  stronger  ferromagnetism  exhibit  superior
operational  stability  in  seawater  electrolysis,  maintaining  stable  performance  for  120  h  in  an  anion  exchange  membrane
water  electrolyzer.  This  work  establishes  spin  regulation  as  a  complementary  strategy  for  designing  highly  selective  and
durable  electrocatalysts,  offering  a  new  pathway  to  address  the  limitations  of  conventional  protection  layers  in  practical
seawater splitting.
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 1    Introduction
As  an  important  supplement  to  traditional  pure  water  electrolysis
for  hydrogen  production,  seawater  electrolysis  provides  a
breakthrough solution for building a global green hydrogen energy
system  [1, 2].  Compared  with  conventional  technology  that  relies
on high-purity freshwater as feedstock, seawater electrolysis directly
employs  earth-abundant  seawater  resources.  This  alleviates  water
resource constraints and lowers water treatment costs [3, 4].  More
attractively,  seawater  electrolysis  can  be  integrated  with
offshore/coastal renewable energy, thus achieving the full resource-
production-application  chain  of  hydrogen  energy  through  on-site
utilization  [5, 6].  Unfortunately,  the  complex  composition  of

seawater  poses  a  key  challenge  for  the  commercial  application  of
seawater  electrolysis  technology—especially  the  corrosion problem
caused  by  the  high  concentration  of  chloride  ions  (Cl−,  ~  0.5  M),
which  is  closely  related  to  the  long-term  operational  stability  and
economic feasibility of the system [7−11].

During  electrolysis,  Cl− in  seawater  undergoes  the  chlorine
evolution/oxidation  reaction  (ClER/ClOR,  under  acidic/alkaline
conditions,  respectively),  which  competes  with  the  oxygen
evolution  reaction  (OER)  at  the  anode  [12−14].  This  not  only
reduces  electrolysis  efficiency  but  also  leads  to  severe
catalyst/electrolyzer  corrosion  caused  by  chlorine-related  by-
products. To address this issue, current research usually adjusts the
pH  value  of  seawater  above  13  to  maximize  the  thermodynamic
potential  difference  between  ClOR  and  OER,  thereby  partially
suppressing chlorine-related side reactions [4, 15]. Building on this,
a  widely  adopted strategy involves  constructing an anion-enriched
layer  on  the  catalyst  surface  to  inhibit  Cl− adsorption  through
electrostatic  repulsion  [7, 9, 10, 16, 17].  Although  significant
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progress  has  been  made,  the  anion-enriched  layer  and  interface
interactions change dynamically with the applied potential, making
it  difficult  for  pre-designed  structures  to  consistently  block  Cl−

throughout the electrolysis process [18].  Furthermore, whether the
anion-enriched  layer  can  selectively  allow  the  passage  of  alkaline
OER reactants (OH−) while repelling Cl− remains debated [12, 19].
Therefore,  developing  catalysts  with  intrinsic  selectivity  to
fundamentally  suppress  chlorine-related  side  reactions  remains  a
critical objective.

In recent years, spin effects [20−25] in electrochemical reactions
have  emerged  as  a  new  approach  to  modulate  electrocatalytic
processes.  For  OER,  which  involves  the  generation  of  triplet
oxygen,  the  non-conservation  of  electron  spin  significantly
increases  the  reaction  energy  barrier  and  causes  additional  energy
loss  [26, 27].  In  contrast,  spin-selective  electron  transfer  pathways
constructed  via  intrinsic  chirality/magnetic  properties  or  external
field  regulation  can  accelerate  spin-dependent  OER  kinetics
[28−33].  Notably,  spin  control  provides  an  effective  strategy  for
tuning  selectivity  in  complex  competitive  electrochemical  systems,
such  as  eliminating  singlet  hydrogen  peroxide  formation  during
water  splitting  [22, 34].  Given  the  distinct  spin  characteristics  of
electron  transfer  in  OER  versus  ClER/ClOR  [18]—namely,  that
OER  involves  the  spin-forbidden  formation  of  triplet  oxygen,
whereas  ClER/ClOR  only  involve  spin-allowed  singlet-state
transformations—leveraging  the  spin  effects  of  catalysts  enables
spin-selective promotion of OER and simultaneous suppression of
chlorine-mediated  side  reactions  during  seawater  electrolysis.
Nevertheless,  research on rationally designing intrinsically selective
catalysts for seawater electrolysis via spin regulation remains scarce,
and  the  underlying  mechanisms  require  further  systematic
elucidation.

In  this  work,  a  series  of  spinel  oxides  with  different  magnetic
properties  were  used  as  model  materials  to  reveal  the  mechanism
by  which  spin  control  enhances  the  efficiency  and  stability  of
seawater  electrolysis.  We  found  a  positive  correlation  between
magnetism and the binding strength of the catalysts to OH−, while a
negative  correlation  exists  with  Cl−—a  trend  that  leads  to
differences  in  the  anodic  selectivity  of  seawater  electrolysis.
Combined  with  the  molecular  orbital  model,  we  uncovered  the
physical  origin  that  ferromagnetism  essentially  promotes  the
formation of  triplet  oxygen molecules and inhibits  singlet  chlorine
products by controlling spin alignment, which was further verified
by  external  magnetic  field  tests.  Ultimately,  due  to  the  improved
selectivity,  catalysts  with stronger ferromagnetism exhibited higher
stability  in seawater electrolysis  and could operate stably for 120 h
in an anion exchange membrane water electrolyzer (AEMWE).

 2    Results and discussion

 2.1    Construction  of  spinel  ferrite  systems  with  different
magnetic properties
Earth-abundant  spinel  oxides  are  typical  non-noble  metal
electrocatalysts  for  OER,  and  their  tunable  compositions  and
interactions make them excellent model materials  for investigating
structure-performance  relationships  [35, 36].  To  systematically
explore  the  underlying  mechanism  of  spin/magnetic  effects  in
regulating  seawater  electrolysis  performance,  a  series  of  spinel
ferrites—denoted by  the  general  formula  MFe2O4 (where  M refers
to  Co2+,  Ni2+,  Mg2+,  or  Zn2+ and  Fe  denotes  Fe3+)—featuring  both

3̄

octahedral and tetrahedral coordination sites were selected as model
materials in this work (Fig. 1(a)). These samples were subsequently
synthesized  by  a  unified  hydrothermal  procedure,  with  their
structural consistency validated by X-ray diffraction (XRD), energy
dispersive  spectroscopy  (EDS),  and  X-ray  photoelectron
spectroscopy  (XPS)  (Figs.  S1−S3  in  the  Electronic  Supplementary
Material (ESM)). As shown in Fig. 1(b), all diffraction peaks of the
four samples can be well indexed to the cubic spinel structure with
the Fd m space  group,  verifying  an  identical  crystal  framework
across all samples and ensuring their comparability for subsequent
tests.

With  the  four  comparable  MFe2O4 model  systems  successfully
constructed,  their  magnetic  properties  were  systematically
characterized  using  a  physical  property  measurement  system
(PPMS).  The  magnetic  hysteresis  loops  clearly  reflect  the  distinct
magnetic  behaviors  of  the  four  samples  (Fig.  1(c)):  CoFe2O4,
NiFe2O4,  and  MgFe2O4 exhibit  strong,  moderate,  and  very  weak
ferromagnetic  or  ferrimagnetic  characteristics,  respectively,  among
which  CoFe2O4 shows  a  distinct  hysteresis  loop  with  obvious
coercivity  and  remanence;  in  sharp  contrast,  ZnFe2O4 possesses
extremely low magnetic susceptibility, indicating antiferromagnetic
or  paramagnetic  behavior  [28].  Note  that  the magnetic  differences
arise from the distinct cation distributions between tetrahedral and
octahedral sites in the spinel lattice: Co2+ and Ni2+ prefer octahedral
sites  while  Mg2+ and Zn2+ prefer  tetrahedral  sites.  To quantitatively
evaluate  the  relative  magnetic  strength  of  the  four  samples,  the
magnetization at  a  magnetic  field  of  10,000  Oe (denoted as M10000,
consistent with the field intensity applied in external magnetic field
experiments,  discussed  later)  was  extracted  from  the  hysteresis
loops (Fig. 1(c), inset). The results show that the M10000 values follow
the order of CoFe2O4 > NiFe2O4 > MgFe2O4 > ZnFe2O4, indicating a
gradual decrease in magnetic strength among the four spinel ferrite
samples.  This distinct  difference in magnetic properties,  combined
with  their  structural  consistency,  provides  an  ideal  platform  for
exploring  the  regulatory  effect  of  spin/magnetism  on  seawater
electrolysis electrocatalysis.

 2.2    Investigation  on  *OH  binding  strength  and  OER
activity of spinel ferrites
Building  on  the  magnetic  property  characterization  of  spinel
ferrites,  further  investigations  focused  on  the  correlation  between
their  spin/magnetic  effects  and  electrocatalytic  performance  for
seawater  electrolysis.  It  is  well  established  in  previous  literature
[23, 37] that ferromagnetic oxides can promote the delocalization of
parallel-spin  electrons  via  spin  alignment,  which  is  closely
associated with strong metal–oxygen hybridization (Fig. 2(a)). This
enhanced  metal–oxygen  hybridization  is  critical  for  strengthening
the  adsorption  capacity  of  metal  sites  toward  hydroxyl  species
(*OH)  [38−40],  laying  a  solid  foundation  for  regulating
electrocatalytic behaviors.

To  quantitatively  clarify  the  relationship  between  magnetic
strength  and  *OH  binding  strength,  methanol  molecular  probing
experiments [41] were conducted (Fig. S4 in the ESM). As depicted
in Fig.  2(b),  the  charge  associated  with  *OH coverage  (denoted as
Q*OH) clearly reveals that *OH binding strength follows the order of
CoFe2O4 >  NiFe2O4 >  MgFe2O4 >  ZnFe2O4.  Notably,  this  order  is
consistent  with  the  sequence  of  their  magnetization  at  10,000  Oe
(M10000),  confirming  a  positive  correlation  between  the  magnetic
strength of spinel ferrites and their *OH binding strength (Fig. S5 in
the  ESM).  This  positive  correlation  arises  from  enhanced
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Figure 1    Structural  and  magnetic  characterizations  of  as-prepared  MFe2O4 spinel  ferrites.  (a)  Schematic  illustration  of  the  typical  crystal  structure  of  spinel  ferrites,
featuring distinct tetrahedral and octahedral coordination sites for metal cations. (b) XRD patterns of the as-prepared MFe2O4 samples. (c) Room-temperature magnetic
hysteresis loops of the as-prepared MFe2O4 samples; inset: comparison of magnetization at 10,000 Oe (M10000) for the MFe2O4 samples.
 

Figure 2    Magnetism-related  *OH  binding  and  OER  activity  of  MFe2O4 catalysts.  (a)  Schematic  illustration  of  spin  alignment-promoted  metal–oxygen  hybridization,
which enhances the OH− adsorption on the catalyst surface. (b) Comparison of Q*OH for the MFe2O4 catalysts, acquired from methanol molecular probing experiments. (c)
LSV curves of the MFe2O4 catalysts in alkalized seawater at a scan rate of 5 mV·s−1 with 75% iR correction. (d) Corresponding Tafel plots derived from the LSV curves in
(c). (e) Inverted volcano plot of OER overpotential and Tafel slope versus Q*OH.
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ferromagnetism,  which  is  associated  with  strong  metal–oxygen
hybridization, thereby strengthening the interaction between active
sites and *OH intermediates.

On this  basis,  electrochemical  tests  were  carried  out  to  evaluate
their activity. The catalysts were in-situ grown on nickel foam (NF)
substrates,  and all  tests were performed in alkalized seawater (1 M
NaOH + seawater, Fig. S6 in the ESM). Linear sweep voltammetry
(LSV)  curves  indicate  that  the  overpotentials  of  the  four  samples
follow  the  order  of  NiFe2O4 <  CoFe2O4 <  MgFe2O4 <  ZnFe2O4

(Fig. 2(c) and Fig. S7 in the ESM), with the Tafel slopes showing the
same trend (Fig. 2(d)).  Note that we have eliminated the influence
caused  by  the  difference  in  intrinsic  electronic  conductivity  of  the
four  catalysts  through  electrochemical  impedance  spectroscopy
(EIS)  measurements  (Fig.  S8  in  the  ESM).  These  results  indicate
that  NiFe2O4 has  the  optimal  OER  activity,  followed  by  CoFe2O4

and  then  MgFe2O4,  while  ZnFe2O4 shows  relatively  poor
performance.

It should be noted that the OER activity of the four spinel ferrites
is  not  in  a  simple  linear  relationship  with  their  magnetic  strength
(M10000).  A  brief  plot  of  OER  activity  indicators  (overpotential  and
Tafel  slope)  against Q*OH shows  a  typical  inverted  volcano  curve
(Fig. 2(e)), indicating that NiFe2O4 with relatively strong magnetism
has  the  most  appropriate  *OH  binding  energy  for  OER  catalysis,
while  the  most  magnetic  CoFe2O4 has  a  slightly  higher  binding
energy. Overall, strong magnetism does not necessarily correspond
to  the  highest  OER  activity;  instead,  magnetism  regulates  OER

activity  through  *OH  binding  strength  rather  than  a  direct  linear
correlation (Fig. S9 in the ESM).

 2.3    Exploration on chlorine chemistry of spinel ferrites
At  the  seawater  electrolysis  anode,  Cl− competes  with  OH− for
adsorption  sites,  and  ClOR  competes  with  OER  under  alkaline
conditions,  which  corrode  the  catalyst  and  reduce  the  stability  of
the electrolysis  system [4, 15].  Clarifying the chlorine chemistry of
the four spinel ferrites is therefore essential. Firstly, to systematically
examine  the  Cl− adsorption  behavior  on  the  surface  of  the  four
spinel  ferrites  after  long-term  seawater  electrolysis,  XPS  tests  were
performed  on  the  catalysts  after  10  h  of  electrolysis  at  a  constant
current  density  of 0.5  A·cm−2 (Fig.  3(a)).  From  the  Cl  2p  XPS
spectra,  distinct  differences  in  Cl− adsorption  among  the  four
samples  are  clearly  observed:  ZnFe2O4 exhibits  obvious  Cl  2p
characteristic  peaks  at  around  198  eV  (Cl  2p3/2)  and  200  eV  (Cl
2p1/2),  while the Cl 2p peaks of CoFe2O4 are barely detectable.  This
trend—strongest  Cl− adsorption  on  ZnFe2O4 and  weakest  on
CoFe2O4—extends  to  all  four  samples,  following  a  clear  order:
CoFe2O4 <  NiFe2O4 <  MgFe2O4 <  ZnFe2O4.  Notably,  this  order  is
opposite  to  the  *OH adsorption behavior  of  the  four  samples  and
exhibits a negative correlation with their magnetic strength (M10000,
Fig. S10 in the ESM).

This  phenomenon  can  be  explained  by  the  competitive
adsorption  mechanism  on  catalyst  active  sites.  Both  OH− and  Cl−

 

Figure 3    Magnetism-related  chlorine  chemistry  of  MFe2O4 catalysts.  (a)  Cl  2p  XPS  spectra  of  the  MFe2O4 catalysts  after  10  h  of  chronopotentiometric  electrolysis
at  0.5  A·cm−2 in  alkalized  seawater.  (b)  Quantitative  comparison  of  hypochlorite  (ClO−)  yield  for  the  four  MFe2O4 samples,  measured  by  iodometric  potentiometric
titration. (c) Correlation between ClO− yield and M10000 of the four MFe2O4 catalysts.
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are  electron-rich  species  and  thus  compete  for  these  metal  cation
active  sites:  spinel  ferrites  with  strong  *OH  binding  strength  (e.g.,
CoFe2O4)  have  higher  affinity  for  OH− on  their  active  sites,  where
OH− occupies  most  sites  and  inhibits  Cl− adsorption.  In  contrast,
those with weak *OH binding strength (e.g., ZnFe2O4) fail to adsorb
OH− effectively,  leaving  more  active  sites  available  for  Cl− and
increasing its  adsorption.  Significantly,  Cl− adsorption is  negatively
correlated  with  sample  magnetization  (M10000):  stronger
ferromagnetism  corresponds  to  lower  Cl− adsorption,  and  vice
versa.  This  is  because  strong  ferromagnetism  promotes  spin
alignment  and  enhances  metal–oxygen  hybridization,
strengthening  *OH  binding  and  weakening  the  affinity  of  active
sites for Cl− to achieve dual regulation.

On  the  basis  of  Cl− adsorption  analysis,  iodometric
potentiometric  titration [3, 15, 42]  was  employed to  quantitatively
determine  the  content  of  hypochlorite  (ClO−),  the  by-product
generated by ClOR (Fig. S11 in the ESM). The titration principle is
based on the  oxidation-reduction reaction between ClO− and I− in
an acidic environment (ClO− + 2I− + 2H+ = Cl− + I2 + H2O), and the
content  of  ClO− is  calculated  by  the  consumption  of  standard
sodium  thiosulfate  solution  (I2 +  2S2O3

2− =  2I− +  S4O6
2−).  The

quantitative results of ClO− are shown in Fig. 3(b), where the ClO−

yield  follows  the  same  trend  as  Cl− adsorption,  i.e.,  CoFe2O4 <
NiFe2O4 <  MgFe2O4 <  ZnFe2O4.  Specifically,  the  ClO− yield  of
CoFe2O4 is the lowest (only 3.6 μmol), while ZnFe2O4 generates the
highest  ClO− (16.8  μmol)—approximately  4.7  times  that  of
CoFe2O4.  Importantly,  the  ClO− yield  is  negatively  correlated  with
the  magnetic  strength  of  the  samples,  indicating  an  inherent
correlation between them (Fig. 3(c)).

 2.4    Key  role  of  magnetism  in  inhibiting  chlorine-related
side reactions

4OH− → O2 +2H2O+4e−

2Cl− → Cl2 +2e−

Cl2 +2OH− → ClO− +Cl− +H2O

As  previously  demonstrated,  a  negative  correlation  exists  between
catalyst  magnetism  and  the  yield  of  chlorine  by-products  (e.g.,
ClO−),  underscoring  the  critical  role  of  magnetism  in  inhibiting
chlorine-related side reactions and regulating the anodic selectivity
of seawater electrolysis.  To gain deeper insight into the underlying
mechanism,  the  molecular  orbital  characteristics  of  key  species
involved  in  anodic  reactions—OH−,  O2,  and  Cl2—were
systematically  investigated  (Figs.  4(a)−4(c)).  Specifically,  OH− and
Cl2 are  singlet  species  with  all  electrons  paired  in  their  molecular
orbitals,  whereas  O2 exists  in  a  triplet  ground  state,  featuring  two
parallel  unpaired  electrons  in  its  π*  orbitals  [18, 27].  This  spin
characteristic  difference  is  the  key  premise  for  magnetism  to
regulate reaction selectivity, as it leads to distinct spin dependencies
between  OER  and  ClOR:  OER  is  spin-nonconservative,  requiring
spin  polarization  to  convert  from  OH− to  triplet  O2

( ),  while  Cl2 formation
( )  and  subsequent  conversion  to  ClO−

( )  are  spin-independent,
involving only singlet species without the need for spin selection.

The  core  mechanism  by  which  magnetism  inhibits  chlorine-
related side reactions lies in its regulation of spin alignment on the
catalyst  surface,  which  exerts  opposite  effects  on  the  formation  of
chlorine products and O2. Previous studies [21, 32] have shown that
catalysts  with  aligned  spins  (e.g.,  ferromagnetic  or  chiral  catalysts)
can  promote  triplet  O2 formation  by  selecting  electrons  with
appropriate spin orientations; conversely, catalysts with anti-aligned
spins  tend  to  generate  oxygen  intermediates  with  opposite  spins,
requiring  an  additional  spin  flip  process  to  form  triplet  O2 from

OH− (Fig. 4(d)). In sharp contrast, the formation of Cl2 (the primary
chlorine product) follows a distinct pathway (Fig.  4(e)):  It  requires
the combination of two chlorine intermediates with opposite spins
to  achieve  electron  pairing  in  its  molecular  orbitals  [18].  This
combination  process  does  not  require  spin  selection;  instead,  the
intermediates with parallel spins induced by spin alignment may be
energetically  unfavorable  for  the  formation  of  the  singlet  product
[18, 22, 34].  This  can  explain  the  observed  negative  correlation
between  catalyst  magnetism  and  chlorine  product  yield:  stronger
magnetism  may  lead  to  more  ordered  spin  alignment,  which
further  enhances  the  inhibition  of  chlorine  by-products  and
optimizes the selectivity of seawater electrolysis toward OER against
chlorine-related side reactions.

To  experimentally  verify  the  above  mechanism  and  further
highlight the regulatory effect of magnetism on reaction selectivity,
seawater  electrolysis  tests  were  conducted  under  an  external
magnetic field of 10,000 Oe (Fig. S12 in the ESM). Specifically, the
magnetocurrent density (i.e.,  the difference in current density with
and  without  an  external  magnetic  field)  revealed  that
ferromagnetic/ferrimagnetic  spinel  ferrites  (CoFe2O4,  NiFe2O4,
MgFe2O4)—which  exhibit  intrinsic  magnetic  order—all  displayed
significantly  enhanced  current  density  under  magnetic  field
stimulation  (Fig.  4(f)).  Note  that  the  slight  increase  in  current
density  of  non-magnetic  ZnFe2O4 was  instead  attributed  to  its
growth  on  a  magnetic  Ni  substrate,  which  indirectly  induced  a
weak magnetic response [43]. This is further confirmed by the tests
of loading the four catalysts onto non-magnetic carbon paper (Fig.
S13  in  the  ESM).  Additionally,  the  magnetocurrent  (defined  as
[(current density with an external magnetic field − current density
without  an  external  magnetic  field)/current  density  without  an
external magnetic field] × 100%) was positively correlated with the
magnetic  strength  (M10000)  of  the  catalysts  (Fig.  4(g)),  which  is
consistent  with  previous  reports  [30].  This  phenomenon  stems
from  the  external  magnetic  field,  which  further  facilitates  spin
alignment  among  different  magnetic  domains,  thereby  enhancing
OER efficiency through the spin selection effect.

ClO−

More importantly, to quantitatively confirm the inhibitory effect
of spin/magnetism on chlorine-related side reactions, CoFe2O4 was
selected  as  the  representative  catalyst  (owing  to  its  strongest
magnetic  response)  and  subjected  to  detailed  quantification  of
chlorine  by-products  under  external  magnetic  field  conditions
(Fig.  4(h) and  Fig.  S14  in  the  ESM).  At  an  applied  potential  of
1.85  V  versus  reversible  hydrogen  electrode  (vs.  RHE),  the
application of an external magnetic field led to a significant decrease
in  ClO− yield,  dropping  from  2.6  to  1.3  μmol  (a  50%  reduction).
Furthermore,  the  proportion  of  charge  consumed  for  ClO−

generation  relative  to  the  total  charge  passed  (Q /Qtotal)—a  key
indicator of chlorine-related side reaction severity—decreased more
drastically,  corresponding  to  a  relative  decrease  of  approximately
53.7%.  This  significant  reduction  clearly  demonstrates  that
spin/magnetic  effects  can  effectively  inhibit  the  formation  of
chlorine  by-products  while  simultaneously  enhancing  OER
efficiency,  thereby substantially  improving the anodic  selectivity  of
seawater  electrolysis.  Consistent  with  previous  reports  [22, 34]  on
spin-dependent  suppression  of  singlet  H2O2 (a  singlet  reactive
oxygen  species)  via  spin  alignment,  the  magnetism-induced  spin
order  in  this  work  specifically  targets  singlet  chlorine  species,
further validating the specificity and efficacy of spin control in side
reaction regulation.
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 2.5    Stability  evaluation  of  spinel  ferrites  in  seawater
electrolysis
The  effective  inhibition  of  chlorine  side  reactions  by  spin  control
not  only  optimizes  anodic  selectivity  but  also  reduces  the
accumulation of corrosive chlorine species (e.g., ClO−, Cl2)—a factor
critical  for  the  long-term  durability  of  seawater  electrolysis.  These
chlorine  species  corrode  catalyst  active  sites,  damage  electrolyzer
components,  and  even  shorten  the  service  life  of  the  entire
electrolysis  device  [4, 44];  thus,  spin  alignment-regulated
suppression of  chlorine  side  reactions  essentially  reduces  corrosive
hazards, paving the way for stable practical seawater electrolysis.

To  comprehensively  evaluate  the  long-term  durability  of  spinel
ferrites  with  different  magnetic  properties  in  seawater  electrolysis,
durability tests were performed on the four spinel ferrite catalysts at
a  constant  current  density  of  0.5  A·cm−2 for  200  h  (Fig.  5(a)).  The
variation  in  applied  potential  during  the  electrolysis  process  was
used to reflect catalyst durability, as an increase in potential typically
indicates catalyst degradation. The results showed that the potential
increase  amplitude  (∆E)  of  the  four  catalysts  followed  the  order:
CoFe2O4 <  NiFe2O4 <  MgFe2O4 <  ZnFe2O4 (Fig.  5(b)),  consistent
with the previously observed ClO− yield trend. Corrosion potential
measurements  further  supported this  point  (Fig.  S15 in the ESM),
with the sequence of CoFe2O4 > NiFe2O4 > MgFe2O4 > ZnFe2O4 (a
more  positive  potential  indicates  better  corrosion  resistance).
Together,  these  results  confirm  that  the  magnetic  properties  of
spinel  ferrites  regulate  their  corrosion  resistance  and  long-term
durability  via  spin  control-induced  inhibition  of  chlorine-related
side reactions:  stronger magnetism enhances chlorine suppression,

reduces  chlorine  corrosion  and  catalyst  degradation,  and  thus
improves durability.

To  further  validate  the  practical  application  potential  of  strong
magnetic  spinel  ferrites  in  seawater  electrolysis,  CoFe2O4—
characterized  by  the  strongest  ferromagnetism,  optimal  selectivity,
and  superior  durability—was  employed  as  the  anode  catalyst  to
assemble  an  AEMWE  for  alkalized  seawater  electrolysis  (Fig.  5(d)
inset).  Electrolyzer  performance  measurements  revealed  that  the
cell voltage was 1.84 V at a current density of 0.5 A·cm−2 and 2.10 V
at  1.0  A·cm−2 (Fig.  5(c)),  demonstrating  excellent  electrolysis
efficiency.  More  importantly,  the  AEMWE  achieved  stable
operation for 120 h under a constant current density of 0.5 A·cm−2,
with  no  significant  increase  in  celwasl  voltage  or  catalyst
performance degradation (Fig. 5(d)). This finding fully validates the
considerable  application  potential  of  strong  magnetic  catalysts  in
practical  seawater  electrolysis,  offering  a  viable  strategy  for  the
development  of  high-efficiency  and  durable  seawater  electrolysis
catalysts.

 3    Conclusions
In  summary,  this  work  demonstrates  that  spin  regulation  in
magnetic  spinel  oxides  enables  the  selective  modulation  of
adsorption  affinities  toward  OH−/Cl−;  the  ferromagnetic  effect
promotes  favorable  spin  alignment  to  facilitate  the  generation  of
triplet oxygen while impeding the formation of chlorine-containing
byproducts.  Benefiting  from  such  well-regulated  adsorption
behavior  and  spin-dependent  reaction  pathways,  catalysts  with
stronger  ferromagnetism  exhibit  significantly  suppressed  chlorine-

 

ClO−

Figure 4    Spin control over chlorine-related side reaction and mechanism verification. (a)–(c) Molecular orbital diagrams of OH−, O2, and Cl2, respectively. (d) Schematic
illustration of spin-dependent triplet  O2 formation during OER. (e) Schematic illustration of spin-independent singlet  Cl2 formation. (f)  Magnetocurrent density of  the
MFe2O4 catalysts  in  alkalized  seawater.  (g)  Correlation  between  the  magnetocurrent  and M10000 of  the  four  catalysts.  (h)  Comparison  of  ClO− yield  and Q /Qtotal for
CoFe2O4 with and without an external magnetic field.
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related  side  reactions  and  substantially  enhanced  operational
stability  for  seawater  electrolysis.  Moreover,  this  spin-control
strategy can be further extended to the rational design of non-noble
electrocatalysts  with  intrinsic  magnetism  or  chirality,  providing  a
promising  route  for  developing  efficient,  selective,  and  durable
systems  for  large-scale  seawater  electrolysis  and  other  spin-
dependent electrochemical processes.

 4    Experimental

 4.1    Materials synthesis
CoFe2O4,  NiFe2O4,  MgFe2O4,  and  ZnFe2O4 were  synthesized  via  a
typical  hydrothermal  method  [45].  For  the  synthesis  of  CoFe2O4,
0.375  mmol  of  Co(NO3)2·6H2O,  0.75  mmol  of  Fe(NO3)3·9H2O,
0.19 mmol of C6H5O7Na3·2H2O, 3.3 mmol of urea, and 1.0 mmol of
polyacrylamide (PAM) were dispersed in 30 mL of deionized (DI)
water  and  stirred  vigorously  for  60  min  to  form  a  homogeneous
dispersion. The homogeneous solution was then transferred into a
50  mL  Teflon-lined  stainless-steel  autoclave,  which  was  heated  at
200  °C  for  12  h.  After  being  cooled  to  room  temperature,  the
resulting  solid  product  was  collected  by  centrifugation,  washed
repeatedly  with  DI  water  and  ethanol  to  eliminate  residual
impurities, and finally dried in an oven at 60 °C for 12 h. NiFe2O4,
MgFe2O4, and ZnFe2O4 were synthesized using the same procedure
as  CoFe2O4,  except  that  Co(NO3)2·6H2O  was  substituted  with
stoichiometric  amounts  of  Ni(NO3)2·6H2O,  Mg(NO3)2·6H2O,  and
Zn(NO3)2·6H2O, respectively.

 4.2    Materials characterization
XRD  patterns  were  recorded  on  a  Bruker  D8  Advance
diffractometer  with  Cu  Kα radiation  over  a  2θ range  of  10°–80°.
Magnetic  properties  of  the  synthesized  spinel  ferrites  were
characterized  using  a  quantum  design  physical  property
measurement  system (PPMS)  at  room temperature,  and magnetic
hysteresis  loops were recorded in magnetic fields between −30,000
and +30,000 Oe. XPS measurements were performed on a Thermo
Fisher Scientific Kα spectrometer with Al Kα radiation.

 4.3    Hypochlorite quantification
Hypochlorite  (ClO−)  yield  was  quantified  by  iodometric
potentiometric  titration.  First,  the  electrolyte  after  continuous
operation was collected, adjusted to pH 2–3 with H2SO4,  and then
mixed  with  excess  freshly-prepared  0.5  M  KI  solution.  A  yellow
color  indicated  the  presence  of  ClO−,  as  I− was  oxidized  to  I2.  The
resulting  I2 was  finally  titrated  with  0.02  M  Na2S2O3 solution,  and
the volume of consumed Na2S2O3 solution was recorded.

The molar amount of ClO− was calculated using the equation

nClO− = C×V/2 (1)

ClO−

where C (0.02  M)  and V are  the  concentration  and  consumed
volume  of  Na2S2O3 solution,  respectively.  Subsequently,  this  value
was  scaled  to  the  total  electrolyte  volume.  The  ClO−-associated
charge (Q ) was then calculated as

QClO− = nClO− ×F×2 (2)

 

Figure 5    Durability evaluation of MFe2O4 catalysts. (a) Chronopotentiometric stability curves of the four MFe2O4 catalysts at 0.5 A·cm−2 for 200 h in alkalized seawater.
(b)  Comparison of  the  potential  increase  amplitude (ΔE)  after  stability  test  for  the  four  MFe2O4 catalysts.  (c)  Polarization curve of  the  AEMWE using CoFe2O4 as  the
anode catalyst in alkalized seawater at 60 °C. (d) Long-term durability curve of the AEMWE at 0.5 A·cm−2 in alkalized seawater; inset: schematic diagram of the AEMWE
device.

Nano Research | Vol. 19, No. 9 Li et al.

94908738 (7 of 10) Nano Research, 2026, 19, 94908738

https://www.sciopen.com/article/10.26599/NR.2026.94908738
https://www.sciopen.com/article/10.26599/NR.2026.94908738
https://www.sciopen.com/article/10.26599/NR.2026.94908738
https://www.sciopen.com/article/10.26599/NR.2026.94908738
https://www.sciopen.com/article/10.26599/NR.2026.94908738
https://www.sciopen.com/article/10.26599/NR.2026.94908738
https://www.sciopen.com/article/10.26599/NR.2026.94908738
https://www.sciopen.com/article/10.26599/NR.2026.94908738


where F is  the  Faraday  constant  and  2  represents  the  number  of
electrons  per  ClO− species.  This  value  was  divided  by  the  total
charge (Qtotal)  passed during the stability test  to obtain the radio of
charge associated with the formation of ClO− species.

 4.4    Electrochemical measurements
All electrochemical measurements were performed on a CHI 660E
electrochemical  workstation  (CH  Instruments,  Inc.)  in  a  standard
three-electrode system at room temperature. NF with in-situ grown
catalyst was directly used as the working electrode, a graphite rod as
the  counter  electrode,  and  a  saturated  calomel  electrode  (SCE)  as
the  reference  electrode.  All  potentials  reported  in  this  work  were
calibrated to the RHE scale [46].

Prior  to  catalyst  growth,  the  NF  substrate  was  sequentially
pretreated  with  HNO3 solution,  DI  water,  and  ethanol  by
ultrasonication  to  remove  surface  oxides  and  impurities.  The
working  electrodes  were  directly  fabricated  through  the
hydrothermal  synthesis  process  described  above,  where  the  target
spinel  ferrite  catalysts  were  grown in-situ on  the  pre-cleaned  NF
substrates.

Cyclic  voltammetry  (CV)  measurements  were  performed  at  a
scan  rate  of  50  mV·s−1 in  alkalized  seawater  electrolyte  to  obtain
stable electrochemical signals prior to subsequent tests. LSV curves
were  recorded  at  a  scan  rate  of 5  mV·s−1 in  the  same  alkalized
seawater  electrolyte,  with  75% iR correction.  Potentiodynamic
polarization  curves  were  recorded  at  a  scan  rate  of  10  mV·s−1 to
measure  the  corrosion  potential  of  the  catalysts  in  alkalized
seawater.

For  electrochemical  tests  under  an  external  magnetic  field,  a
tunable  magnetic  field  perpendicular  to  the  electrode  surface  was
provided by a Hall Effect Test System (CH-100, with the magnetic
field  intensity  controlled  at  10,000  Oe.  All  other  test  parameters
were  kept  identical  to  those  used  in  tests  without  an  external
magnetic field.

 4.5    Anion  exchange  membrane  water  electrolyzer
assembly and testing
For  the  AEMWE,  a  commercial  FAA-3-50  anion  exchange
membrane  was  pretreated  prior  to  assembly:  It  was  initially
immersed in 1.0 M NaOH for 48 h, then transferred to fresh 1.0 M
NaOH  for  an  additional  24  h.  After  pretreatment,  the  membrane
was  thoroughly  rinsed  with  DI  water  until  the  washing  water
reached neutral pH. The anode consisted of the in-situ grown spinel
ferrite  catalyst  supported  on  nickel  fibre  felt  (instead  of  nickel
foam),  while  the  cathode  was  fabricated  by  spraying  commercial
Pt/C  onto  the  pretreated  membrane  using  an  ultrasonic  spray
coater.  Additionally,  the  Pt/C  cathode  ink  was  prepared  by
dispersing  100  mg  of  Pt/C  in  10  mL  of  isopropanol-DI  water
mixture  (1:3,  v/v)  with  5  wt.%  Nafion  as  a  binder,  followed  by
ultrasonication  for  3  h  at  room  temperature  to  form  a
homogeneous  ink.  Subsequently,  the  pretreated  AEM,  anode
catalyst-loaded nickel fibre felt, cathode nickel fibre felt, and Teflon
gaskets were assembled sequentially and tightened to 4.5 N·m using
a torque wrench.

For  AEMWE  performance  testing,  alkalized  seawater  (1  M
NaOH + seawater) was employed as the feed electrolyte, which was
circulated  at  200  mL·min−1 via  a  two-channel  peristaltic  pump.
Meanwhile,  the  electrolyzer  temperature  was  maintained  at  60  °C
by  a  temperature  controller,  with  thermocouples  inserted  into  the
endplates  for  real-time  monitoring.  Prior  to  formal  testing,  the

electrolyzer was pre-activated via chronopotentiometry at a current
density  range  of  0.01–1.20  A·cm−2 (0.01  A·cm−2 step,  10  s  holding
time)  to  achieve  stable  electrochemical  performance.  After
activation,  polarization  curves  (without iR correction)  were
recorded at a current density range of 0.05–1.00 A·cm−2 (0.05 A·cm−2

step,  15  s  holding  time).  Finally,  long-term  stability  was  evaluated
by testing at a constant current density of 0.5 A·cm−2 for 120 h, with
real-time recording of cell voltage.

 Electronic  Supplementary  Material: Supplementary  material
(additional  characterizations  and  electrochemical  tests)  is  available
in the online version of  this  article  at https://doi.org/10.26599/NR.
2026.94908738.
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