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ABSTRACT
Dual-active-site  strategies  are  widely  adopted  to  address  the  intrinsic  challenge  of  simultaneously  promoting  water
dissociation  and  maintaining  an  optimal  hydrogen  adsorption  free  energy  in  alkaline  hydrogen  evolution.  However,  this
paradigm  implicitly  presumes  rapid  equilibration  of  hydrogen  intermediates  (H*),  thereby  neglecting  H*  transport  as  a
fundamental kinetic bottleneck. Here, we show that rational regulation of interfacial hydrogen-spillover pathways offers an
effective  kinetic  lever  for  modulating  alkaline  hydrogen  evolution.  An  atomically  coupled  Pt-Co3O4  heterostructure,
featuring  Pt  nanoparticles  anchored  on  Co3O4  nanowire  arrays,  is  constructed  as  a  model  system.  We  reveal  that
interfacial electron transfer generates a built-in electric field, which can be effectively tuned via oxygen-vacancy-mediated
modulation of  the work function difference, thereby enabling controllable regulation of  interfacial  H* migration.  This field
drives  a  reverse  hydrogen  spillover  process  and  lowers  the  H*  migration  barrier  to  0.13  eV,  transforming  the
heterointerface into a high-efficiency H* transport channel. Enabled by this field-regulated reaction pathway, the catalyst
delivers  an  overpotential  of  18.7  mV  at  10  mA·cm–2  and  a  Tafel  slope  of  27.8  mV·dec–1  in  1.0  M  KOH.  The  practical
relevance  is  validated  by  alkaline  seawater  electrolysis,  delivering  1.0  A·cm–2  at  1.76  V  and  maintaining  stable
performance  for  over  500  h.  This  research  clarifies  the  electronic  origin  of  accelerated  reverse  hydrogen  spillover  and
offers a universal design paradigm for high-performance multi-step electrocatalysis.
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 1    Instruction
Hydrogen  energy  has  attracted  substantial  attention  as  a  high-
density,  zero-emission  energy  carrier  [1, 2].  Among  various
hydrogen  production  technologies,  alkaline  water  electrolysis
stands  out  for  its  technological  maturity  and  high  operational
safety  [3−6].  In  particular,  alkaline  seawater  electrolysis  offers  a
scalable  pathway  by  leveraging  abundant  natural  resources  while
effectively  suppressing  the  competing  chlorine  evolution  reaction
under  high-pH  conditions  [7, 8].  However,  the  hydrogen
evolution  reaction  (HER)  in  alkaline  media  suffers  from
intrinsically  sluggish  kinetics  due  to  the  additional  water
dissociation step, imposing a critical demand for catalysts capable
of  simultaneously  accelerating  water  activation  and  hydrogen
adsorption/desorption at industrial current densities [9−12].

Platinum  (Pt)-based  catalysts  occupy  the  peak  of  the  HER
volcano  plot  owing  to  their  near-optimal  hydrogen  adsorption
energy  (ΔGH*)  [13].  However,  in  alkaline  environments,  even  Pt

kinetically  hindered  by  limited  water  dissociation  capability  [14].
To  overcome  this  limitation,  recent  research  efforts  have  shifted
from  single-site  optimization  to  interfacial  catalyst  design,
leveraging  support  materials  with  high  hydrolytic  activity  in
conjunction  with  Pt  to  construct  dual  active  sites  that  enable  the
redistribution  of  reaction  steps  across  distinct  components
[15−19]. Such heterostructure catalysts generally outperform their
single-component  counterparts  in  alkaline  HER,  highlighting  the
importance of interfacial coupling.

Despite considerable progress in such heterostructure catalysts,
the majority of studies implicitly assume rapid equilibration of H*
between the two active sites. Under this assumption, interfacial H*
migration  is  not  treated  as  an  independent,  kinetically  relevant
elementary  step,  and  catalytic  performance  is  still  predominantly
rationalized  using  static  electronic  descriptors,  such  as  ΔGH* or
water dissociation barriers. In fact, such interfacial H* migration is
extremely  crucial  and  has  a  clear  physical  analogue,  namely
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hydrogen spillover. In thermocatalytic systems, hydrogen spillover
is  widely  recognized  as  a  key  interfacial  process  involving  the
migration  of  activated  hydrogen  species  from  metal  surfaces  to
adjacent  supports  [20, 21].  By  analogy,  the  concept  of  hydrogen
spillover  has  recently  been  extended  to  electrocatalytic  hydrogen
evolution  to  rationalize  and  enhance  interfacial  activity  [22, 23].
For  example,  Yao  et  al.  constructed  a  PtCo@La-TiO2
heterostructure that boosts the HER performance by leveraging an
enhanced hydrogen spillover effect [24]. Similarly, Ma et al. tuned
the work function difference between the metal and the support to
reduce  the  interfacial  hydrogen  migration  barrier,  enabling
efficient hydrogen spillover.  The resulting Pt2Ir1/CoP catalyst also
exhibited outstanding HER performance [25].

However,  under  alkaline  conditions,  particularly  in  catalytic
systems  incorporating  strongly  hydrophilic  oxide  supports,  water
molecules  preferentially  adsorb  and  dissociate  on  the  oxide
surface,  such  that  H*  are  more  likely  to  form  initially  on  the
support rather than on metal sites [15]. The subsequent transfer of
these H* species to adjacent metal sites, namely reverse hydrogen
spillover, is not necessarily spontaneous or rapid, and may involve
a  substantial  energy  barrier,  rendering  it  a  potentially  critical
process  governing  the  overall  kinetics  of  hydrogen  evolution.  Its
microscopic  driving  force,  quantitative  kinetic  barrier,  and
potential  role  as  the  rate-determining  step  are  not  clearly
established,  lacking  direct  experimental  validation  and  a  detailed
electronic-structure-level  understanding.  Moreover,  how  to
rationally  construct  a  catalyst  interface  with  a  high-speed  reverse
spillover  channel  remains  an unresolved challenge,  hindering the
targeted optimization of alkaline HER kinetics.

We propose that constructing a built-in interfacial electric field
(BEF)  to  catalyze  directional “reverse  hydrogen  spillover” is  the
key  to  kinetically  coupling  water  dissociation  and  hydrogen
evolution for Pt-transition metal oxide heterostructures. We select
cobalt  oxide  (Co3O4)  as  the  ideal  partner  for  Pt.  Co3O4 has
attracted  particular  interest  due  to  its  mixed-valence  Co2+/Co3+

states,  strong  water  affinity,  and  intrinsic  ability  to  facilitate
hydroxyl  adsorption  and  O-H  bond  cleavage  [26, 27].  Such  Pt-
Co3O4 catalysts  have  been  demonstrated  to  exhibit  markedly
enhanced alkaline HER performance compared with their single-
component  counterparts  [28].  In  such  a  heterostructure,  the
difference in work function between Pt (~5.7 eV) and Co3O4 (~5.0
eV)  is  expected  to  induce  interfacial  electron  transfer  upon
contact,  potentially  leading  to  the  formation  of  a  BEF.  This
interfacial  field  may  influence  the  transport  behavior  of  H*  via
spillover.  Meanwhile,  the  work  function  of  Co3O4 can  be
modulated  by  tuning  its  oxygen  vacancy  concentration,  which
may  provide  a  feasible  platform  for  regulating  the  interfacial
electric  field  and  exploring  its  potential  role  in  H*  migration
kinetics.

To validate this hypothesis and harness this predicted effect, we
realize a high-speed interfacial reverse hydrogen spillover pathway
in an atomically coupled Pt-Co3O4 heterostructure, establishing an
integrated dissociation-migration-desorption catalytic  system that
overcomes  kinetic  bottlenecks  in  alkaline  HER.  Combining
systematic electrochemical measurements, operando spectroscopic
analyses, and DFT theoretical calculations, we directly identify this
reverse  hydrogen  spillover  process  and  elucidate  its  role  in
promoting interfacial reaction kinetics during alkaline HER. More
importantly, we reveal that interfacial electronic coupling induces
a  BEF  that  significantly  lowers  the  energy  barrier  for  reverse
hydrogen  spillover,  thereby  transforming  the  interface  into  an
efficient  hydrogen-transport  channel.  Benefiting  from  this

interface-engineered  mechanism,  the  Pt-Co3O4/CC  catalyst
achieves 10 mA·cm–2 at an overpotential of only 18.7 mV in 1.0 M
KOH  and  demonstrates  industrial-level  seawater  electrolysis
performance (1.0  A·cm–2 at  1.76  V)  with  long-term stability.  Our
study  provides  direct  mechanistic  insights  and  design  principles
for the development of high-performance HER catalysts.

 2    Result and discussion

 2.1    Catalyst synthesis and structural characterization
The  carbon  cloth-supported  Pt-Co3O4 porous  nanowire
electrocatalysts were rationally designed and fabricated to generate
abundant  heterointerfaces  through  intimate  interfacial  contact
enabled  by  an in  situ growth  strategy.  Specifically,  Co3O4 porous
nanowires  were  first  grown  on  carbon  cloth  (CC)  via  a
hydrothermal process followed by air calcination. Pt nanoparticles
(NPs) were then uniformly deposited onto the nanowires through
electrodeposition, yielding the final Pt-Co3O4/CC heterostructures
catalysts  (Fig. 1(a)).  X-ray  powder  diffraction  (XRD)  analysis
confirms  the  successful  synthesis  of  Co3O4,  while  the  absence  of
characteristic Pt peaks in the Pt-Co3O4/CC pattern suggests a low
Pt loading with high dispersion on the Co3O4 substrate (Fig. 1(b)).
Consistently,  Raman  spectra  indicates  that  the  Co3O4 phase
remains  intact  after  electrodeposition  (Fig. S1  in  the  Electronic
Supplementary  Material  (ESM))  [29, 30].  Scanning  electron
microscopy  (SEM)  images  show  a  well-preserved,  spatially
interwoven nanowire  array  architecture  throughout  the  synthesis
(Fig. 1(c) and Fig. S2 in the ESM), which is conducive to uniform
metal  dispersion  and  efficient  mass  transport.  Notably,
transmission  electron  microscopy  (TEM)  analysis  of  the  Co3O4
and  Pt-Co3O4 nanowires  reveals  a  particle-assembled  structure
with abundant  hierarchical  porosity  (Figs.  S3  and S4 in  the  ESM
and Fig. 1(e)),  which  maximizes  active-site  exposure.  The
favorable interfacial properties are further corroborated by surface
wettability  measurements.  Both  Co3O4/CC  and  Pt-Co3O4/CC
exhibit  superhydrophilicity  (contact  angle  ~  0°),  contrasting
sharply  with  the  hydrophobic  pristine  carbon  cloth  (103.9°)
(Fig. 1(d)),  thereby  ensuring  rapid  electrolyte  infiltration  and  full
accessibility to the active sites [31, 32].

High-angle  annular  dark-field  scanning  transmission  electron
microscopy  (HAADF-STEM)  clearly  reveals  Pt  nanoparticles
uniformly  anchored  on  the  Co3O4 nanowires,  with  an  average
particle size of approximately 20.4 nm (Figs. S5(a) and S5(b) in the
ESM).  Elemental  mapping  and  corresponding  EDX  spectra
further  verify  the  homogeneous  spatial  distribution  of  Pt,
confirming  the  formation  of  well-defined  Pt-Co3O4
heterointerfaces across the nanowire surface (Figs. S5(c)‒S5(g)) in
the  ESM).  Such  a  uniform  interfacial  configuration  ensures
extensive  metal-oxide  contact,  which  is  critical  for  efficient
interfacial  charge  transfer  and  synergistic  catalytic  functionality
(Fig. S6  in  the  ESM).  To  further  elucidate  the  heterointerface
structure of Pt-Co3O4 at the atomic scale. HAADF-STEM imaging
was  used  to  precisely  locate  the  interface  region.  As  shown  in
Fig. 1(f),  Pt  NPs  are  clearly  anchored  on  the  surface  of  Co3O4,
enabling  direct  identification  of  the  heterostructure  interface.
Subsequent HRTEM analysis of this region identifies two distinct
crystalline  domains  within  the  heterostructure  (Fig. 1(g)).  In  the
Co3O4 domain, a uniform lattice spacing of 0.286 nm is observed
in  all  directions,  while  the  corresponding  fast  Fourier  transform
(FFT)  pattern  exhibits  sixfold  symmetry  (Fig. 1(h) and Fig. S7(a)
in  the  ESM).  These  features  indicate  that  the  Co3O4 domain  is
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1oriented  along  the  [ 11]  zone  axis,  with  the  measured  lattice
planes indexed to the {220} family.  By contrast,  the Pt  domain is
oriented along the [011] zone axis, as evidenced by lattice spacings
of  0.226  and  0.196  nm  corresponding  to  the  {111}  and  {200}
families  of  face-centered  cubic  Pt,  respectively  (Fig. 1(i) and Fig.
S7(b)  in  the  ESM).  To  validate  the  TEM  results  and  better
understand the crystal structure, an atomic model was constructed
from  the  measured  lattice  spacings,  interplanar  angles,  and
crystallographic  orientations,  with  HRTEM  simulations
performed  using  QSTEM  software  (Figs.  1(h) and 1(i))  [33].  A
remarkable  agreement  is  observed  between  the  experimental
HRTEM  images  and  the  QSTEM  simulations,  both  in  atomic
arrangement  and  interplanar  spacing.  This  consistency
unambiguously validates the high crystallinity and predetermined
crystallographic  orientation  of  the  as-synthesized  Co3O4 and  Pt
nanocrystals.  Building  upon the  confirmed individual  phases,  we
examined  the  Co3O4/Pt  interface.  The  inverse  Fourier  transform

filtered image of the heterostructure alongside a proposed atomic
structure  (Fig. 1(j))  reveals  an  atomically  sharp  contact  between
the Co3O4 (220)  and Pt  (111)  planes.  This  preferential  alignment
indicates  a  low  lattice  mismatch  between  these  facets,  effectively
reducing  the  interfacial  energy  and  favoring  its  stabilization.  In
summary,  Pt/Co3O4 heterostructures  with  well-defined  atomic
interfaces  were  uniformly  constructed  on  porous  Co3O4
nanowires grown in situ on carbon cloth, as confirmed by atomic-
resolution TEM and image simulations.

 2.2    Surface elemental composition and chemical state
The  surface  elemental  composition  and  chemical  states  of  the
sample  were  analyzed  using  X-ray  photoelectron  spectroscopy
(XPS). The survey spectrum confirms the presence of Pt, Co, and
O  in  Pt-Co3O4/CC  (Fig. S8  in  the  ESM).  High-resolution  Pt  4f
spectra  of  Pt-Co3O4/CC  display  two  spin-orbit  doublets
corresponding  to  Pt0 and  Pt2+ species  (Fig. 2(a)).  Specifically,  the
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Figure 1    Synthesis  and  multiscale  structural  characterization  of  the  Pt-Co3O4/CC  electrocatalyst.  (a)  Scheme  illustrating  the  synthetic  process  of  the  Pt-Co3O4/CC
electrocatalyst.  (b) XRD patterns of CoCH/CC, Co3O4/CC, and Pt-Co3O4/CC. (c) SEM images of Pt-Co3O4/CC with the inset showing the diameter distribution of
Co3O4 nanowires.  (d) Static contact angles of CC, Pt/CC, Co3O4/CC, and Pt-Co3O4/CC. (e) TEM image of Pt-Co3O4.  (f)  HAADF-STEM image and corresponding
elemental mappings of Co, O, and Pt for Pt-Co3O4. (g) HRTEM images of Pt-Co3O4/CC. (h, i) (From left to right) Structural model of the fundamental repeat unit of
Co3O4 viewed along the [ 11] zone axis for Co3O4 (h) and structural model viewed along the [0 1 1] zone axis for Pt (i); an enlarged HRTEM image of Co3O4 (h) and
Pt (i);  and the corresponding QSTEM-simulated HRTEM image based on the structural  model.  (j)  Inverse  Fourier  transform image of  the heterostructure formed
between the Co3O4 (220) and Pt (111) planes, illustrated with a proposed atomic structure model, with blue, pink and white spheres representing Co, O, and Pt atoms,
respectively.

 
 

  Nano Research Energy  2026, 5: e9120233 3

 

 

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy

https://www.sciopen.com
https://mc03.manuscriptcentral.com/nre


peaks at 71.2 and 74.5 eV are assigned to metallic Pt0, while those
at 72.3 and 75.6 eV are indicative of Pt2+ species [34]. Compared to
Pt/CC,  the  Pt  4f  peaks  in  Pt-Co3O4/CC  exhibit  a  slight  negative
shift of 0.2 eV, suggesting an electron-rich environment at the Pt
sites. The Co 2p spectra of Pt-Co3O4/CC can be deconvoluted into
Co3+ (779.6/795.0  eV),  Co2+ (781.5/797.0  eV),  and  characteristic
satellite peaks (Fig. 2(b)) [35]. Relative to pristine Co3O4, the Co 2p
peaks  exhibit  a  positive  shift  of  0.3  eV,  indicating  an  electron-
deficient environment at the Co sites. The opposite binding energy
shifts  of  Pt  and  Co  unambiguously  evidence  interfacial  charge
redistribution,  reflecting  electron  transfer  from  Co3O4 to  Pt  and
resulting in the formation of a BEF at the interface [36]. In the O
1s spectra of both Co3O4/CC and Pt-Co3O4/CC, the peaks located
at  529.6,  531.1,  and 532.6  eV are  assigned to  lattice  oxygen (OL),
oxygen vacancies (OV), and surface-adsorbed oxygen species (OA),
respectively  (Fig. 2(c))  [37].  The  OV concentration,  quantified  by
the  OV/OL ratio,  is  significantly  higher  for  Pt-Co3O4/CC  (1.76)
than for Co3O4/CC (0.56), indicating that Pt loading promotes the
formation  of  OV [38].  Ultraviolet  photoelectron  spectroscopy
(UPS)  was  employed  to  probe  the  work  functions  (Φ)  of  Pt/CC
and  Co3O4/CC,  providing  insight  into  the  interfacial  electronic
modulation in Pt-Co3O4/CC (Fig. 2(d)) [39, 40]. The measured Φ

values are 5.6 eV for Pt and 5.3 eV for Co3O4 (Φ = hv – |Ecutoff –
EF|), indicating a tendency for electrons to flow from Co3O4 to Pt
at  the  interface  (Figs.  2(e) and 2(f)).  Additionally,  theoretical
calculations predict work functions of 5.7 eV for Pt and 5.1 eV for
Co3O4 (Figs. 2(g) and 2(h)), consistent with the experimental XPS
and  UPS  results,  thereby  corroborating  interfacial  charge
redistribution  and  the  formation  of  a  BEF  across  the
heterointerface.  The  signal  at g =  2.003  in  the  electron
paramagnetic  resonance  (EPR) spectra  was  employed to  evaluate
the  concentration  of  oxygen  vacancies  in  the  samples  [41].
Notably, Pt-Co3O4/CC exhibits a significantly stronger EPR signal
associated  with  OV compared  to  Co3O4/CC,  consistent  with  the
increased  OV concentration  revealed  by  O  1s  XPS  analysis
(Fig. 2(i)).  These  abundant  OV promote  interfacial  water
adsorption and facilitate O-H bond cleavage, thereby accelerating
proton  generation  and  facilitating  the  Volmer  step  in  HER  [42].
To  further  elucidate  the  role  of  oxygen  vacancies  in  modulating
the electronic  structure,  a  series  of  Co3O4 supports  with different
oxygen  vacancy  concentrations  were  prepared  by  varying  the
oxygen partial pressure during synthesis, followed by Pt deposition
to  obtain  the  corresponding  Pt-Co3O4 catalysts.  XPS  analysis
shows  that,  as  the  oxygen  partial  pressure  increases,  the  OV/OL

 

Figure 2    Electronic structure characterization and interfacial charge redistribution in the Pt-Co3O4 heterostructure. High-resolution XPS spectra of (a) Pt 4f for Pt/CC
and Pt-Co3O4/CC, (b) Co 2p for Co3O4/CC and Pt-Co3O4/CC, and (c) O 1s for Co3O4/CC and Pt-Co3O4/CC. (d) UPS spectra of Pt/CC and Co3O4/CC. Energy band
diagrams of the Pt and Co3O4 phases before (e) and after (f) contact. Work function of (g) Pt and (h) Co3O4. (i) EPR spectra of Co3O4/CC and Pt-Co3O4/CC.
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ratio of Co3O4 decreases from 1.01 in pure N2 to 0.29 in pure O2
(0.56  in  air  and  0.41  in  a  1:1  N2/O2 mixture),  indicating  a
progressive reduction in oxygen vacancy concentration (Fig. S9(a)
in  the  ESM).  After  Pt  deposition,  although  the  overall  oxygen
vacancy  concentration  is  significantly  increased,  the  variation
trend  remains  consistent  with  that  of  the  pristine  supports,  with
OV/OL ratios of 3.28, 1.76, 0.64, and 0.38, respectively (Fig. S9(b) in
the  ESM).  UPS  measurements  further  reveal  that  the  work
function of Co3O4 decreases as the oxygen vacancy concentration
is reduced, thereby reducing the work function difference between
Co3O4 and  Pt  and  consequently  modulating  the  strength  of  the
interfacial BEF (Fig. S10 in the ESM).

 2.3    Electrocatalytic HER performances
The  HER  performance  of  the  as-prepared  electrocatalysts  was
evaluated  in  a  three-electrode  system using  1.0  M KOH solution
saturated  with  nitrogen.  To  optimize  catalytic  performance,
electrocatalysts synthesized under varying experimental conditions
(refer  to  the  experimental  section  for  details)  were  systematically
assessed  through  linear  sweep  voltammetry  (LSV).  Initially,  the
concentration of the Pt precursor in the electrodeposition solution
was tuned. As shown in Fig. S11 in the ESM, the catalyst prepared
with 2.0 mM H2PtCl6 exhibits superior HER activity compared to
other formulations. Subsequently, the influence of oxygen vacancy
concentration  on  HER performance  was  systematically  evaluated
(Fig. S12  in  the  ESM).  The  HER  activity  shows  a  volcano-type
dependence on oxygen vacancy concentration, increasing first and
then  decreasing.  The  Pt-Co3O4/CC  catalyst  obtained  by
calcination  in  air  exhibits  the  optimal  HER  performance,
suggesting  that  an  appropriate  oxygen  vacancy  concentration
plays  a  critical  role  in  modulating  the  interfacial  electronic
structure and HER kinetics. The optimized Pt-Co3O4/CC achieves
current densities of 10 and 100 mA·cm–2 at overpotentials of 18.7
and  69.6  mV,  respectively.  These  values  are  substantially  lower
than those observed of Pt/CC (44.9, 122.7 mV), Co3O4/CC (288.1,
346.1  mV),  and  commercial  20  wt.%  Pt/C/CP  (20.5,  81.6  mV)
under identical experimental conditions (Figs. 3(a) and 3(b)). The
Tafel  slope  extracted  from  the  polarization  curves  provides  key
insight  into  the  intrinsic  kinetics  of  electrocatalytic  HER.  Pt-
Co3O4/CC exhibits a remarkably low Tafel slope of 27.8 mV·dec–1,
substantially  smaller  than  those  of  Pt/CC  (51.5  mV·dec–1),
Co3O4/CC  (119.4  mV·dec–1),  and  even  commercial  20  wt.%
Pt/C/CP (30.1 mV·dec–1), indicative of markedly accelerated HER
kinetics  (Fig. 3(c)).  For  conventional  single-component  catalysts,
HER  generally  follows  a  Volmer-Heyrovsky  or  Volmer-Tafel
mechanism,  where  Tafel  slopes  of  ~120,  ~40,  and  ~30  mV·dec–1

correspond  to  Volmer-,  Heyrovsky-,  and  Tafel-limited  kinetics,
respectively.  Accordingly,  the  rate-determining  step  (RDS)  for
Co3O4/CC, Pt/CC, and commercial wt.% Pt/C/CP can be assigned
to  the  Volmer,  Heyrovsky,  and  Tafel  steps.  Notably,  the  Tafel
slope of Pt-Co3O4/CC (27.8 mV·dec–1) is lower than that expected
for  a  Tafel-step-limited  mechanism,  indicating  a  deviation  from
conventional  HER  kinetics.  In  light  of  previous  reports  linking
hydrogen spillover  to  characteristic  Tafel  slopes  of  ~24 mV·dec–1,
this anomalous kinetic behavior suggests the possible involvement
of  hydrogen spillover  in  the  HER process  [43, 44].  The exchange
current  density  (j0),  derived  from  the  Tafel  slope,  is  widely
regarded as a quantitative descriptor of the intrinsic HER activity
[45].  As  illustrated  in Fig. S13  in  the  ESM,  the j0 value  for  Pt-
Co3O4/CC is  2.2  mA·cm–2,  which is  5.2  times higher  than that  of
Pt/CC  (0.42  mA·cm–2),  20.0  times  higher  than  Co3O4/CC
(0.11  mA·cm–2),  and  twice  that  of  the  commercial  20  wt.%

Pt/C/CP (1.2 mA·cm–2) catalyst,  further emphasizing the superior
HER activity of Pt-Co3O4/CC. To further assess catalytic efficiency,
the  specific  mass  activities  of  the  Pt-Co3O4/CC  and  commercial
20 wt.% Pt/C/CP were calculated. The total mass of the Pt-Co3O4
electrocatalyst  supported  on  carbon  cloth  was  measured  using  a
precision  electronic  balance  (Fig. S14  in  the  ESM),  while  the
platinum  content  in  Pt-Co3O4 was  quantified  by  inductively
coupled  plasma  atomic  emission  spectroscopy  (Table  S1  in  the
ESM).  After  normalizing  with  respect  to  platinum  loading,  the
mass  activity  of  Pt-Co3O4/CC  reaches  2.30  A·mgPt

–1 at  an
overpotential of 100 mV, approximately 6.6 times higher than that
of  commercial  Pt/C/CP  (0.35  A·mgPt

–1),  demonstrating
significantly  enhanced  Pt  utilization  in  Pt-Co3O4/CC  (Fig. S15  in
the ESM). The electrochemical impedance spectroscopy (EIS) data
presented  in Fig. 3(d) indicate  that  Pt-Co3O4/CC  exhibits  a
substantially  lower  charge  transfer  resistance  (Rct)  of  5.9  Ω
compared to Pt/CC (48.5 Ω) and Co3O4/CC (167.6 Ω), indicating
more efficient  interfacial  charge  transfer  and faster  HER kinetics.
The  electrochemical  surface  area  (ECSA),  a  critical  parameter
assessing accessible active sites and intrinsic catalytic activity,  was
estimated  from  the  double-layer  capacitance  (Cdl)  obtained
through  cyclic  voltammetry  (CV)  measurements  at  various  scan
rates. The Cdl values for Pt/CC, Co3O4/CC, and Pt-Co3O4/CC are
determined  to  be  31.6,  5.1,  and  111.3  mF·cm–2,  respectively.  This
indicates  that  Pt-Co3O4/CC  possesses  the  largest  ECSA,  thereby
exposing  a  greater  number  of  active  sites  compared  to  the  other
electrocatalysts  (Fig. 3(e), Fig. S16  in  the  ESM).  The  intrinsic
activity of electrocatalysts can also be evaluated by calculating the
turnover frequency (TOF). As shown in Fig. 3(f),  the TOF values
for  Pt-Co3O4/CC  at  overpotentials  of  50  and  100  mV  are  0.373
and  1.684  s–1,  respectively,  which  are  substantially  higher  than
those for Pt/CC (0.185, 0.816 s–1) and Co3O4/CC (0.031, 0.069 s–1)
(Fig. S17 in the ESM). Based on the above findings, a radar chart
was  created  to  visually  highlight  the  enhanced  alkaline  HER
performance  of  Pt-Co3O4/CC  in  comparison  with  the  reference
catalysts  (Fig. 3(g)).  Furthermore,  compared  to  most  previously
reported  Pt-based  catalysts,  Pt-Co3O4/CC demonstrates  favorable
HER  performance  (Fig. 3(h),  Table  S2  in  the  ESM).  The
polarization  curves  of  Pt-Co3O4/CC  remain  nearly  unchanged
before and after 5000 CV cycles (Fig. S18 in the ESM), indicating
excellent  electrochemical  durability.  Furthermore,
chronopotentiometry  measurements  reveal  that  after  more  than
550  hours  of  operation,  the  overpotential  of  Pt-Co3O4/CC
increases  by  only  5  mV,  while  the  commercial  20  wt.% Pt/C/CP
shows  a  28  mV  increase  after  50  hours,  underscoring  the
exceptional  long-term  stability  of  Pt-Co3O4/CC  (Fig. 3(i)).  To
evaluate  its  structural  and  chemical  integrity  after  prolonged
testing, the Pt-Co3O4/CC catalyst was subjected to comprehensive
post-stability  characterization  using  XRD,  Raman  spectroscopy,
XPS,  and  TEM.  The  XRD  and  Raman  results  confirm  the
preservation of the Co3O4 crystalline phase (Fig. S19 in the ESM),
while  HRTEM  images  show  that  the  Pt/Co3O4 heterointerface
remains  intact  (Fig. S20  in  the  ESM).  Moreover,  the  XPS  spectra
obtained  from  the  post-reaction  sample  exhibit  a  high  degree  of
similarity to those of the fresh sample,  indicating that the surface
elemental states were largely preserved during the reaction process
(Fig. S21 in the ESM).

 2.4    Reverse hydrogen spillover mechanism
To  further  elucidate  the  hydrogen  spillover  mechanism  and  its
contribution to HER activity, a series of targeted experiments was
performed. The presence of spillover H* was visually tracked using
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a WO3 indicator. Spillover H* reacts with WO3,  forming HxWO3
and causing a distinct color change from pale yellow to deep blue
[46].  As  shown  in Fig. 4(a),  after  HER  testing,  the  WO3-Pt-
Co3O4/CC  mixture  (synthesis  details  and  related  discussion  are
provided  in  the  experimental  section  and Fig. S22  in  the  ESM)
exhibited  a  pronounced  deep  blue  color,  indicating  the  possible
involvement  of  hydrogen  spillover.  In  contrast,  the  WO3-Pt/CC
and  WO3-Co3O4/CC  mixtures  exhibit  no  color  changes  under
identical  conditions,  indicating  negligible  spillover  H*  generation
[47].  Furthermore,  the  dark  blue  coloration  observed  in  the
mixture  of  Pt-Co3O4 and  WO3 after  H2 treatment  indicates  the
occurrence  of  hydrogen  spillover  (Fig. S23  in  the  ESM).  The
presence  of  hydrogen  spillover  was  further  corroborated  by
determining  the  reaction order  derived  from LSV measurements
in KOH electrolytes with varying pH values (Fig. S24 in the ESM).
As  illustrated  in Fig. 4(b),  the  reaction  orders  for  Pt/CC,
Co3O4/CC,  and Pt-Co3O4/CC are  calculated to  be  0.66,  0.53,  and
1.63,  respectively.  Notably,  the  reaction  order  for  Pt-Co3O4/CC

approaches  close  to  the  theoretical  value  of  2,  which  is
characteristic  of  HER  mechanisms  involving  hydrogen  spillover,
and aligns well with previously reported values for spillover-based
systems  [48, 49].  To  identify  the  active  sites  responsible  for  the
enhanced HER performance of the Pt-Co3O4/CC catalyst, selective
poisoning  experiments  were  carried  out  using  ethylenediamin-
etetraacetic  acid  (EDTA)  as  a  chemical  probe  [50].  The  results
demonstrate that EDTA significantly suppressed the HER activity
of Co3O4/CC while exerting minimal effect on Pt/CC, confirming
its  selective  poisoning  of  active  sites  on  Co3O4 (Fig. S25  in  the
ESM). Upon addition of EDTA during HER measurements of Pt-
Co3O4/CC,  a  cathodic  overpotential  shift  of  46.4  mV  in η10 is
observed, suggesting that Co3O4, in addition to Pt, plays a key role
in enhanced HER performance (Fig. 4(c)). These findings suggest
that  Co3O4 may  serve  as  a  key  reaction  site  in  the  hydrogen
spillover process.

In  situ Fourier  transform  infrared  spectroscopy  (FTIR)  was
employed  to  further  elucidate  the  mechanisms  underlying

 

Figure 3    Electrocatalytic  hydrogen evolution performance of  Pt-Co3O4/CC in alkaline media.  (a)  LSV curves of  Pt/CC, Co3O4/CC, Pt-Co3O4/CC, and commercial
20% Pt/C/CP in  1.0  M KOH electrolyte  at  a  scan rate  of  5  mV·s–1.  (b)  Comparison of  the  overpotentials  of  different  electrocatalysts  at  current  densities  of  10  and
100 mA·cm–2. (c) The Tafel plots of Pt/CC, Co3O4/CC, Pt-Co3O4/CC, and commercial 20% Pt/C/CP in 1.0 M KOH electrolyte. (d) Nyquist plots of Pt/CC, Co3O4/CC,
and Pt-Co3O4/CC in 1.0 M KOH at –0.02 V vs. RHE. The inset shows the corresponding equivalent circuit. (e) Plots of the current density difference of anodic and
cathodic at 0.08 V vs.  RHE against the scan rate for Pt/CC, Co3O4/CC, and Pt-Co3O4/CC to estimate their Cdl values.  (f) TOF values of Pt/CC, Co3O4/CC, and Pt-
Co3O4/CC at overpotentials of 50 and 100 mV. (g) Comparison of the electrocatalytic performance of Pt/CC, Co3O4/CC, and Pt-Co3O4/CC. (h) The comparison of the
Tafel  slope and overpotential  of Pt-Co3O4/CC and reported Pt-based catalysts.  (i)  Chronopotentiometry curves of corresponding catalysts at –10 mA·cm–2 in 1.0 M
KOH electrolyte.
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hydrogen spillover. As shown in Fig. 4(d), in situ FTIR spectra of
the Pt/CC catalyst recorded in 1.0 M KOH over a potential range
of 0 to –0.175 V vs. RHE exhibit two distinct vibrational features
associated with adsorbed water  molecules  on the catalyst  surface.
The absorption band at  approximately  1660.3 cm–1 is  assigned to
the  HOH  bending  mode,  whereas  the  broad  band  spanning
2800‒3600  cm–1 originates  from  O-H  stretching  vibrations  [51].
Compared  to  Pt/CC,  the  Pt-Co3O4/CC  catalyst  displays
significantly  enhanced  vibrational  signals  corresponding  to
interfacial  water  species  and  a  pronounced  red  shift  in  the
characteristic bands (Fig. 4(e)). This indicates that the introduction
of  Co3O4 not  only  promotes  water  adsorption  but  also  weakens
the  O-H  bond  strength,  thereby  facilitating  water  activation  and
dissociation [52]. Furthermore, the O-H stretching vibration band
in the spectrum of Pt-Co3O4/CC exhibits clear splitting, implying
the  coexistence  of  multiple  configurations  of  water  molecules  at
the interface. The peak observed at 3308.9 cm–1, attributed to non-
hydrogen-bonded  (free)  water,  serves  as  a  key  reactant  in  the
Volmer  step  [53].  The  substantial  increase  in  its  content
accelerates  the  Volmer  step.  These  results  suggest  that  the
incorporation  of  Co3O4 induces  a  restructuring  of  interfacial

water, thus optimizing the local microenvironment for the Volmer
process and enhancing its kinetics.

In summary, based on the validation of the hydrogen spillover
effect,  EDTA  molecular  probe  experiments,  and in  situ FTIR
analysis,  it  can  be  concluded  that  the  initial  adsorption  and
dissociation of H2O, i.e., the Volmer step, predominantly occur on
the  Co3O4 surface.  The  generated  H*  intermediates  subsequently
migrate  to  Pt  sites  through  a  reverse  hydrogen  spillover  process,
where hydrogen desorption takes place.  Collectively,  these results
demonstrate  that  the  overall  reaction  proceeds  through  a  reverse
hydrogen spillover mechanism.

The  hydrogen  spillover  effect  is  further  elucidated  through in
situ hydrogen adsorption and desorption behavior of the catalyst.
In  situ electrochemical  impedance  spectroscopy  (EIS)
measurements were performed to investigate hydrogen adsorption
kinetics. The Bode plots (Figs. 5(a)‒5(c)) reveal that Pt-Co3O4/CC
exhibits a lower phase angle, indicating more charge participation
in  the  Faradaic  process  (HER)  rather  than  being  stored  at  the
electrode-electrolyte  interface  to  form Cdl [54].  Furthermore,  the
rapid phase angle variation at high-frequency region with applied
potential suggests dynamic interfacial behavior, further supporting

 

Figure 4    Experimental  evidence  for  reverse  hydrogen  spillover  in  the  Pt-Co3O4/CC  system.  (a)  Color  change  photographs  of  WO3-Pt/CC,  WO3-Co3O4/CC,  and
WO3/Pt-Co3O4/CC  catalysts  before  and  after  the  HER.  (b)  Plots  of  Log  |j@-100  mV  vs.  RHE|  versus  pH  for  Pt/CC,  Co3O4/CC,  and  Pt-Co3O4/CC.  (c)  Catalyst
poisoning experiment for Pt-Co3O4/CC in 1.0 M KOH with the addition of 10 mM of EDTA. In situ FTIR spectra of (d) Pt/CC and (e) Pt-Co3O4/CC from 0 to –0.175
V vs. RHE in 1.0 M KOH solution.
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hydrogen  migration  on  the  Pt-Co3O4/CC  surface  (Fig. S26(a)  in
the  ESM)  [48].  To  further  quantify  the  charge  and  ion  transfer
dynamics  during  the  reaction,  the  EIS  data  were  fitted  using
equivalent  circuit  models,  with  circuit  selection  carefully  adapted
to the distinct features of the Nyquist plots for each catalyst (Figs.
S26(b)‒S26(d)  in  the  ESM).  The  Nyquist  plot  of  Co3O4/CC
exhibits  a  single  semicircular  arc,  which  was  modeled  using  a
classical  Randles  circuit.  In  contrast,  the  Nyquist  plots  of  Pt/CC
and Pt-Co3O4/CC display two distinct semicircular arcs, requiring
the application of a double parallel  equivalent circuit for accurate
fitting  (Fig. 5(d)).  In  the  double  parallel  equivalent  circuit, RS
denotes  the solution resistance.  The first  parallel  components  are
associated  with  the  charge  transfer  at  the  electrode-electrolyte
interface.  Specifically,  CPE  and R1 represent  the  double-layer
capacitance and the charge transfer resistance during the Faradaic
reaction, respectively. The second parallel components are related
to  the  adsorption  behavior  of  reaction  intermediates  at  the
electrode-electrolyte  interface,  with R2 representing  the  hydrogen
adsorption  resistance  and Cφ accounting  for  the  pseudo-
capacitance  from  the  adsorption/desorption  processes  of
intermediates  [55].  Fitting  parameters  are  summarized  in  Tables
S3 and S4 in the ESM.

Pt-Co3O4/CC  exhibits  the  lowest R1 values  across  all  tested
overpotentials,  indicating  superior  HER  charge-transfer  kinetics
(Fig. 5(e)).  Furthermore,  with  increasing  overpotential, R2
gradually  decreases,  and  the  second  semicircle  in  the  low-
frequency  region  diminishes,  indicating  saturation  of  hydrogen
adsorption  on  the  catalyst  surface  at  higher  overpotentials.  To
quantify  this  process,  the  hydrogen  adsorption  charge  (QH)  is
determined  by  integrating  the Cφ versus  overpotential  curve,
which  corresponds  to  the  amount  of  adsorbed  hydrogen  during
the HER. The QH values for Pt/CC and Pt-Co3O4/CC are found to
be  68.20  and  159.65  mC,  respectively,  demonstrating  that  Pt-
Co3O4/CC  has  superior  hydrogen  adsorption  capacity  (Fig. 5(f)).
The  Tafel  slopes  derived  from  EIS,  obtained  by  plotting  log R2
against  overpotential,  offer  insight  into  the  hydrogen  adsorption
kinetics of Pt-Co3O4/CC and Pt/CC [25]. Notably, the Tafel slope
of  Pt-Co3O4/CC (16.68 mV·dec–1)  is  considerably lower than that
of  Pt/CC  (18.92  mV·dec–1),  indicating  more  favorable  hydrogen
adsorption kinetics (Fig. 5(g)).

To  investigate  hydrogen  desorption  behavior, operando cyclic
voltammetry  (CV)  measurements  were  conducted  on  Pt/CC,
Co3O4/CC, and Pt-Co3O4/CC. As shown in Fig. S27 in the ESM, a
weak hydrogen desorption peak was observed on Pt/CC, while no

 

Figure 5    Hydrogen  adsorption/desorption  behavior  and  kinetic  analysis  of  the  Pt-Co3O4 heterostructure.  Bode  plots  of  (a)  Pt/CC,  (b)  Co3O4/CC,  and  (c)  Pt-
Co3O4/CC in 1.0 M KOH electrolyte at various potentials. (d) The equivalent circuit was used for modeling the measured electrochemical response. (e) The resistance
of the electrode interface reaction on Pt/CC, Co3O4/CC, and Pt-Co3O4/CC. (f) Plots of Cφ vs. overpotential of Pt/CC and Pt-Co3O4/CC during HER in 1.0 M KOH
electrolyte. (g) EIS-derived Tafel plots of Pt/CC and Pt-Co3O4/CC obtained from the hydrogen adsorption resistance R2. (h) Plots of hydrogen desorption peak position
vs.  scan  rates  of  Pt/CC  and  Pt-Co3O4/CC.  (i)  Calculated  KIE  values  of  Pt/CC,  Co3O4/CC,  and  Pt-Co3O4/CC,  respectively.  (j)  Typical  Arrhenius  plots  for  Pt/CC,
Co3O4/CC, and Pt-Co3O4/CC.
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discernible  signal  was  detected  on  Co3O4/CC.  These  results
suggest  that  both  electrocatalysts  exhibit  relatively  low  hydrogen
desorption activity, with Pt sites demonstrating superior hydrogen
desorption capability compared to Co sites. Notably, Pt-Co3O4/CC
exhibits  a  distinct  hydrogen  desorption  peak  around  0.2  V  vs.
RHE,  likely  due  to  the  hydrogen  spillover  effect  facilitating  the
desorption of  hydrogen.  The kinetics  of  hydrogen desorption are
evaluated by linearly fitting the peak position as a function of scan
rate.  With  increasing  scan  rate,  the  current  response  lags  behind
the applied potential,  leading to  a  shift  in  the  desorption peak to
higher  potentials.  Therefore,  a  smaller  shift  in  the  peak potential,
reflected  by  a  lower  slope  of  the  fitted  line,  indicates  faster
hydrogen desorption kinetics. As shown in Fig. 5(h), the slope for
Pt-Co3O4/CC (3.34×10–4) is significantly lower than that for Pt/CC
(5.47×10–4),  suggesting  significantly  enhanced  hydrogen
desorption kinetics on Pt-Co3O4/CC [56].

Deuterium  kinetic  isotope  effects  (KIEs)  experiments  provide
valuable  insights  into  the  hydrogen/proton  transfer  dynamics
involved  in  the  HER.  Due  to  the  greater  mass  of  deuterium,
hydrogen/proton  migration  proceeds  more  slowly  in  deuterated
water  (D2O)  than  in  protonated  water  (H2O),  thereby  enabling
D2O to effectively retard the kinetics of hydrogen/proton transfer.
Importantly,  KIEs  experiments  reveal  the  rate-determining  step
(RDS)  in  the  catalytic  process.  A  primary  KIE  value  exceeding
1.5  indicates  that  hydrogen/proton  transfer  is  either  part  of  the
RDS  or  exerts  a  substantial  influence  on  it  during  HER  [57].  As
shown  in Fig. S28  in  the  ESM,  the  LSV  curves  of  Pt/CC,
Co3O4/CC, and Pt-Co3O4/CC in 1.0 M NaOH/H2O exhibit higher
HER  activity  compared  to  those  obtained  in  1.0  M  NaOD/D2O.
The primary KIEs values for Pt/CC, Co3O4/CC, and Pt-Co3O4/CC
are  2.4‒2.8,  2.2‒2.4,  and  1.7‒2.1,  respectively,  all  exceeding  1.5,
suggesting  that  hydrogen/proton  transfer  may  be  the  RDS
(Fig. 5(i)). Moreover, the Pt-Co3O4/CC catalyst exhibits the lowest
KIE value compared to Pt/CC and Co3O4/CC, indicating the most
rapid  hydrogen/proton  transfer  kinetics.  Polarization  curves
measured  at  different  temperatures  were  analyzed  to  extract  the
apparent  activation  energy  (Ea)  using  the  Arrhenius  equation,
providing insight into the kinetic barriers of the HER process (Fig.
S29 in the ESM). The Pt-Co3O4/CC exhibits a markedly lower Ea
of  15.85  kJ·mol–1 compared  with  Pt/CC  (21.28  kJ·mol–1)  and
Co3O4/CC  (20.36  kJ·mol–1),  indicating  significantly  accelerated
HER  kinetics  on  the  heterointerface  (Fig. 5(j)).  In  summary,  the
unique hydrogen adsorption and desorption behavior observed on
Pt-Co3O4/CC  provides  further  experimental  evidence  for
interfacial  hydrogen  spillover.  Meanwhile,  comprehensive  kinetic
analyses  collectively  indicate  that  the  HER  kinetics  on  this
heterostructure catalyst are markedly enhanced.

 2.5    DFT calculations
Density  functional  theory  (DFT)  calculations  were  conducted  to
systematically  explore  the  origin  of  the  superior  HER  activity
observed in Pt-Co3O4/CC, as well as to identify potential hydrogen
spillover  pathways  (Fig. S30  in  the  ESM).  Charge  density
difference  analysis  reveals  pronounced  interfacial  charge
redistribution  in  the  Pt-Co3O4 heterostructure,  where  electron
transfer  from Co3O4 to  Pt  leads  to  the  formation  of  an  electron-
rich  Pt  region  and  an  electron-depleted  Co3O4 region,  thereby
establishing  a  BEF  across  the  interface  (Fig. 6(a)).  This
phenomenon  is  fully  consistent  with  the  XPS,  UPS,  and  work
function  results.  Projected  density  of  states  (PDOS)  analysis
provides orbital-level  insights into the functional  specialization of

the Pt-Co3O4 heterostructure. As shown in Figs. 6(b) and 6(c), the
Co  d-band  center  (–1.47  eV)  lies  closer  to  the  Fermi  level  than
that  of  Pt  (–2.24  eV),  endowing  Co3O4 with  stronger  orbital
interactions  with  H2O  molecules,  thereby  favoring  water
adsorption and activation.  In  contrast,  the  more negative  d-band
center  of  Pt  leads  to  moderated  H*  binding,  which  facilitates
hydrogen  recombination  and  desorption  [48].  To  corroborate
these  electronic  insights,  we  computed  the  H2O  adsorption
energies and dissociation barriers at the Co3O4 and Pt sites within
the  Pt-Co3O4 heterostructure.  The  Co3O4 site  exhibits  a  much
more negative H2O adsorption energy (–1.23 eV vs. –0.31 eV for
Pt)  and  a  lower  O-H  dissociation  barrier  (0.55  eV  vs.  0.86  eV),
confirming  its  superior  water  activation  ability  (Fig. S31  in  the
ESM, Figs. 6(d) and 6(e)). Notably, introducing oxygen vacancies
into  the  Co3O4 lattice  further  enhances  H2O  adsorption  under
alkaline conditions (Fig. S32 in the ESM). Moreover, the near-zero
ΔGH* on Pt (0.01 eV) identifies it as the ideal site for H2 generation
and  release  (Fig. 6(f)).  Accordingly,  H*  generated  from  water
dissociation  on  Co3O4 are  required  to  migrate  to  Pt  sites  for
hydrogen recombination and subsequent desorption.

It  is  worth  emphasizing  that  the  realization  of  such  effective
interfacial  synergy  is  not  spontaneous  but  critically  relies  on  the
efficient  migration  of  interfacial  H*.  When  this  migration  is
sluggish,  H* accumulation and site  poisoning on Co3O4 will  take
place,  or  the  Pt  sites  will  experience  a  shortage  of  H*  supply.
Therefore, understanding the kinetics of H* migration is essential
for  evaluating  the  efficiency  of  interfacial  synergy.  Thus,  we
computed  the  H*  migration  pathway  in  the  Pt-Co3O4
heterostructure. The migration from site 1 to site 2 corresponds to
H* migration on the Co3O4 surface, while site 2 to site 3 represents
cross-interface H* migration, followed by H* migration on the Pt
surface  (site  3  to  site  4)  (Fig. 6(g)).  On  the  Co3O4 surface,  H*
migration  between  adjacent  sites  requires  overcoming  an  energy
barrier  of  0.27  eV  (Fig. 6(h)).  Notably,  the  cross-interface
migration  barrier  is  substantially  reduced  to  0.13  eV,  indicating
that the heterointerface serves as a fast channel for H* migration.
This  pronounced  kinetic  enhancement  originates  from  the  BEF
directed from Co3O4 to Pt. The H* species, produced from water
dissociation  on  Co3O4,  is  thus  electrostatically “pushed” by  the
positively  charged  Co3O4 region  and “pulled” by  the  negatively
charged Pt domain. This field-driven force stabilizes the transition
state  for  the  interfacial  crossing,  effectively  reducing  the  kinetic
barrier. As a result, the maximum energy barrier along the reverse
hydrogen spillover pathway (0.27 eV) is lower than that for direct
H desorption from Co3O4 (0.37 eV), providing compelling kinetic
evidence for a BEF-driven reverse hydrogen spillover mechanism.

It  should  be  emphasized  that  the  BEF  strength  plays  a  pivotal
role  in  governing  the  kinetics  of  BEF-driven  reverse  hydrogen
spillover.  This  is  reflected  in  the  pronounced  non-monotonic
dependence of HER activity on BEF strength, with optimal activity
achieved  at  an  intermediate  BEF,  rather  than  following  a  simple
“stronger-is-better” trend.  Mechanistically,  a  weak  BEF  is
insufficient  to  drive  hydrogen  migration  from  Co3O4 to  Pt,
resulting  in  hydrogen  accumulation  on  the  Co3O4 surface.  In
contrast,  an  excessively  strong  BEF  may  lead  to  excessive
accumulation  of  hydrogen  on  Pt,  thereby  disrupting  the  kinetic
coupling  between  intermediate  transfer  and  subsequent  reaction
steps.  Therefore,  an  appropriately  tuned  BEF  is  essential  for
directing  interfacial  hydrogen  migration,  establishing  an  efficient
intermediate  transport  pathway,  and  maintaining  the  kinetic
matching between water dissociation and hydrogen desorption.
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 2.6    AEM electrolyzer performance
Motivated  by  its  exceptional  alkaline  HER  performance,  the
application  of  Pt-Co3O4/CC for  alkaline  seawater  electrolysis  was
investigated.  This  system  offers  two  critical  advantages:  strongly
alkaline  conditions  precipitate  Mg2+ and  Ca2+ ions  before
electrolysis,  preventing active-site  blockage (Fig. S33 in the ESM),
while effectively suppressing detrimental chlorine evolution. These
advantages  establish  alkaline  seawater  electrolysis  as  a  promising
route  for  industrial  hydrogen production,  combining  operational
stability  with  environmental  safety  at  high  current  densities.  To
evaluate  the  HER  performance  of  the  Pt-Co3O4/CC  electrode  in
chloride  ion  solutions  and  natural  seawater  with  complex  ionic
compositions,  simulated  alkaline  seawater  (1.0  M  KOH  +  0.5  M
NaCl)  and  natural  alkaline  seawater  (1.0  M  KOH  +  seawater,
collected from the Bohai Sea) were used as electrolytes. Figure 7(a)
shows  the  polarization  curves  of  the  Pt-Co3O4/CC  electrode  in
alkaline  electrolyte,  simulated  alkaline  seawater,  and  natural
alkaline  seawater.  Compared  with  pure  alkaline  electrolyte,  a
decrease in HER activity is observed in both simulated and natural
alkaline  seawater.  Specifically,  in  simulated  alkaline  seawater,  the
Pt-Co3O4/CC electrode delivered current densities of 10, 100, and
500  mA·cm–2 at  overpotentials  of  18.8,  71.7,  and  119.7  mV,
respectively  (Fig. 7(b)).  The  overpotentials  required  to  reach  10

and  100  mA·cm–2 are  comparable  to  those  in  pure  alkaline
solution,  while  the  slight  increase  observed  at  500  mA·cm–2 is
mainly  attributed  to  the  competitive  adsorption  of  chloride  ions,
which occupy part of the active sites and increase the Rct [58]. The
gradual  decrease  in  HER  activity  with  increasing  chloride  ion
concentration in the electrolyte further supports this interpretation
(Fig. S34  in  the  ESM).  In  natural  alkaline  seawater,  the  electrode
achieves the same current densities at overpotentials of 27.3, 75.0,
and  130.6  mV,  respectively,  with  the  further  decrease  in  HER
activity likely caused by residual hard cations that block the active
sites  (Fig. S35  in  the  ESM).  Nonetheless,  the  electrode  maintains
excellent  performance,  demonstrating  its  strong  catalytic  stability
under harsh conditions. To assess the practical potential of the Pt-
Co3O4/CC  electrode,  we  constructed  an  anion  exchange
membrane  water  electrolyzer  (AEMWE)  for  alkaline  natural
seawater  electrolysis  (Fig. 7(c), Fig. S36  in  the  ESM),  using  Pt-
Co3O4/CC  as  the  cathode  and  NiFe  LDH/NF  as  the  anode  (Pt-
Co3O4||NiFe  LDH AEMWE). Figure  7(d) shows  the  polarization
curves  of  the  electrolyzer  at  various  temperatures.  At  a  current
density of 1 A·cm–2, the cell voltages were 1.82, 1.79, and 1.76 V at
60, 70, and 80  °C, respectively,  approaching the U.S. Department
of Energy’s 2026 target and underscoring its promise for practical
applications  [59].  For  comparison,  an  AEMWE  was  assembled

 

Figure 6    DFT analysis of Pt-Co3O4 heterostructure. (a) Charge density difference of Pt-Co3O4,  where yellow and cyan indicate charge accumulation and depletion,
respectively. Projected density of states (PDOS) calculated for (b) Co and (c) Pt atoms in Pt-Co3O4.  The dashed lines denote the Co 3d and Pt 5d band centers. (d)
Reaction energy diagram for water dissociation on Pt and Co3O4 of Pt-Co3O4. (e) Calculated H2O adsorption energy and energy barrier of H2O dissociation on Pt and
Co3O4 of Pt-Co3O4. (f) Calculated Gibbs free energy diagrams for HER on Pt and Co3O4 of Pt-Co3O4. (g) Schematic illustration and (h) hydrogen migration energies
on the Pt-Co3O4 surface.
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using  a  commercial  Pt/C  electrode  as  the  cathode  and  NiFe
LDH/NF as the anode (Pt/C||NiFe LDH AEMWE), and its overall
water-splitting performance was evaluated at various temperatures
(Fig. S37(a)  in  the  ESM).  At  a  current  density  of  1  A·cm–2 and
80  °C,  the  Pt/C||NiFe  LDH  AEMWE  required  a  cell  voltage  of
2.05  V,  0.29  V  higher  than  that  the  Pt-Co3O4||NiFe  LDH
AEMWE,  demonstrating  the  superior  performance  of  the  Pt-
Co3O4||NiFe  LDH  AEMWE  (Fig. 7(e)).  Compared  with  other
reported  state-of-the-art  AEMWE  catalysts,  our  catalyst  also
exhibits  superior  performance  (Fig. 7(f),  Table  S5  in  the  ESM).
Furthermore, under a constant current density of 500 mA·cm–2 at
60 °C, the Pt-Co3O4||NiFe LDH AEMWE demonstrated excellent
stability, maintaining steady operation for 500 hours (Fig. 7(g)). By
comparison,  the  Pt/C||NiFe  LDH  AEMWE  exhibited  significant
performance  degradation  after  only  1.5  hours  (Fig. S37(b)  in  the
ESM).

 3    Conclusion
In  this  work,  we  demonstrate  that  engineering  a  high-speed
reverse  hydrogen  spillover  channel  is  the  key  to  specifically
addressing  a  persistent  yet  overlooked  kinetic  bottleneck  in
conventional  dual-site  alkaline  HER  catalysts.  We  design  and
construct  an  atomically  coupled  Pt-Co3O4/CC  heterostructure
featuring  dual  active  sites.  In  this  design,  Co3O4 preferentially
adsorbs and dissociates water to generate H* intermediates, while
Pt  provides  hydrogen  adsorption  sites  with  a  near-zero  ΔGH* for
efficient H2 recombination and desorption. More importantly, the
BEF,  induced  by  the  work  function  difference  at  the  interface,
drives  the  directional  migration  of  H*  from  Co3O4 to  Pt  and
lowers  the  migration  energy  barrier  to  0.13  eV.  By  tuning  the
oxygen  vacancy  concentration  in  Co3O4 to  modulate  the  BEF
strength,  we  further  reveal  that  HER  activity  exhibits  a  non-
monotonic  dependence  on  the  BEF,  where  a  moderate  BEF

 

Figure 7    Alkaline seawater AEMWE performance of the Pt-Co3O4 electrocatalyst. (a) LSV curves of the Pt-Co3O4/CC electrode in 1.0 M KOH, 1.0 M KOH + 0.5 M
NaCl, and 1.0 M KOH + seawater electrolytes. (b) Comparison of the overpotentials of the Pt-Co3O4/CC electrode at current densities of 10, 100, and 500 mA·cm–2 in
different electrolytes. (c) Schematic illustration of an AEMWE with a Pt-Co3O4 cathode and a NiFe LDH anode. (d) Polarization curves of the Pt-Co3O4||NiFe LDH
AEMWE operated in 1.0 M KOH + seawater electrolyte at different temperatures. (e) Comparison of the performance of Pt-Co3O4||NiFe LDH and Pt/C||NiFe LDH
AEMWEs operated in 1.0 M KOH + seawater at 80 °C. (f) Comparison of cell voltage at a current density of 1 A·cm–2 for our electrolyzer versus state-of-the-art water
and seawater electrolyzers. (g) Durability test of the Pt-Co3O4||NiFe LDH AEMWE in 1.0 M KOH + seawater at 60 °C.
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facilitates  balanced  H*  migration  and  transforms  the
heterointerface  into  an  efficient  H*  migration  channel,  which  in
turn  accelerates  the  overall  reaction  kinetics.  As  a  result,  Pt-
Co3O4/CC achieves 10 mA·cm–2 at  18.7 mV with a Tafel  slope of
27.8  mV·dec–1 in  1.0  M  KOH.  When  integrated  into  an  AEM
electrolyzer  for  natural  alkaline  seawater  splitting,  it  delivers
1  A·cm–2 at  1.76  V  and  operates  stably  for  over  500  hours,
demonstrating  strong  potential  for  industrial  application.  This
work  establishes  interfacial  H*  transport  kinetics  as  an
independent and tunable design parameter, with reverse hydrogen
spillover playing a central role, thereby offering a general strategy
for  advancing  multi-step  electrocatalytic  reactions  involving
coupled adsorption, transformation, and desorption processes.
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