
Mitigating over-oxidation and optimizing electronic structure of
ruthenium sites by binary Ni-Mo2N support for enhanced oxygen
evolution reaction

Meishu Xin, Aiping Wu, Dongxu Wang, Youming Dong, Yuying Fan, Xianyun Yue, Chungui Tian   
 ✉, and

Honggang Fu   
 ✉

Key  Laboratory  of  Functional  Inorganic  Material  Chemistry,  Ministry  of  Education  of  the  People’s  Republic  of  China,  Heilongjiang
University, Harbin 150080, China

  Cite this article: Nano Research, 2026, 19, 94908372. https://doi.org/10.26599/NR.2026.94908372

  
ABSTRACT: Ruthenium-based  catalysts  face  significant
challenges  of  electrochemical  dissolution  and  slow  reaction
kinetics  for  the  oxygen  evolution  reaction  (OER).  Here,  we
have shown the enhancement of the activity and stability of Ru
doped on a binary Ni-Mo2N support with three-dimensional (3D)
filamentous  network  structure  (Ru/Ni-Mo2N)  for  OER.  X-ray
photoelectron  spectroscopy  (XPS)  reveals  the  increase  of  the
electron  density  around  Ru  sites  by  the  interaction  with  Ni-
Mo2N. Density functional theory (DFT) calculations confirm that
this interaction induces a downshift of the d-band center of Ru
sites, leading to optimized adsorption energies of intermediates
on  Ru  and  enhanced  OER  performance.  Moreover,  the
sacrificial behavior of Ni effectively mitigates Ru over-oxidation
and dissolution, thereby enhancing OER stability. Also, the 3D
filamentous  network  structure  with  abundant  pores  is  favorable  to  accelerate  the  transfer  of  electrolyte.  As  a  result,  the
Ru/Ni-Mo2N requires an overpotential of 251 mV to achieve 20 mA·cm−2, being 83 mV lower than that of Ru-Mo2N. An anion
exchange membrane water electrolyzer (AEMWE) (Pt/C||Ru/Ni-Mo2N) delivers a voltage of 1.78 V at 500 mA·cm−2, superior
to that of the Pt/C||RuO2 (1.97 V@500 mA·cm−2), and exhibits stable operation for over 500 h. This study demonstrates the
critical role of the binary support in enhancing the catalytic activity and stability of Ru-based catalysts.
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 1    Introduction
Electrocatalytic  water  splitting  has  emerged  as  a  promising
technology  for  producing  green  hydrogen  [1−3].  Anion  exchange
membrane  water  electrolyzer  (AEMWE)  has  attracted  intensive
attention for large-scale hydrogen production, as it can be coupled
with renewable energy sources and operate in low alkaline system,
offering  both  cost  competitiveness  and  robust  operational  stability
[4−6].  The  efficiency  of  hydrogen  production  is  limited  by  the

sluggish  kinetics  of  the  oxygen  evolution  reaction  (OER),  as  its
complex  four-electron  transfer  process  [1, 7−9].  The  development
of  catalysts  with  abundant  active  sites  and  long-term  stability  is
essential  to  facilitate  the  reaction  kinetics  [10, 11].  Compared  to
IrO2,  Ru-based  materials  offer  advantages  for  OER  by  their
relatively  higher  natural  abundance  and  lower  cost  [12, 13].
Nevertheless,  the  relatively  slow  transformation  of  reaction
intermediates on Ru-based catalysts during OER process limits the
development  of  their  performance  [14, 15].  Moreover,  with  rising
OER  potentials,  Ru  tends  to  undergo  oxidation  to  form  soluble
high-valence  species  (Run+, n >  4),  leading  to  the  degradation  of
catalysts [16, 17]. Designing low-Ru catalysts with high activity and
stability in alkaline media is critically important.

Significant  efforts  have  been  devoted  to  developing  low-Ru
catalysts  for  OER  [18, 19].  Integrating  Ru  with  suitable  supports
represents  an  effective  way  for  constructing  effective  low-Ru
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catalysts [20, 21]. A series of supports, including metal oxides [22, 23],
nitrides [24, 25], phosphides [26, 27], and hydroxides [28, 29], have
been employed to  anchor  Ru sites  for  OER.  The  support  material
plays  a  pivotal  role  in  stabilizing  Ru  sites  against  agglomeration,
thereby improving Ru dispersion and utilization efficiency [30−32].
Moreover,  the  support  can  modulate  the  d-band  center  of  Ru,
which can optimize the adsorption energy of oxygen intermediates
and enhance the catalytic activity [18, 33]. For example, integrating
Ru  single  atoms  with  MoO3−x/nickel  foam  (NF)  substrates
effectively  modulates  the  electronic  structure  of  Ru,  leading  to
enhanced  intrinsic  activity  and  accelerated  OER  kinetics  [34].
Zhang  et  al.  demonstrated  that  Ru  clusters  anchored  on  cobalt-
nickel bimetallic phosphide (Ru-CoP/Ni2P) effectively modulate the
electronic structure of Ru while promoting the conversion from O*
to  OOH*  during  OER,  thus  significantly  improving  catalytic
performance  [35].  Niu  et  al.  synthesized  Ru-VO2 composites  with
Ru-doped  VO2 and  Ru  nanoparticles  (NPs).  The  sacrificial
dissolution of  V from VO2 substrate inhibits  the dissolution of  Ru
species  and  protects  Ru  NPs  from  over-oxidation,  thereby
enhancing  OER  stability  [36].  It  is  promising  to  simultaneously
achieve  high  OER  activity  and  suppress  over-oxidation  during
operation by rational structure design of support materials.

Herein,  we  propose  an  effective  strategy  by  combining  the  Ru
sites with a binary Ni-Mo2N support for enhancing the activity and
stability  of  OER.  The  Ru/Ni-Mo2N  has  shown  three-dimensional
(3D)  filamentous  network  architecture  with  plentiful  pores,
enabling full electrolyte accessibility and facilitating mass transport.
The electronic structure of Ru sites is modulated by the binary Ni-
Mo2N  support.  Density  functional  theory  (DFT)  calculations
indicate  that  the  downshift  of  the  d-band  center  at  Ru  sites
optimizes  the  adsorption  of  oxygen  intermediates,  thereby
enhancing the catalytic activity. Also, the sacrificial oxidation of Ni
sites  mitigates  the  over-oxidation  of  Ru  during  OER,  significantly
enhancing  durability.  Consequently,  the  Ru/Ni-Mo2N  requires  an
overpotential  of  only  251  mV  to  achieve  20  mA·cm−2,  superior  to
that  of  Ru-Mo2N  (334  mV@20  mA·cm−2).  Moreover,  a  two-
electrode  electrolyzer  assembled  with  Ru/Ni-Mo2N  (anode)  and
Pt/C  (cathode)  demonstrates  a  low  cell  voltage  of  1.483  V  at
10  mA·cm−2,  outperforming  the  Pt/C||RuO2 benchmark  (1.563  V).
AEMWE performance of Pt/C||Ru/Ni-Mo2N (1.78 V@500 mA·cm−2)
was  also  superior  to  Pt/C||RuO2 (1.97  V@500  mA·cm−2),  and  it
demonstrates  enhanced  operational  stability  for  over  500  h  at
500  mA·cm−2.  The  study  opens  a  promising  strategy  to  improve
activity and stability of Ru-based catalysts for OER.

 2    Results and discussion

 2.1    Preparation and characterization of Ru/Ni-Mo2N
The Ru/Ni-Mo2N catalyst with a filamentous network morphology
was  synthesized  by  annealing  a  RuNi-MoOx precursor  under  an
ammonia  atmosphere,  as  depicted  in Fig.  1(a).  As  is  known,  the
reaction  of  Mo  powder  in  H2O2 can  form  a  MoO2(OH)(OOH)
solution,  which  can  be  converted  into  MoO3 under  solvothermal
conditions [37]. At the same time, in the presence of H2O2, Ru3+ and
Ni2+ can  form  corresponding  Ru-based  and  Ni-based  materials
[38, 39].  So,  in  our  present  synthesis,  it  is  proposed  that  the  Ru3+

and  Ni2+ are  combined  with  MoO2(OH)(OOH)  to  form  RuNi-
MoOx precursor  based  mainly  on  the  following  process
(Eqs.  (1)–(3)).  The  detailed  schematic  structure  is  presented  in

Fig. 1(a). The RuNi-MoOx precursor exhibits a crystalline structure
consisting  of  MoO2.80 (PDF#12-0517)  and  Mo4O11 (PDF#13-0142)
(Fig. S1 in the Electronic Supplementary Material (ESM)), while the
MoO3 phase  (PDF#05-0508)  was  observed  in  the  undoped
precursor  (Fig.  S2  in  the  ESM).  The  presence  of  unsaturated
molybdenum  oxide  species  in  RuNi-MoOx is  induced  by
inhomogeneity  and  disturbs  the  electronic  structure,  which  is
attributed to the incorporation of Ru3+ and Ni2+ [40]

Mo+4H2O2 → MoO2(OH)(OOH)+ 3H2O (1)

2MoO2(OH)(OOH)→ 2MoO3+2H2O+O2 (2)

MoO2(OH)(OOH)
Ru3+ ,Ni2+−−−−→ RuNi-MoOx +H2O+O2 (3)

Scanning  electron  microscopy  (SEM)  images  (Figs.  1(b) and
1(c))  reveal  that  the  RuNi-MoOx precursor  exhibits  a  3D
filamentous  network  morphology.  Transmission  electron
microscopy  (TEM)  images  (Fig.  1(d) and  Fig.  S3  in  the  ESM)
further  confirm  this  architecture.  The  nitrogen  adsorption–
desorption  measurement  indicates  that  the  precursor  possesses  a
Brunauer–Emmett–Teller  (BET)  specific  surface  area  (SBET)  of
24.06 m2·g−1 (Fig. S4 in the ESM), suggesting a relatively high surface
area  conducive  to  catalytic  reactions.  The  morphology  of  the
catalysts is significantly influenced by the type of metal doping and
the  experimental  parameters.  In  contrast  to  the  filamentous
network morphology  of  RuNi-MoOx,  the  individual  doping  of  Ru
or  Ni  results  in  nanoparticle  and  nanoflower  architectures,
respectively  (Fig.  S5  in  the  ESM).  The  distinctive  filamentous
network  of  RuNi-MoOx is  attributed  to  the  synergistic
incorporation of both Ru and Ni. Furthermore, the morphology of
the precursor evolves from a stacked structure composed of curved
nanosheets  into  a  filamentous  network  with  increasing  synthesis
time (Fig. S6 in the ESM).

The  Ru/Ni-Mo2N  catalyst  was  prepared  by  sintering  the
precursor  at  550 °C for  2  h  under  an ammonia  atmosphere.  SEM
images  of  Ru/Ni-Mo2N  (Figs.  1(e) and 1(f))  show  that  the  3D
filamentous  network  structure  is  well  maintained  after  nitridation.
TEM analysis (Figs. 1(g) and 1(h)) further confirms that the catalyst
possesses  a  3D  filamentary  network  architecture  and  there  are  a
large  number  of  pores  present  on  the  nanostructures,  which  is
beneficial  for  exposing more edge active  sites.  The high-resolution
TEM  (HRTEM)  images  (Figs.  1(i) and 1(j))  reveal  two  distinct
lattice  fringes  with  measured  spacings  of  0.227  and  0.209  nm,
corresponding to the (111) and (200) planes of Mo2N, respectively.
Furthermore,  the interplanar spacing of  the (111)  plane in Ru/Ni-
Mo2N  is  measured  to  be  0.227  nm,  indicating  a  noticeable
contraction compared to that of pure Mo2N (0.240 nm) (Fig. S7 in
the  ESM).  This  contraction is  attributed to  the  substitution of  Mo
atoms by Ru and Ni within the Mo2N lattice, which induces lattice
distortion and consequently contracts the interplanar spacings. The
elemental  mapping  (Fig.  1(k))  exhibits  that  the  elements  Ru,  Ni,
Mo,  and  N  are  uniformly  dispersed  throughout  the  framework
structure  and  no  agglomerations  exist.  Furthermore,  energy-
dispersive  X-ray  spectroscopy  (EDS)  analysis  confirms  the
successful incorporation of Ru and Ni into the Mo2N framework, as
quantified  by  the  elemental  mass  ratios  provided  in  Fig.  S8  in  the
ESM.  Collectively,  these  characterization  data  confirm  the
successful  synthesis  of  the  Ru/Ni-Mo2N  composite.  This  structure
exhibits superior capillary forces, which facilitate efficient electrolyte
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penetration  and  synergistically  enhance  the  electrode–electrolyte
interfacial  interaction  [41].  Nitrogen  adsorption–desorption
measurements (Fig. 2(a)) indicate that Ru/Ni-Mo2N and Ru-Mo2N
exhibit  specific  surface  areas  of  30.23  and  9.75  m2·g−1,  respectively.
Compared  to  Ru-Mo2N,  Ru/Ni-Mo2N  possesses  a  higher  specific
surface area and greater pore volume, which facilitates the exposure
of more active sites.  From the contact angle measurement,  Ru/Ni-
Mo2N showed an excellent wettability to alkaline electrolyte (Fig. S9
in  the  ESM),  which  can  be  attributed  to  its  unique  morphology.

The  metal  content  in  the  prepared  catalyst  was  confirmed  by
inductively  coupled  plasma  optical  emission  spectroscopy  (ICP-
OES). The ICP-OES tests show that the Mo, Ni, and Ru contents in
the  catalyst  were  80.5  wt.%,  3.0  wt.%,  and  1.2  wt.%,  respectively
(Table  S2  in  the  ESM).  The  detectable  presence  of  Ru  and  Ni
confirms their successful incorporation into the catalyst.

X-ray diffraction (XRD) patterns (Figs. 2(b) and 2(c)) show that
the  diffraction  peaks  of  the  Ru/Ni-Mo2N  catalyst  match  those  of
phase-pure Mo2N (PDF#25-1366). The diffraction peaks located at

 

Figure 1    (a) Schematic process for the synthesis of Ru/Ni-Mo2N. ((b) and (c)) SEM images of RuNi-MoOx. (d) TEM image of RuNi-MoOx. ((e) and (f)) SEM images,
((g) and (h)) TEM images, ((i) and (j)) HRTEM images, and (k) scanning TEM (STEM) and EDS elemental mappings of Ru/Ni-Mo2N.
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37.2°,  43.5°,  62.8°,  and  75.5°  can  be  assigned  to  the  (111),  (200),
(220),  and  (311)  planes  of  Mo2N,  respectively.  Notably,  the  (111)
diffraction  peak  of  Ru/Ni-Mo2N  shifts  slightly  to  a  higher  angle
(37.49°)  compared  to  that  of  pure  Mo2N,  indicating  lattice
contraction  along  the  (111)  plane  due  to  the  incorporation  of  Ru
and Ni  atoms with smaller  atomic radii.  This  finding is  consistent
with the lattice contraction observed by HRTEM. This shift is also
observed in the XRD patterns of  Ru-Mo2N and Ni-Mo2N samples
when either Ru or Ni is individually introduced, further supporting
the  successful  doping  of  both  elements  into  the  Mo2N  lattice.
Furthermore,  the  XRD  pattern  of  Ru/Ni-Mo2N  exhibits  only
diffraction  peaks  corresponding  to  Mo2N,  indicating  that  the
doping process did not alter the host crystal structure. The absence
of  separate  Ru  or  Ni  phases  also  confirms  the  low  concentration
and homogeneous dispersion of the dopants within the catalyst.

The  surface  chemical  composition  was  analyzed  using  X-ray
photoelectron  spectroscopy  (XPS).  In  contrast  to  Ru-Mo2N,  Ni-
Mo2N,  and  Mo2N,  the  full  XPS  survey  spectrum  of  Ru/Ni-Mo2N
(Fig. 2(d)) exhibits characteristic peaks of Ni 2p and Ru 3d + C 1s at
binding energies of 854.1 and 284.8 eV, respectively [4], confirming
the  successful  incorporation  of  Ru  and  Ni  into  the  catalyst.  The
high-resolution  XPS  spectra  of  Ru  3d  +  C  1s  are  presented  in
Fig.  2(e).  In  contrast  to  Ni-Mo2N  and  Mo2N,  distinct  peaks
corresponding  to  Ru4+ 3d5/2 are  clearly  observed  in  both  Ru/Ni-
Mo2N and Ru-Mo2N. As shown in Fig. 2(f), the Ru 3p peaks of the
Ru/Ni-Mo2N catalyst are observed at binding energies of 461.8 and
484.0 eV, corresponding to Ru4+ 3p3/2 and 3p1/2, respectively [42, 43].
Compared to RuO2, the Ru4+ peak in Ru/Ni-Mo2N shows a negative
binding energy shift  (Fig.  S10(a) in the ESM), indicating a valence
state below +4 [43, 44]. Moreover, compared to Ru-Mo2N, both the

 

Figure 2    (a) BET for Ru/Ni-Mo2N and Ru-Mo2N. ((b) and (c)) XRD patterns of Ru/Ni-Mo2N, Ru-Mo2N, Ni-Mo2N and Mo2N. (d) The full XPS survey spectra of Ru/Ni-
Mo2N, Ru-Mo2N, Ni-Mo2N, and Mo2N. (e) C 1s + Ru 3d of Ru/Ni-Mo2N, Ru-Mo2N, Ni-Mo2N, and Mo2N. (f) Ru 3p of Ru/Ni-Mo2N and Ru-Mo2N. (g) Ni 2p of Ru/Ni-
Mo2N and Ni-Mo2N. (h) Mo 3d of Ru/Ni-Mo2N, Ru-Mo2N, and Mo2N. (i) SKP of Ru/Ni-Mo2N, Ru-Mo2N, Ni-Mo2N, and Mo2N.
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Ru 3d and Ru 3p peaks of Ru/Ni-Mo2N shift toward lower binding
energies,  suggesting  the  incorporation  of  Ni  promotes  electron
transfer to Ru. Furthermore, catalysts with elevated Ru loading (3%)
were  synthesized  to  verify  the  electronic  modulation  effect  of  the
binary support on Ru sites. Consistently, the introduction of Ni into
the support enhances the electron density at Ru centers (Fig. S10(b)
in  the  ESM).  This  electronic  modulation  helps  suppress  the  over-
oxidation of Ru, significantly enhancing the catalytic stability of the
material [45]. The Ni 2p XPS spectra (Fig. 2(g)) show peaks at 853.5
and  870.8  eV,  which  are  assigned  to  metallic  Ni0,  along  with
additional  peaks  at  856.2  and 874.0  eV corresponding to  Ni2+ 2p3/2

and Ni2+ 2p1/2,  respectively  [46, 47].  The  presence  of  Ni2+ species  is
attributed  to  surface  oxidation  resulting  from  air  exposure.  In
Ru/Ni-Mo2N, the  Ni  2p  peaks  shift  positively  by  +0.23  eV for  Ni0

and  +0.48  eV  for  Ni2+ compared  to  those  in  Ni-Mo2N,  indicating
electron withdrawal from Ni sites. The Mo 3d spectrum of Ru/Ni-
Mo2N (Fig. 2(h)) is deconvoluted into three doublets: Mo–N (229.4
and  232.4  eV),  Mo4+ (230.1  and  233.4  eV),  and  Mo6+ (232.7  and
235.8 eV) [48]. The presence of Mo4+ and Mo6+ species is likely due
to  surface  oxidation  upon  air  exposure.  A  comparative  analysis
between Ru/Ni-Mo2N and Mo2N indicates that doping with Ru and
Ni  induces  a  negative  binding  energy  shift  of  the  Mo–N  bond,
suggesting  electron  acquisition  by  Mo.  Further  comparison
between Ru/Ni-Mo2N and Ru-Mo2N reveals an additional negative
shift in the Mo–N binding energy, implying that Ni incorporation
promotes  further  electron  enrichment  at  Mo  sites.  Together  with
previous  findings,  these  results  demonstrate  that  introducing  Ni
leads to  increased electron density  at  both Mo and Ru sites  in the
catalyst.  This  electronic  modulation  contributes  to  enhanced
structural  stability  during  the  OER  process  [45].  The  scanning
Kelvin probe (SKP) measurements (Fig.  2(i)) show that the binary
Ni-Mo2N  support  modified  Ru  catalyst  (Ru/Ni-Mo2N)  has  the
lowest  work  function  among  the  series,  indicating  facilitated
electron  transfer  from  the  catalyst  bulk  to  the  surface.  This
enhanced electron exchange capability with the electrolyte improves
the reaction kinetics [49, 50].

 2.2    Water oxidation performance in alkaline
The  OER  performance  of  Ru/Ni-Mo2N  was  evaluated  in  a  1.0  M
KOH  electrolyte  using  a  standard  three-electrode  system.  The
electrolyte  was  saturated  with  N2 prior  to  measurements.  The
prepared  NF  coated  with  the  catalysts  was  used  as  the  working
electrode,  while  the  graphite  rod  and  a  Hg/HgO  electrode  were
used  as  the  counter  and  reference  electrode,  respectively.  Both  Ru
and  Ni  play  crucial  roles  during  the  synthesis,  and  their  content
significantly  governs  the  catalytic  performance.  To  investigate  the
effects,  a  series  of  comparative  samples  with  varying  Ru  and  Ni
loadings  was  synthesized.  As  shown  in  Fig.  S11  in  the  ESM,  the
Ru/Ni-Mo2N  catalyst  with  Ru  and  Ni  loading  of  1%  and  4%
(relative  to  Mo)  exhibited  optimal  OER  performance.  This  result
can  be  attributed  to  the  optimal  Ru/Ni  ratio,  which  effectively
modulates  the  electronic  structure  of  Ru  while  enabling  Ni  to
properly suppress its over-oxidation. As shown in Fig. 3(a), Ru/Ni-
Mo2N exhibits  an overpotential  of  251 mV at  a  current  density  of
20 mA·cm−2, which is lower than those of Ru-Mo2N (334 mV), Ni-
Mo2N  (393  mV),  Mo2N  (432  mV),  and  commercial  RuO2

(384  mV).  The  results  indicate  that  the  metallic  composition
significantly  influences  the catalyst’s  performance,  with Ru serving
as  the  primary  active  site  compared  to  Ni.  The  higher
overpotentials  observed  for  Ru/Ni-Mo2N-6h  (338  mV),  Ru/Ni-

Mo2N-450  (320  mV),  and  Ru/Ni-Mo2N-650  (300  mV)  relative  to
Ru/Ni-Mo2N  (Figs.  S12  and  S13  in  the  ESM)  demonstrate  the
additional  influence  of  morphological  and  crystallographic
properties  on  catalytic  performance.  To  account  for  Ohmic
resistance, the linear scanning voltammetry (LSV) curves with 90%
iR compensation (Figs. S14(a) and S14(b) in the ESM) are provided.
The  results  show  that  Ru/Ni-Mo2N  requires  overpotentials  of
only  265  and  316  mV  to  achieve  current  densities  of  20  and
100  mA·cm−2,  respectively,  underscoring  its  outstanding  catalytic
activity,  especially  at  high  current  densities.  To  minimize
interference  from redox  features,  reverse-scan  measurements  were
also  conducted  (Figs.  S14(c)  and  S14(d)  in  the  ESM).  Even  under
reverse  scanning  conditions,  Ru/Ni-Mo2N  still  exhibits  the  lowest
overpotentials,  further  corroborating  its  exceptional  OER
performance.

Furthermore, the catalytic reaction kinetics were evaluated using
the  Tafel  slope.  The  Ru/Ni-Mo2N  catalyst  demonstrates  the  most
favorable  reaction  kinetics,  exhibiting  the  smallest  Tafel  slope  of
53  mV·dec−1,  which  is  significantly  lower  than  those  of  Ru-Mo2N
(90 mV·dec−1), Ni-Mo2N (136 mV·dec−1), Mo2N (282 mV·dec−1), and
RuO2 (94 mV·dec−1) (Fig. 3(b)). The excellent OER activity of Ru/Ni-
Mo2N  can  be  attributed  to  its  unique  3D  filamentous  network
morphology and the electronic modulation of Ru sites by the binary
Ni-Mo2N  support,  distinguishing  it  from  other  comparative
samples.  The  3D  filamentous  network  structure  offers  abundant
exposed active sites and promotes electrolyte penetration and mass
transport,  as  supported  by  its  superior  wettability  indicated  by  the
small  contact  angle  (Fig.  S9  in  the  ESM)  [6].  Turnover  frequency
(TOF)  values  were  calculated  to  evaluate  the  intrinsic  activity  per
active site.  As shown in Fig.  3(c) and Fig.  S15 in the ESM, Ru/Ni-
Mo2N  achieves  a  TOF  value  of  0.202  s−1 at  1.50  V  vs.  reversible
hydrogen electrode (RHE), which is higher than those of Ru-Mo2N
(0.061  s−1)  and  RuO2 (0.036  s−1),  indicating  superior  catalytic
efficiency.  Mass  activity  measurements  further  corroborated  these
findings,  with  Ru/Ni-Mo2N  exhibiting  a  mass  activity  of
359.3 A·gRu

−1 at 1.5 V vs. RHE, significantly exceeding those of Ru-
Mo2N (73.2 A·gRu

−1) and RuO2 (1.6 A·gRu
−1) (Fig. 3(c) and Fig. S16 in

the ESM). These results highlight that electronic modulation of the
Ru  site  by  Ni-Mo2N  support  engineering  enhances  conductivity
and intrinsic activity. Electrochemical active surface area (ECSA) is
used to evaluate the density of catalysts exposing active sites, which
was  evaluated  by  the  double  layer  capacitance  (Cdl).  The  results
show that the calculated ECSA of Ru/Ni-Mo2N (1640 cm2) is larger
than that of Ru-Mo2N (860 cm2) (Fig. 3(d) and Figs. S17 and S18 in
the ESM), indicating a higher density of accessible active sites. This
enhancement is likely due to improved electron transfer within the
catalyst framework.

Next,  electrochemical  impedance  spectroscopy  (EIS)  tests  were
performed to study the electrode kinetics. The EIS data is fitted to a
semicircle, and the diameter of the semicircle is consistent with the
charge transfer resistance (Rct) of the catalyst. A smaller Rct implies a
higher  charge  transfer  rate  and  faster  catalytic  kinetics.  EIS
measurements  show  the  smallest Rct for  Ru/Ni-Mo2N  (Fig.  S19  in
the ESM), consistent with its  accelerated reaction kinetics.  A radar
chart  (Fig.  3(e))  comprehensively  compares  the OER performance
metrics,  including  overpotentials  at  20  and  100  mA·cm−2,  Tafel
slope, Rct,  and Cdl,  highlighting  the  overall  advantage  of  Ru/Ni-
Mo2N over other samples.  In addition to high activity,  the catalyst
also  exhibited  remarkable  stability.  After  4000  cyclic  voltammetry
(CV)  cycles,  the  polarization  curve  of  Ru/Ni-Mo2N  demonstrates
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nearly  complete  overlap  with  the  initial  curve  (Fig.  3(f)),  and  the
Tafel  slope  remained  virtually  unchanged,  demonstrating
exceptional electrochemical stability. More importantly, the catalyst
exhibits  excellent  long-term stability,  maintaining  performance  for
over 200 h at 100 mA·cm−2 in 1.0 M KOH (Fig. 3(g)). Compared to
Ru-Mo2N  and  RuO2,  Ru/Ni-Mo2N  demonstrates  significantly
improved  long-term  stability,  indicating  that  the  binary  Ni-Mo2N
support effectively stabilizes the Ru species and its OER activity. In
addition,  the  fluctuations  in  the  current  profile  of  Ru/Ni-Mo2N
were negligible after 200 h of continuous operation of the catalyst at
20,  50,  and  100  mA·cm−2 (inset, Fig.  3(g)),  indicating  robust
structural  and  catalytic  integrity.  Additionally,  the  stability  of  Ni-
Mo2N  was  evaluated  (Fig.  S20  in  the  ESM),  with  the  results
demonstrating  that  Ru serves  as  the  primary  active  species  during
the stability  test.  The Tafel  slope value and long-lasting stability  of
Ru/Ni-Mo2N  surpass  those  of  most  reported  Ru-based
electrocatalysts  (Fig.  3(h) and  Table  S4  in  the  ESM).  The  above
results indicate that the Ru supported by binary Ni-Mo2N support
exhibits excellent activity and stability in alkaline OER process.

To  explore  the  kinetics  of  the  OER  process  and  the  charge
transfer  process, in-situ EIS  measurements  were  carried  out  at
various  voltages.  Bode  plots  of  Ru/Ni-Mo2N  and  Ru-Mo2N  are
compared  in Figs.  4(a) and 4(b).  Both  catalysts  show  two  distinct
peaks  in  the  Bode plots,  corresponding to  different  processes.  The
peaks  in  the  low-frequency  (0.01–100  Hz)  and  high-frequency

(100–100,000 Hz) regions are attributed to charge transfer reactions
at the electrolyte–catalyst interface and electron conduction within
the catalyst bulk, respectively. In the high-frequency range, Ru/Ni-
Mo2N  and  Ru-Mo2N  exhibit  similar  phase  angles,  suggesting
comparable  intrinsic  electron  transport  resistance.  In  contrast,
Ru/Ni-Mo2N  shows  a  smaller  phase  angle  in  the  low-frequency
region,  indicating  reduced  interfacial  charge  transfer  resistance.
This  implies  that  the  binary  support  enhances  the  interfacial
interaction  between  the  catalyst  and  the  electrolyte,  thereby
facilitating charge transfer and improving OER activity.  Moreover,
the  phase  angle  of  Ru/Ni-Mo2N  decreases  more  rapidly  with
increasing  potential  than  that  of  Ru-Mo2N  (Fig.  4(c)),
demonstrating  superior  electron  conduction  due  to  an  optimized
internal  electron  transport  pathway.  The  Nyquist  plots  (Figs.
S21(a)–S21(c)  in  the  ESM)  were  fitted  using  an  equivalent  circuit
model consisting of three components: electrolyte resistance (Rs), a
parallel  constant  phase  element  and  resistance  (CPE1 and RCEOR,
where RCEOR is the resistance of catalyst electrochemical oxidization
reaction)  associated  with  electron  transport  from  the  bulk  to  the
interface  (reflecting  surface  reconstruction  during  OER),  and
another  parallel  element  (CPE2 and ROER,  where ROER is  the
resistance  of  oxygen  evolution  reaction)  related  to  the  interfacial
OER  process.  Notably,  Ru/Ni-Mo2N  exhibits  a  lower RCEOR value
(Fig. S21(d) in the ESM), confirming enhanced catalyst–electrolyte
interaction and improved charge transfer. Furthermore, in the low-

 

Figure 3    (a) LSV curves and (b) Tafel slopes of Ru/Ni-Mo2N, Ru-Mo2N, Ni-Mo2N, Mo2N, and RuO2. (c) TOF and mass activity of Ru/Ni-Mo2N, Ru-Mo2N, and RuO2.
(d) ECSA of Ru/Ni-Mo2N and Ru-Mo2N. (e) Relevant OER performance comparison radar chart.  (f) Polarization curves and Tafel slopes for Ru/Ni-Mo2N before and
after 4000 cycles of CV test. (g) The time dependence of the catalytic current during electrolysis over the course of 200 h in 1.0 M KOH. (h) Comparison of Tafel slope
and stability time for OER with the reported Ru-based electrocatalyst.
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potential range (0.924–1.424 V), the ROER of Ru/Ni-Mo2N decreases
sharply  and  approaches  zero  above  1.424  V,  indicating  early
initiation  of  OER.  In  contrast,  Ru-Mo2N  requires  a  higher
overpotential (> 1.499 V) to achieve a similar reduction in ROER (Fig.
S21(e)  in  the  ESM).  These  results  highlight  that  the  Ru supported
by  binary  Ni-Mo2N  support  enhances  charge  transfer,  thereby
significantly lowering the reaction energy barrier.

 2.3    Mechanism analysis
The  ICP-OES  was  used  during  the  stability  tests  to  monitor  the
temporal  evolution  of  metal  concentration  in  the  electrolyte.  The
results  of  Ru/Ni-Mo2N  indicate  that  Mo  and  Ru  leached  rapidly
into the solution during the initial  stage of  the reaction,  with their
concentrations  stabilizing  after  approximately  8  h.  In  contrast,  no
detectable  leaching  of  Ni  was  observed  throughout  the  entire
process.  The  dissolution  of  Mo  is  attributed  to  the  oxidation  of
Mo2N,  forming  soluble  molybdate  ions  (MoO4

2−),  while  Ru
dissolution  results  from  partial  over-oxidation  under  OER
conditions. During the OER process, Mo2N can leach in the form of
MoO4

2− ions,  driven  by  the  combined effects  of  KOH etching  and
potential-induced oxidation [51]. After 8 h of operation, a dynamic
equilibrium  between  the  leaching  and  redeposition  of  MoO4

2− is
established  (Fig.  4(d)),  contributing  to  improved  catalytic  stability
[52, 53]. The XRD pattern shows no significant changes in the peak

intensity  of  the  Mo2N  phase  (Fig.  S22  in  the  ESM).  The  minimal
dissolution  of  Ru  indicates  that  the  leaching  of  Mo  has  negligible
impact  on  the  stability  of  Ru  species.  Notably,  MoO4

2− promotes
charge  transfer  and  optimizes  the  electronic  structure,  thereby
enhancing  OER  kinetics  [51, 54].  Compared  to  Ru-Mo2N,
employing  binary  Ni-Mo2N  support  significantly  mitigates  the
electrochemical dissolution of Mo in Ru/Ni-Mo2N during the OER.
Notably, the dissolution of Ru is also markedly suppressed in Ru/Ni-
Mo2N  relative  to  Ru-Mo2N  (Fig.  4(e)),  revealing  that  Ni  doping
effectively suppresses the dissolution of Ru during electrocatalysis.

To gain deeper insight into the oxidative evolution of the catalyst
during  OER,  we  conducted  XPS  analysis  on  after-OER  samples.
The  Ru  3p  XPS  spectrum  of  Ru/Ni-Mo2N-after  OER  (Fig.  4(f))
exhibits slight positive binding energy shifts for both Ru4+ and Ru3+

species,  indicating  an  altered  electronic  environment  following
electrochemical testing. The Ru4+/Ru3+ ratio increased from 1.22 (pre-
OER)  to  1.47  (after-OER),  suggesting  partial  oxidation  of  Ru4+ to
higher-valence Run+ (n > 4), consistent with Ref. [8]. In addition, Ru-
Mo2N-after  OER  shows  a  more  pronounced  positive  shift  in  the
Ru4+ peak  and  a  higher  Ru4+/Ru3+ ratio  (1.78),  implying  that  Ni
incorporation moderates the over-oxidation of Ru. However, the Ni
2p  XPS  spectra  (Fig.  4(g) and  Fig.  S23  in  the  ESM)  reveal  a
significantly  higher  Ni3+/Ni2+ ratio  in  Ru/Ni-Mo2N-after  OER
compared  to  Ni-Mo2N-after  OER,  indicating  that  Ni  species  in

 

Figure 4    In-situ Bode phase angle plots for (a) Ru/Ni-Mo2N and (b) Ru-Mo2N. (c) Response of the phase angle to the applied potential of Ru/Ni-Mo2N and Ru-Mo2N.
Dissolved (d) Mo ion and (e) Ru ion concentrations measured for Ru/Ni-Mo2N and Ru-Mo2N in the electrolyte by ICP-OES. (f) Ru 3p of Ru/Ni-Mo2N (pristine), Ru/Ni-
Mo2N-after  OER,  and  Ru-Mo2N-after  OER.  (g)  Ni  2p  of  Ru/Ni-Mo2N-after  OER  and  Ni-Mo2N-after  OER.  (h)  Mo  3d  of  Ru/Ni-Mo2N  (pristine)  and  Ru/Ni-Mo2N-
after OER.
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Ru/Ni-Mo2N are more susceptible to oxidation compared to those
in Ni-Mo2N. This phenomenon reveals that Ni may have played a
self-sacrificing  role  in  the  OER  process.  This  finding  is  consistent
with the metal  dissolution results observed during the stability test
shown in Fig. 4(e). Meanwhile, the Mo 3d spectra (Fig. 4(h)) show
complete  disappearance  of  Mo–N  bonds  and  predominant
formation of Mo6+ species, confirming extensive oxidation of Mo to
high-valence  MoOx during  OER operation.  The  O 1s  XPS spectra
show  a −0.60  eV  shift  for  the  O–M  bond  (Fig.  S24  in  the  ESM),
suggesting  enhanced  metal-oxygen  charge  transfer  that  increases
interfacial  electron  density  and  facilitates  OER  kinetics  [55].  The
corresponding  oxidation  signals  were  detected  by  XPS,  indicating
that  the  dissolution  is  confined  to  the  catalyst  surface.  Raman
spectroscopy  (Fig.  S25(a)  in  the  ESM)  confirms  the  structural
evolution,  with  peaks  for  Ru–O,  Ni–O,  and  Mo–O  vibrations
confirming  the  formation  of  a  reconstituted  Ru/Ni-MoOx surface
after  OER  [56, 57].  Combined  Raman  and  XPS  analyses  confirm
the formation of a Ru/Ni-MoOx structure following OER operation.

During  the  OER  process,  the  Ru/Ni-Mo2N  catalyst  undergoes
partial  dissolution  of  Mo  and  Ru  species,  along  with  oxidation  of
the  Ni  component.  This  oxidative  reconstruction  behavior  likely
facilitates  the  formation  of  the  active  phases.  To  monitor  the
structural  and  chemical  evolution,  we  employed  XRD,  SEM,  and
TEM  to  characterize  the  after-OER  catalyst  (denoted  as  Ru/Ni-
Mo2N-after  OER).  The  XRD  pattern  (Fig.  S22  in  the  ESM)
confirms  that  all  diffraction  peaks  match  well  with  the  standard
pattern  of  Mo2N  (PDF#25-1366).  SEM  and  TEM  images  (Figs.
S25(b)–S25(f)  in  the  ESM)  show  that  the  catalyst  retains  its  3D
filamentous  network  morphology  after  OER.  Additionally,  a
distinct  amorphous  layer  is  observed  on  the  surface,  suggesting
partial  reconstruction  into  an  active  MoOx phase,  which  has  been
reported  to  enhance  the  OER  activity  of  Ru  sites  [58].  Elemental
mapping  and  EDS  by  TEM  (Figs.  S25(g)  and  S26  in  the  ESM)
reveal  a  homogeneous  distribution  of  Ru,  Mo,  Ni,  and  O without
noticeable agglomeration.  A significant increase in oxygen content
is  observed,  consistent  with  extensive  surface  oxidation  during
OER.  These  results  collectively  demonstrate  that  the  Ru/Ni-Mo2N
catalyst  maintains  its  fundamental  crystal  structure  and
morphological integrity after alkaline OER, underscoring its robust
structural stability.

To  further  investigate  the  OER  pathways,  the  oxygen
intermediate  species  generated  on  the  electrocatalysts  during  OER
were  identified  using in-situ infrared  (IR)  analysis. Figure  5(a)
displays the potential-dependent in-situ IR spectra of Ru/Ni-Mo2N,
recorded by  stepping  the  potential  from the  open circuit  potential
(OCP) to  1.8  V.  A distinct  absorption band emerges  at  1121 cm−1

[59], which is attributed to the *OOH intermediate. Similar spectral
changes were also observed on Ru-Mo2N (Fig. 5(b)), indicating that
the  OER  on  both  catalysts  proceeds  primarily  via  the  adsorbate
evolution mechanism (AEM).  The  stronger  peak  also  indicates  an
increase in *OOH formation, suggesting a reduction in the reaction
energy barrier (*O + H2O → *OOH + H+ + e−). Furthermore, we use
tetramethylammonium  cation  (TMA+)  to  detect  O2

2− species
produced from lattice oxygen mechanism (LOM) based on strong
electrostatic  interaction.  Ru/Ni-Mo2N  shows  only  minor
attenuation of OER activity in 1.0 M TMAOH compared to 1.0 M
KOH  (Fig.  S27  in  the  ESM),  supporting  the  conclusion  that  the
AEM  is  the  dominant  pathway,  consistent  with  the in-situ IR
results.

 2.4    DFT calculations
Based  on  above  analyses,  the  enhanced  activity  and  stability  of
Ru/Ni-Mo2N should be ascribed to following points. (1) The binary
support Ni-Mo2N modulates the electronic structure of Ru, leading
to  an  enriched  electron  density  at  the  Ru  sites.  (2)  The  sacrificial
behavior  of  Ni  effectively  mitigates  Ru  over-oxidation  and
dissolution,  thereby  enhancing  OER  stability.  (3)  The  leaching  of
MoO4

2− into the electrolyte facilitates charge transfer and optimizes
the  electronic  structure,  thereby  improving  the  overall  catalytic
performance.  Also,  the  3D  filamentous  network  structure  with
abundant pores is favorable to accelerate the transfer of electrolyte.
We have performed the DFT calculations to further elucidate these
phenomena.

DFT  calculations  were  performed  to  clarify  the  effect  of  Ru
supported by the binary catalyst on the modified OER performance
of Ru/Ni-MoOx. Combined with XPS analysis and Refs. [60−62], it
is  demonstrated  that  the  surface-reconstructed  MoOx significantly
enhances  the  OER  activity.  Based  on  the  above  analysis,  we
constructed  models  of  Ru  supported  on  binary  Ni-MoOx (Ru/Ni-
MoOx)  and monometallic  MoOx (Ru-MoOx)  (Fig.  5(c)).  The OER
mechanism  typically  involves  four  proton–electron  transfer  steps
and three successive intermediates (*OH, *O, and *OOH, where the
asterisk  denotes  the  adsorption  site).  Initially,  we  calculated  the
adsorption  free  energy  of  the  key  intermediates  on  Ru/Ni-MoOx

and  Ru-MoOx.  The  Gibbs  free  energy  diagrams  for  the  OER
pathways on Ru sites in both structures are shown in Fig. 5(d). The
rate-determining step (RDS) for both catalysts is the transformation
of *OOH from *O. Notably, the adsorption energy barrier (ΔG) of
this step is comparatively lower for Ru/Ni-MoOx (1.65 eV) than for
Ru-MoOx (2.09 eV), indicating a reduced energy barrier and more
favorable  reaction  kinetics  on  the  binary-support  catalyst.
Additionally,  adsorption  energy  calculations  for  the  Ni  sites  in
Ru/Ni-MoOx (Fig.  S28  in  the  ESM)  demonstrate  a  higher  energy
barrier  for  the  RDS  compared  to  the  Ru  sites,  confirming  the
dominant  role  of  Ru  in  the  catalytic  reaction.  This  result  is
consistent  with  previous  reports  in  Refs.  [63−65].  We  then
calculated the adsorption energies  at  Ru sites  for  the Ru/Ni-Mo2N
system.  The  results  show  that  the  reconstructed  Ru/Ni-MoOx

model exhibits a lower energy barrier for RDS at Ru sites compared
to the initial Ru/Ni-Mo2N (Fig. 5(d) and Fig. S29 in the ESM). This
confirms  that  the  surface-reconstructed  Ru/Ni-MoOx model
exhibits  optimized  adsorption  behavior  at  Ru  sites,  making  it  a
more  rational  choice  for  DFT  models.  To  analyze  the  electronic
properties, the projected density of states (PDOS) of Ru 4d orbitals
in  Ru/Ni-MoOx and  Ru-MoOx were  calculated  (Fig.  5(e)).  The
results  show  the  d-band  center  of  the  Ru  sites  in  Ru/Ni-MoOx is
derived  as −1.6774  eV,  which  is  lower  than  that  of  Ru-MoOx

(−1.3778 eV). Therefore, compared to Ru-Mo2N, the adsorption of
reaction  intermediates  on  the  Ru/Ni-MoOx surface  is  moderated.
This optimized binding strength facilitates the subsequent reaction
steps,  thereby  leading  to  enhanced  OER  kinetics.  Overall,  both
experimental  and  theoretical  results  collectively  demonstrate  that
anchoring  and  electronic  modulation  of  Ru  sites  using  a  binary
support  significantly  enhance  the  OER  activity  of  Ru-based
catalysts.

 2.5    Electrocatalytic overall water splitting performance
The overall water splitting electrolyzer was assembled using Ru/Ni-
Mo2N as the anode and Pt/C as the cathode. This system achieved a
cell  voltage  of  1.483  V  at  a  current  density  of  10  mA·cm−2,

Xin et al. Nano Research | Vol. 19, No. 6

Nano Research, 2026, 19, 94908372 94908372 (8 of 13)

https://www.sciopen.com/article/10.26599/NR.2026.94908372
https://www.sciopen.com/article/10.26599/NR.2026.94908372
https://www.sciopen.com/article/10.26599/NR.2026.94908372
https://www.sciopen.com/article/10.26599/NR.2026.94908372
https://www.sciopen.com/article/10.26599/NR.2026.94908372
https://www.sciopen.com/article/10.26599/NR.2026.94908372
https://www.sciopen.com/article/10.26599/NR.2026.94908372
https://www.sciopen.com/article/10.26599/NR.2026.94908372


outperforming a  device  assembled with Pt/C||RuO2 electrodes and
those  of  most  reported  electrocatalysts  (Figs.  S30  and  S31(b)  and
Table  S5  in  the  ESM).  Long-term  stability  testing  demonstrated
stable operation for 230 h at 50 mA·cm−2 (Fig. S31(c) in the ESM),
confirming the excellent durability. The Faradaic efficiencies (FE) of
hydrogen evolution reaction (HER) and OER were calculated to be
99.5% and 98.3%, respectively (Fig. S32(a) in the ESM). During the
gas  volume  measurements,  continuous  bubbles  were  observed  at
the  cathode  and  anode  (Fig.  S32(b)  in  the  ESM).  Gas  volume
measurements over time revealed an H2 to O2 ratio close to 2:1 (Fig.
S32(c)  in  the  ESM),  consistent  with  theoretical  water  electrolysis.
We further constructed an AEM electrolyzer using Ru/Ni-Mo2N as
the  anode  and  Pt/C  as  the  cathode  (Fig.  6(a)).  Performance  was
evaluated in 1.0 M KOH at temperatures ranging from 30 to 70 °C.
Elevated  temperature  improved  ion  diffusion  and  enhanced  the
reaction  kinetics,  contributing  to  higher  current  densities.
Moreover,  high  temperature  may  promote  the  reconstruction  of
catalyst,  further  boosting  the  performance  of  AEM.  At  70  °C,  the
system  required  only  1.78  V  to  reach  a  current  density  of
500 mA·cm−2 (Fig. 6(b)), outperforming the Pt/C||RuO2 benchmark
(1.97  V)  and  Pt/C||Ru-Mo2N  (1.94  V)  (Figs.  S33  and  S34  in  the

ESM).  As  shown  in Figs.  6(c) and 6(d),  the  Pt/C||Ru/Ni-Mo2N
electrolyzer exhibited operating potentials of 1.57, 1.78, and 1.94 V
at current densities of 0.1, 0.5, and 1 A·cm−2, which were lower than
those of the Pt/C||RuO2 system. Furthermore, the AEM electrolyzer
showed  negligible  performance  decay  during  a  517  h  continuous
operation  at  500  mA·cm−2 (Fig.  6(e)),  demonstrating  excellent
stability and promising potential for industrial application.

 3    Conclusions
In summary, we have demonstrated the promoted role of a binary
support  (Ni-Mo2N) on the activity  and stability  of  the Ru sites  for
OER.  The  introduction  of  Ni  in  the  system is  helpful  to  form 3D
filamentous  network  structure  with  abundant  pores,  facilitating
mass transport.  Significantly,  the binary Ni-Mo2N support exhibits
a  distinct  electronic  structure  compared  to  Mo2N,  and  thus
demonstrates superior capability in modulating the electron density
of  Ru  sites.  The  downshift  of  the  d-band  center  at  Ru  sites
optimizes  the  adsorption  of  reaction  intermediates,  thereby
enhancing  the  OER  activity.  Concurrently,  the  sacrificial  behavior
of  Ni  during  OER  effectively  mitigates  over-oxidation  of  Ru  and

 

Figure 5    In-situ IR spectra of (a) Ru/Ni-Mo2N and (b) Ru-Mo2N. (c) DFT-optimized model of Ru/Ni-MoOx and Ru-MoOx. (d) The free energy diagram of OER on Ru
sites on Ru/Ni-MoOx and Ru-MoOx. (e) The PDOS and band centers of Ru 4d orbitals in Ru/Ni-MoOx and Ru-MoOx.
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thereby  enhances  catalyst  stability.  The  Ru/Ni-Mo2N  catalyst
demonstrates  good OER performance  in  1.0  M KOH,  better  than
Ru-Mo2N catalyst and most reported Ru-based catalysts.  AEMWE
of  Pt/C||Ru/Ni-Mo2N  (1.78  V@500  mA·cm−2)  shows  superior
performance to Pt/C||RuO2 (1.97 V@500 mA·cm−2),  and can work
stably for more than 500 h at 500 mA·cm−2. This work underscores
the  crucial  role  of  binary  support  engineering  in  modulating  the
electronic  structure  of  Ru,  thereby  promising  the  development  of
low-Ru catalysts for durable water electrolysis technologies.

 Electronic  Supplementary  Material: Supplementary  material
(electrochemical  measurements,  experimental  details,  XRD
patterns,  SEM  images,  and  theoretical  models)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908372.
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Figure 6    (a) Schematic diagram of the AEMWE device. (b) Polarization curves of Pt/C||Ru/Ni-Mo2N operating in 1.0 M KOH. (c) Polarization curves compensation of
Pt/C||Ru/Ni-Mo2N and Pt/C||RuO2. (d) Bar graph of potential at 0.1, 0.5, and 1 A·cm−2. (e) Durability of Pt/C||Ru/Ni-Mo2N AEMWE assembly at an industrial current
density of 500 mA·cm−2.
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