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ABSTRACT: Ruthenium  phosphide  electrocatalysts  for  the
hydrogen  evolution  reaction  (HER)  still  face  challenges  such
as insufficient active site utilization and limited durability.  This
work  addresses  these  challenges  via  a  synergistic  strategy
that  integrates  heterojunction  engineering  with  a  hollow
confinement  structure,  resulting  in  RuP2-Ni2P  nanoparticles
embedded within  N,P-codoped hollow carbon spheres (RuP2-
Ni2P/NPC).  The  interfacial  coupling  between  RuP2  and  Ni2P
optimizes the electronic structure toward a near-ideal hydrogen adsorption energy, while the unique embedded architecture
ensures abundant  accessible  active  sites  and exceptional  structural  robustness.  As a  result,  the  RuP2-Ni2P/NPC catalyst
exhibits superior HER performance across a wide pH range, achieving ultralow overpotentials of 3 mV in 1 M KOH and 17.3
mV in 0.5 M H2SO4 at 10 mA·cm−2, ranking among the best of reported RuP2-based catalysts. It also demonstrates excellent
long-term durability  in both alkaline and acidic electrolytes.  This work provides a feasible design strategy toward efficient
and robust electrocatalysts for hydrogen production.
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 1    Introduction
The  development  of  efficient,  stable,  and  cost-effective
electrocatalysts  is  crucial  for  advancing  the  industrialization  of
water-splitting  hydrogen  production  [1−4].  Currently,  platinum
(Pt)-based  catalysts  are  considered  the  benchmark  due  to  their
exceptional  activity.  However,  their  high  cost  and  limited  reserves
pose  significant  bottlenecks  for  large-scale  applications  [5].  In  this
context,  the search for  non-precious or  low-platinum-group-metal
alternatives  with “Pt-like” performance  has  become  a  central
research  focus  [6−10].  Ruthenium  (Ru)  has  attracted  considerable
attention  owing  to  its  moderate  price  and  hydrogen  binding
strength  analogous  to  that  of  Pt  [11].  In  particular,  ruthenium

phosphide  (RuP2)  has  emerged  as  a  promising  candidate.  The
incorporation  of  phosphorus  atoms  effectively  modulates  the
electronic  state  of  Ru,  often  yielding  a  near-thermoneutral
hydrogen  adsorption  free  energy  [12, 13].  This  property  enables
excellent  intrinsic  hydrogen  evolution  reaction  (HER)  activity
across a wide pH range, establishing RuP2 as a highly promising Pt-
alternative candidate [14−18].

To fully  exploit  the  catalytic  potential  of  RuP2,  researchers  have
developed  sophisticated  design  strategies,  primarily  centered  on
electronic  structure  modulation  and  nanostructure  engineering
[19−22].  For  electronic  structure  optimization,  constructing
heterointerfaces  is  a  mainstream  approach.  For  instance,  creating
intimate  contact  between  RuP2 and  other  metal  phosphides  (e.g.,
CoP,  WP)  [23, 24]  or  between  different  ruthenium  phosphide
phases (e.g., RuP) [25] can induce interfacial charge transfer due to
work  function  differences.  This  charge  transfer  optimizes  the
adsorption  strength  of  reaction  intermediates  on  active  sites.
Furthermore,  doping  with  heteroatoms  (e.g.,  W,  S)  [20, 26]  has
been  shown  to  fine-tune  the  d-band  center  of  Ru,  consequently
improving  catalytic  kinetics.  Regarding  nanostructure  engineering,
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a common strategy involves loading RuP2 nanoparticles or clusters
onto  high-surface-area,  conductive  carbon-based  supports  (e.g.,
N/P  co-doped  carbon)  [27, 28].  This  aims  to  prevent  particle
aggregation,  increase  active  site  exposure,  and  facilitate  electron
transport.  However,  these  strategies  still  face  two  major  common
challenges.  On  one  hand,  complex  architectures  often  lead  to
insufficient  utilization  of  active  sites.  This  leaves  significant  room
for improvement in the mass activity of the precious metal [29]. On
the  other  hand,  it  remains  difficult  to  concurrently  achieve  long-
term structural  and chemical  stability under high current densities
[30].  Issues  such  as  dissolution  and  aggregation  of  active
components,  or  corrosion  of  the  support,  limit  their  practical
application potential.

Here,  we  propose  a  synergistic  strategy  that  integrates
heterojunction-induced  electronic  modulation  with  a  hollow-
confinement  structural  design,  successfully  constructing  N,P-
codoped hollow carbon sphere-supported RuP2-Ni2P nanoparticles
(RuP2-Ni2P/NPC). This integrated design simultaneously addresses
the key challenges mentioned above: the RuP2-Ni2P heterointerface
effectively  optimizes  the  hydrogen  adsorption  energy  of  the  active
sites  through  interfacial  electron  redistribution,  while  the  firm
embedding  of  ultrafine  heterojunction  nanoparticles  into  the  shell
of  the  hollow  carbon  spheres  ensures  maximal  exposure  of  active
sites. Moreover, the confinement and protective effects provided by
the  carbon  shell  greatly  enhance  the  mechanical  stability  and
durability of the catalyst.  As a result,  the obtained RuP2-Ni2P/NPC
exhibits  record-low  overpotentials  and  outstanding  long-term
stability  for  the  hydrogen  evolution  reaction  across  both  alkaline
and  acidic  media,  representing  one  of  the  best-performing  RuP2-
based catalysts reported to date. This work not only demonstrates a
high-performance,  cost-effective  catalyst  but  also  offers  a  general
design  principle  for  developing  robust  heterojunction
electrocatalysts toward practical hydrogen production.

 2    Experimental methods

 2.1    Synthesis of NHCSs
Nitrogen-doped hollow carbon spheres (NHCSs) were synthesized
via  a  template-assisted  method.  Briefly,  24  mL  of  anhydrous
ethanol,  1.0  mL  of  ammonia  solution  (28  wt.%),  and  80  mL  of
deionized  water  were  mixed  in  a  beaker  under  vigorous  magnetic
stirring. After 10 min, 1 mL of tetraethyl orthosilicate (TEOS) was
added dropwise, and the stirring was continued for another 10 min.
Subsequently,  8  mL  of  an  aqueous  dopamine  (DA)  solution
(100  mg·mL−1)  was  introduced into  the  mixture.  The  reaction  was
allowed  to  proceed  under  continuous  stirring  for  24  h  at  room
temperature.  The  resulting  solid  product  was  collected  by
centrifugation, washed three times with deionized water, and dried
overnight  at  60  °C.  The  dried  powder  was  ground  and  then
annealed at 800 °C for 4 h under an Ar atmosphere. To remove the
SiO2 template,  the  carbonized product  was  dispersed in  a  10  wt.%
HF  aqueous  solution  and  etched  for  25  min.  Finally,  the  NHCSs
were  obtained  by  filtration,  washed  thoroughly  with  deionized
water, and dried in air overnight.

 2.2    Synthesis of RuP2-Ni2P/NPC
The RuP2-Ni2P/NPC composite was prepared via an ion adsorption
method  followed  by  thermal  phosphidation.  Typically,  100  mg  of
the  as-prepared  NHCSs  was  ultrasonically  dispersed  in  20  mL  of

deionized  water.  Subsequently,  0.48  mmol  of  RuCl3·xH2O  and
0.48  mmol  of  Ni(NO3)2·6H2O  were  added  sequentially  under
magnetic stirring. After stirring for 10 min, the mixture was further
treated  with  ultrasonication  for  2  h  to  ensure  homogeneous
dispersion  of  the  metal  precursors.  The  mixture  was  then
transferred  to  an  oil  bath  and  heated  at  80  °C  with  stirring  at
400 rpm until the solvent was completely evaporated. The resulting
solid was further dried overnight in an oven at 60 °C.

The  phosphidation  process  was  carried  out  in  a  tube  furnace
under an Ar flow. The dried powder was placed in a ceramic boat,
while  2  g  of  NaH2PO2·H2O  was  positioned  upstream  as  the
phosphorus  source.  The  temperature  was  raised  to  800  °C  at  a
ramping rate of 3 °C·min−1, held for 1 h, and then allowed to cool to
room  temperature  naturally.  The  final  product,  denoted  as  RuP2-
Ni2P/NPC, was collected.

To  investigate  the  effect  of  precursor  loading,  samples  were
synthesized using total metal amounts of 0.24, 0.48, and 0.72 mmol
while maintaining a Ru:Ni molar ratio of 1:1. To study the influence
of the metal ratio, samples with Ru:Ni molar ratios of 1:1, 2:1, and
1:2  were  prepared,  keeping  the  total  metal  amount  constant  at
0.48 mmol.

 2.3    Synthesis of RuP2/NPC and Ni2P/NPC
For  comparison,  reference  samples  containing  only  a  single  metal
phosphide  were  prepared  following  a  similar  procedure.  The
RuP2/NPC  sample  was  synthesized  using  only  0.48  mmol  of
RuCl3·xH2O as the metal precursor. Similarly, the Ni2P/NPC sample
was  prepared  using  only  0.48  mmol  of  Ni(NO3)2·6H2O.  All  other
steps,  including  the  adsorption,  drying,  and  phosphidation
conditions,  were  identical  to  those  described  for  the  RuP2-
Ni2P/NPC composite.

 2.4    Materials characterization
The crystal structures of the prepared samples were investigated by
X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer
equipped  with  Cu  Kα radiation  (λ =  0.15406  nm).  Morphological
and microstructural analyses were conducted using a Hitachi S4800
field-emission scanning electron microscope (SEM) and a Thermo
Scientific  Talos  F200i  transmission  electron  microscope  (TEM).
Elemental  distribution  within  the  samples  was  examined  through
energy-dispersive  X-ray  spectroscopy  (EDS)  mapping  performed
on the TEM system. The chemical composition and metal loading
were  determined  by  inductively  coupled  plasma  optical  emission
spectroscopy  (ICP-OES)  on  an  Agilent  5110  instrument.  Surface
chemical  states  and  elemental  analysis  were  probed  by  X-ray
photoelectron  spectroscopy  (XPS)  using  a  Thermo  Scientific  K-
Alpha spectrometer with an Al Kα X-ray source.

 2.5    Electrochemical measurements
All  electrochemical  measurements  were  performed  using  a  CHI
760e  electrochemical  workstation  with  a  standard  three-electrode
configuration.  For  tests  in  a  1.0  M  KOH  aqueous  electrolyte,  a
Hg/HgO  electrode  and  a  graphite  rod  were  employed  as  the
reference and counter  electrodes,  respectively.  For tests  in a  0.5  M
H2SO4 aqueous  electrolyte,  an  Ag/AgCl  electrode  served  as  the
reference  electrode.  A  glassy  carbon  electrode  (GCE,  5  mm  in
diameter)  was  used  as  the  working  electrode  for  linear  sweep
voltammetry (LSV),  cyclic  voltammetry (CV),  and electrochemical
impedance  spectroscopy  (EIS)  measurements.  For  stability  tests,  a
carbon paper substrate (0.5 cm × 0.5 cm) was used as the working

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

Nano Research, 2026, 19, 94908616 94908616 (2 of 10)

https://www.sciopen.com/article/10.26599/NR.2026.94908616
https://www.sciopen.com/article/10.26599/NR.2026.94908616
https://www.sciopen.com/article/10.26599/NR.2026.94908616
https://www.sciopen.com/article/10.26599/NR.2026.94908616
https://www.sciopen.com/article/10.26599/NR.2026.94908616
https://www.sciopen.com/article/10.26599/NR.2026.94908616
https://www.sciopen.com/article/10.26599/NR.2026.94908616
https://www.sciopen.com/article/10.26599/NR.2026.94908616


electrode  to  mitigate  interference  from  hydrogen  bubble
accumulation and to facilitate post-stability characterization.

To  prepare  the  working  electrode,  a  homogeneous  ink  was
formulated by dispersing 5 mg of the catalyst sample in 1 mL of a
3:1  (v/v)  ethanol-isopropanol  mixture,  followed  by  ultrasonication
for 20 min. Then, 50 µL of a 5 wt.% Nafion solution was added, and
the mixture was further sonicated for another 20 min. An aliquot of
the  resulting  ink  was  drop-cast  onto  the  surface  of  the  GCE  or
carbon  paper  and  dried  at  room  temperature  to  form  a  uniform
catalyst layer.

LSV curves were recorded at a scan rate of 5 mV·s−1. Tafel slopes
were  derived from the corresponding polarization curves.  CV was
conducted  at  various  scan  rates  (20,  30,  40,  50,  60,  70,  and
80 mV·s−1).  EIS  measurements  were  performed at  the  open-circuit
potential  over a frequency range from 105 to 10−1 Hz, and the data
are  presented  in  Nyquist  plots.  Long-term  chronopotentiometry
(CP)  tests  were  conducted  at  a  constant  current  density  of
100  mA·cm−2.  All  applied  potentials  were  referenced  to  the
reversible  hydrogen  electrode  (RHE)  scale  using  the  following
conversion  equations: ERHE = EHg/HgO +  0.059  ×  pH  +  0.098  V  in
1.0  M KOH, and ERHE = EAg/AgCl +  0.059 × pH + 0.197 V in 0.5  M
H2SO4.

 2.6    In situ Raman spectroscopy
In situ Raman spectroscopic measurements were conducted using a
Horiba Jobin Yvon HR Evolution system equipped with a 532 nm
laser.  The  experiment  was  performed  in  a  custom-designed
electrochemical  cell  integrated  with  a  Raman  microscope.  The
spectra  were  collected  through  a  50×  microscope  objective  during
the application of controlled electrochemical potentials.

 2.7    Density functional theory (DFT) calculations
All  spin-polarized  DFT  calculations  were  carried  out  using  the
Vienna ab  initio simulation  package  (VASP)  [31].  The  projector
augmented-wave  (PAW)  method  [32]  was  employed  to  describe
the  core–electron  interactions,  and  the  generalized  gradient
approximation  (GGA)  with  the  Perdew–Burke–Ernzerhof  (PBE)
functional  [33]  was  adopted  for  the  exchange–correlation  energy.
van der  Waals  interactions  were  accounted for  using  the  DFT-D3
method  with  zero  damping  [34].  A  plane-wave  energy  cutoff  of
450 eV was applied, and structural relaxations were performed until
the residual forces on all atoms were below 0.02 eV·Å−1. The energy
convergence criterion was set to 1 × 10−5 eV. A vacuum spacing of
at least 15 Å was introduced normal to the surface to avoid periodic
interactions. A 3 × 3 × 1 Monkhorst–Pack k-point mesh was used
for  geometry  optimization  and  electronic  structure  analysis.  To
better describe the localized d electrons of Ni and Ru, a Hubbard U
correction was applied with effective U values of 3.40 eV for Ni and
2.40 eV for Ru [35].

 3    Results and discussion

 3.1    Synthesis,  structure,  and  composition  of  RuP2-
Ni2P/NPC
In this work, RuP2-Ni2P heterojunction material supported on N,P-
codoped hollow carbon spheres (RuP2-Ni2P/NPC) was successfully
synthesized via  a  template  method combined with subsequent  ion
adsorption and phosphidation. First, using SiO2 as a hard template,
a  core–shell  structure  of  N-doped  carbon  coated  on  SiO2 was

prepared through dopamine polymerization and subsequent high-
temperature  carbonization.  Then,  the  SiO2 core  was  etched  away
using  an  HF  solution  to  obtain  nitrogen-doped  hollow  carbon
spheres (NHCSs) as the precursor. Finally, Ru3+ and Ni2+ precursors
were  loaded  via  an  impregnation  method,  followed  by  high-
temperature  phosphidation  to  yield  the  final  product.  The
phosphidation  process  not  only  formed  the  metal  phosphides  but
also achieved phosphorus doping into the carbon framework.

The  crystal  structure  of  the  NHCSs  carrier  was  confirmed  by
XRD. As shown in Fig. S1 in the Electronic Supplementary Material
(ESM),  the  XRD  pattern  exhibits  two  broad  diffraction  peaks  at
approximately 22.4° and 43.6°. These peaks correspond to the (002)
and  (101)  planes  of  graphitic  carbon,  respectively,  confirming  the
successful  formation  of  an  amorphous  carbon  matrix.  SEM  and
TEM images (Fig. S2 in the ESM) reveal that the obtained NHCSs
are  hollow  spheres  with  a  diameter  of  about  200  nm,  featuring  a
smooth surface and uniform dispersion.

The  morphology  and  microstructure  of  the  RuP2-Ni2P/NPC
composite were further characterized. Low-magnification SEM and
TEM images (Figs.  1(a) and 1(b)) show that the composite largely
retains the hollow spherical morphology. However, a large number
of  tiny  nanoparticles  are  embedded  on  the  surface  of  the  spheres.
High-resolution TEM (HRTEM) imaging (Fig. 1(c)) reveals the fine
structure  of  these  nanoparticles.  Clear  lattice  fringes  with  spacings
of 0.23 and 0.22 nm are observed, matching the (111) crystal planes
of  RuP2 (PDF  #34-0333)  and  Ni2P  (PDF  #03-0953),  respectively.
This  provides  direct  evidence  for  the  successful  construction  of
RuP2-Ni2P  heterojunction  nanoparticles.  Furthermore,  TEM-EDS
mapping (Fig. 1(d)) shows a uniform distribution of C, N, Ru, Ni,
and P elements throughout the hollow sphere carrier, indicating the
high  dispersion  of  metal  phosphide  nanoparticles  on  the  NPC
surface.

XRD  analysis  provides  further  crystallographic  evidence  for
heterojunction  formation.  As  shown  in Fig.  1(e),  the  diffraction
pattern  of  RuP2-Ni2P/NPC  shows  peaks  at  approximately  40.2°,
44.2°, and 47.2°, which can be assigned to the characteristic peaks of
RuP2 and Ni2P, respectively. No other impurity phases are detected,
which  is  consistent  with  the  HRTEM  results  and  confirms  the
existence of the RuP2-Ni2P heterostructure.

The  pore  structure  of  the  materials  was  investigated  using  N2

adsorption–desorption measurements.  As  shown in Fig.  1(f),  both
NHCSs  and  RuP2-Ni2P/NPC  exhibit  typical  type  IV  isotherms,
indicating  the  presence  of  abundant  mesoporous  structures.
Calculated using the BET model, the specific surface area of NHCSs
is  as  high  as  1207.2  m2·g−1.  After  loading  RuP2-Ni2P,  the  specific
surface  area  of  the  composite  decreases  to  271.4  m2·g−1.  This
decrease  can be attributed to the partial  embedding or  occupation
of  the  carbon  sphere  surface  pores  by  the  metal  phosphide
nanoparticles.  Nevertheless,  RuP2-Ni2P/NPC  retains  a  relatively
large specific surface area, which helps expose more active sites and
promote mass transport. The pore size distribution curves (inset of
Fig.  1(f))  further  confirm  that  both  materials  are  primarily
mesoporous.

For  comparison,  single-component  RuP2/NPC  and  Ni2P/NPC
samples  were  also  synthesized.  Their  XRD  and  TEM
characterization  results  (Figs.  S3–S5  in  the  ESM)  confirm  the
successful  preparation  of  the  single  metal  phosphides.  The  precise
metal loadings in each sample were determined by ICP-OES (Table
S1  in  the  ESM).  In  RuP2-Ni2P/NPC,  the  mass  fractions  of  Ru and
Ni  are  6.11%  and  7.02%,  respectively,  corresponding  to  a  Ru/Ni
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molar  ratio  close  to  1:1.  The  P  content  is  11.28%,  which  is  higher
than the  stoichiometric  ratio  required for  forming RuP2 and Ni2P,
attributable to the successful doping of phosphorus into the carbon
skeleton.

To  investigate  the  surface  chemical  states  and  electronic
interactions  between  elements,  XPS  analysis  was  conducted.  The
high-resolution  Ru  3p  spectrum  (Fig.  2(a))  reveals  a  slight  but
discernible positive shift of 0.05 eV in the binding energy of the Ru
3p3/2 peak for RuP2-Ni2P/NPC compared to RuP2 /NPC. Conversely,
in  the  Ni  2p  spectrum (Fig.  2(b)),  the  characteristic  Niδ+ peak  for
RuP2-Ni2P/NPC is shifted by 0.66 eV toward lower binding energy
relative  to  that  of  Ni2P/NPC.  This  opposite  shift  trend  in  binding
energies  indicates  the  formation  of  an  intimate  heterointerface
between RuP2 and Ni2P, inducing interfacial electron transfer from
RuP2 to Ni2P. In the P 2p spectrum (Fig.  2(c)),  peaks at  133.3 and
134.2 eV can be assigned to P–C/N bonds and surface-oxidized P-
O  bonds,  respectively  [36].  The  former  confirms  successful
phosphorus doping into the carbon carrier [37]. The N 1s spectrum
(Fig. 2(d)) can be deconvoluted into two configurations: pyridinic N
(398.3 eV) and graphitic N (401.3 eV) [38], which help improve the
conductivity of the carbon carrier.

 3.2    Evaluation  of  electrocatalytic  hydrogen  evolution
performance
To optimize the synthesis conditions, the HER performance of the
catalysts was first evaluated in 1 M KOH electrolyte. The effects of
the total metal precursor amount (M = 0.24, 0.48, and 0.72 mmol)
and  the  Ru/Ni  molar  ratio  (1:1,  1:2,  and  2:1)  on  catalytic  activity
were systematically investigated (Figs.  S6 and S7 in the ESM). The
results demonstrate that the RuP2-Ni2P/NPC sample prepared with
a  total  metal  precursor  amount  of  0.48  mmol  and  a  Ru:Ni  molar
ratio  of  1:1  exhibits  optimal  HER  activity.  This  optimal  metal
loading achieves a balance between sufficient active site availability
and the prevention of excessive particle agglomeration. Specifically,
a  lower  metal  loading  (0.24  mmol)  may  result  in  an  insufficient
number  of  active  sites.  In  contrast,  a  higher  loading  (0.72  mmol)
tends  to  induce  nanoparticle  agglomeration  or  blockage  of  the
hollow  carbon  support  pores.  This  blockage  can  reduce  the
accessible  surface  area  and  mass  transfer  efficiency  of  the  catalyst.
Consequently, all subsequent detailed performance evaluations and
mechanistic  analyses  were  conducted  on  the  catalyst  prepared
under these optimized conditions.

 

Figure 1    Morphological, structural, and textural characterization of RuP2-Ni2P/NPC and the NHCSs support. (a) SEM image of RuP2-Ni2P/NPC. TEM images of RuP2-
Ni2P/NPC  at  (b)  low  and  (c)  high  magnifications.  (d)  TEM  image  and  the  corresponding  EDS  elemental  mapping  of  RuP2-Ni2P/NPC.  (e)  XRD  pattern  of  RuP2-
Ni2P/NPC. N2 adsorption–desorption isotherms of (f) NHCSs and (g) RuP2-Ni2P/NPC; the insets show the corresponding pore size distribution curves calculated by the
BJH method.
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In  1  M  KOH  electrolyte,  the  optimized  RuP2-Ni2P/NPC
demonstrates  outstanding  catalytic  activity.  LSV  curves  (Fig.  3(a))
show that it requires overpotentials (η10) of only 3, 33, and 58 mV to
achieve  current  densities  of  10,  50,  and  100  mA·cm−2,  respectively
(Fig.  3(b)).  This  performance  is  significantly  superior  to  that  of
commercial  Pt/C  (29,  81,  and  136  mV),  RuP2/NPC  (26,  116,  and
202  mV),  and  Ni2P/NPC  (η10 =  225  mV).  This  enhancement  is
primarily  attributed  to  the  formation  of  the  RuP2-Ni2P
heterostructure.  The  corresponding  Tafel  slope  (Fig.  3(c))  shows
that  RuP2-Ni2P/NPC  (34.13  mV·dec−1)  is  lower  than  that  of  Pt/C
(43.08  mV·dec−1),  indicating  faster  HER  kinetics.  Compared  with
recently reported advanced catalysts (Fig. 3(d) and Table S2 in the
ESM),  RuP2-Ni2P/NPC  achieves  one  of  the  lowest  overpotentials
among known RuP2-based materials for alkaline HER.

To  evaluate  the  economic  efficiency  of  the  catalyst,  the  mass
activity  normalized  by  precious  metal  mass  was  calculated.  As
shown in Fig. S8 in the ESM, at an overpotential of −100 mV, the
Ru mass activity of RuP2-Ni2P/NPC (−5.107 A·mgRu

−1) is 10.3 times
that of the Pt mass activity of Pt/C (−0.493 A·mgPt

−1) and 11.3 times
that of RuP2/NPC (−0.449 A·mgRu

−1), highlighting its excellent noble
metal atom utilization efficiency.

The  electrochemical  active  surface  area  (ECSA)  of  the  catalysts
was evaluated by determining the double-layer capacitance (Cdl) from
CV  curves  (Fig.  S9  in  the  ESM).  The  RuP2-Ni2P/NPC  electrode
exhibits  a Cdl value  of  156.3  mF·cm−2,  which  is  substantially
higher  than  those  of  Ni2P/NPC  (111.6  mF·cm−2) and  RuP2/NPC
(46.4  mF·cm−2).  This  result  indicates  that  the  construction  of  the
RuP2-Ni2P  heterostructure  facilitates  the  exposure  of  more
electrochemically  active  sites.  EIS  shows  that  it  also  exhibits  the
smallest charge transfer resistance (Fig. S10 in the ESM), consistent
with its superior kinetic performance. To decouple the contribution
of  increased  surface  area  from  genuine  enhancement  in  intrinsic
activity, the LSV curves were normalized by ECSA (Fig. S11 in the
ESM).  The  resulting  ECSA-normalized  polarization  curves  reveal
that  RuP2-Ni2P/NPC  still  delivers  the  highest  current  density  per

unit active surface area, confirming that the formation of the RuP2-
Ni2P heterojunction intrinsically boosts the catalytic activity at each
active site.

Long-term  stability  is  crucial  for  practical  application.  At  a
constant  current  density  of  100  mA·cm−2,  RuP2-Ni2P/NPC  can
operate  stably  in  1  M  KOH  for  500  h  without  significant
performance  degradation  (Fig.  3(e)).  ICP-OES  analysis  of  the
electrolyte after  the stability test  (Table S3 in the ESM) shows that
the  dissolution  concentrations  of  Ru,  Ni,  and  P  elements  are
extremely  low,  demonstrating  excellent  chemical  stability.
Furthermore, post-stability characterization by SEM (Fig. S12(a) in
the ESM), TEM (Fig. S12(b) in the ESM), and XRD (Fig. S13 in the
ESM) reveals no significant changes. Specifically, the hollow sphere
structure,  the  embedded  nanoparticle  morphology,  and  the
crystalline  phases  remain  intact.  This  confirms  outstanding
structural stability.

In  0.5  M  H2SO4 acidic  medium,  RuP2-Ni2P/NPC  also  exhibits
excellent  hydrogen evolution reaction (HER) activity.  At  a  current
density of 10 mA·cm−2, this catalyst requires an overpotential of only
17.3  mV,  outperforming  Pt/C  and  the  single-component
counterparts (Figs. 3(f) and 3(g)). Consistent with the observations
in alkaline electrolyte,  the RuP2-Ni2P/NPC sample prepared with a
total metal precursor amount of 0.48 mmol and a Ru:Ni molar ratio
of  1:1  demonstrates  the  optimal  HER  activity  under  acidic
conditions  as  well  (Figs.  S14  and  S15  in  the  ESM).  The
corresponding  Tafel  slope  is  43.59  mV·dec−1 (Fig.  3(h)),  indicating
fast reaction kinetics.

The  mass  activity  of  RuP2-Ni2P/NPC  was  further  evaluated.  At
an  overpotential  of −100  mV,  it  achieves  a  mass  activity  of
−3.274  A·mgRu

−1,  which  is  five  times  higher  than  that  of  Pt/C
(−0.643  A·mgPt

−1)  (Fig.  S16  in  the  ESM).  ECSA  measurements,
ECSA-normalized  LSV  curves,  and  EIS  analysis  (Figs.  S17–S19  in
the  ESM)  collectively  confirm  that  the  catalyst  can  maximize
accessible  active  sites,  enhance  intrinsic  catalytic  activity,  and
accelerate interfacial charge transfer in acidic medium.

Compared with previously reported catalysts (Fig. 3(i) and Table

 

Figure 2    XPS analysis of the chemical states. (a) High-resolution Ru 3p spectra of RuP2-Ni2P/NPC and RuP2/NPC. (b) High-resolution Ni 2p spectra of RuP2-Ni2P/NPC
and Ni2P/NPC. (c) P 2p spectra of RuP2-Ni2P/NPC, RuP2/NPC, and Ni2P/NPC. (d) N 1s spectra of RuP2-Ni2P/NPC, RuP2/NPC, and Ni2P/NPC.
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S4 in the ESM), RuP2-Ni2P/NPC ranks among the top-performing
HER electrocatalysts in acidic electrolyte.  Furthermore, a 300-hour
chronopotentiometry  test  conducted  at  a  current  density  of
100 mA·cm−2 (Fig. 3(j)), together with ICP-OES analysis of the post-
reaction  electrolyte  (Table  S5  in  the  ESM)  and  characterization  of
the catalyst’s morphology and phase structure after the stability test
(Figs.  S20  and  S21  in  the  ESM),  collectively  demonstrate  its
excellent long-term operational stability under acidic conditions.

 3.3    Reaction  mechanism  and  theoretical  calculation
analysis
To investigate the origin of activity, in situ Raman spectroscopy was

first  conducted.  In  both  1  M  KOH  and  0.5  M  H2SO4,  a  distinct
vibrational  peak  at  ~  1809  cm−1 is  observed  when  the  applied
potential reaches −0.02 V (vs. RHE) (Figs. 4(a) and 4(b)) [57]. This
peak can be assigned to the stretching vibration of the Ru–H bond,
and its signal intensity increases with increasing overpotential. This
result  directly  confirms  that  Ru  sites  are  the  key  hydrogen
adsorption active centers during the HER process.

To  further  elucidate  the  performance  enhancement  mechanism
of  the  RuP2-Ni2P  heterostructure  at  the  atomic  level,  DFT
calculations  were  performed  in  this  work.  Based  on  the  HRTEM
characterization  results  (Fig.  1(c)),  lattice  fringes  with  spacings  of
0.23 and 0.22 nm were clearly observed. These spacings correspond
to  the  (111)  planes  of  Ni2P  and  RuP2,  respectively.  Accordingly,  a

 

Figure 3    Electrocatalytic HER performance of RuP2-Ni2P/NPC in alkaline and acidic electrolytes.  (a) Polarization curves in 1 M KOH. (b) Overpotentials  required to
achieve current densities of 10, 50, and 100 mA·cm−2. (c) Corresponding Tafel slopes. (d) Comparison of overpotential and Tafel slope for RuP2-Ni2P/NPC with those of
recently  reported  RuP2-based  catalysts  in  1  M  KOH.  (e)  Chronopotentiometry  stability  test  conducted  at  a  constant  current  density  of  100  mA·cm−2 for  500  h.
Corresponding performance evaluations in 0.5 M H2SO4: (f) polarization curves, (g) overpotentials, (h) Tafel slopes, (i) comparison of overpotential for RuP2-Ni2P/NPC
with those of reported RuP2-based catalysts in 0.5 M H2SO4,  and (j) stability test at 100 mA·cm−2 for 300 h. The data in (d) and (i) are taken from Refs. [18, 24, 25, 30,
38−56]) (see Tables S2 and S4 in the ESM for detailed comparisons).
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heterojunction model consisting of Ni2P (111) and RuP2 (111) was
constructed  (Fig.  4(c) and  Fig.  S22  in  the  ESM).  Work  function
calculations  (Figs.  4(d)–4(f))  show that  the  work function of  RuP2

(4.471 eV) is lower than that of Ni2P (4.962 eV), with a difference of
0.491 eV. This thermodynamically drives electron transfer from the
lower  work  function  RuP2 to  Ni2P.  The  charge  density  difference
plot (Fig. S23 in the ESM) quantitatively shows that approximately
0.13 e of charge transfers from the RuP2 side to the Ni2P side at the
heterojunction  interface.  This  finding  is  fully  consistent  with  the
binding energy shift trend observed by XPS, confirming interfacial
charge redistribution.

Density of states (DOS) analysis reveals changes in the electronic
structure  (Fig.  4(g)).  After  heterojunction  formation,  the  d-band
centers of both Ru and Ni shift towards the Fermi level. According
to d-band center theory, this upward shift optimizes the adsorption
strength  between  active  sites  and  reaction  intermediates  [58].
Specifically  for  the  HER  process,  under  alkaline  conditions
(Fig. 4(h)), the energy barrier for the water dissociation step on the
Ni2P-RuP2 heterojunction model  (−1.090 eV) is  significantly  lower
than  that  on  the  single  components,  indicating  that  the
heterojunction interface greatly promotes the Volmer step (H2O +
e− → H + OH−).  Under acidic conditions (Fig.  4(i)),  the Gibbs free
energy  of  H  adsorption  (ΔGH)  on  the  heterojunction  model  is

−0.046  eV,  which  is  very  close  to  the  ideal  value  of  0  eV  and  far
superior  to  that  of  pure  RuP2 and  Ni2P.  This  suggests  that  it
possesses  a  near-optimal  hydrogen  adsorption/desorption
capability [59].

 4    Conclusions
This  work  presents  a  synergistic  heterojunction-and-hollow-
confinement design, yielding RuP2-Ni2P nanoparticles embedded in
N,P-codoped  carbon  spheres.  The  intimate  RuP2-Ni2P  interface
optimizes  the  electronic  structure  for  near-ideal  hydrogen
adsorption,  while  the  embedded  hollow  architecture  maximizes
active site exposure and ensures exceptional stability. Consequently,
the  catalyst  delivers  superior  HER  activity  with  record-low
overpotentials and robust durability across wide pH, alongside high
noble-metal mass activity. This study offers an effective strategy for
designing high-performance, durable HER electrocatalysts.

 Electronic  Supplementary  Material: Supplementary  material
(additional  characterization  spectra,  electrochemical  test  data,
elemental  analysis  results,  and  DFT  calculation  details,  which
provide further support for the conclusions presented in the main
text)  is  available  in  the  online  version  of  this  article  at https://
doi.org/10.26599/NR.2026.94908616.

 

Figure 4    Mechanistic insights into the enhanced HER activity of the RuP2-Ni2P heterostructure revealed by operando spectroscopy and DFT calculations. In situ Raman
spectra of  RuP2-Ni2P/NPC recorded at  various applied potentials  in (a) 1 M KOH and (b) 0.5 M H2SO4.  (c)  Optimized structural  model of  the Ni2P (111)-RuP2 (111)
heterojunction interface. Calculated work functions (Φ) of (d) RuP2 (111) and (e) Ni2P (111), and (f) their difference ΔΦ. (g) Projected density of states (PDOS) for the
Ni2P-RuP2 heterostructure and the isolated Ni2P and RuP2 components; the dashed lines indicate the d-band centers. Gibbs free energy diagrams for HER on Ni2P-RuP2

heterostructure and reference surfaces under (h) alkaline and (i) acidic conditions.
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