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ABSTRACT: The  development  of  high-performance  and  non-
platinum electrocatalysts capable of operating at industrial-scale
current  densities  is  crucial  for  cost-effective  green  hydrogen
production. While rhenium (Re) exhibits promising attributes, its
implementation  is  hindered  by  the  difficulty  in  synthesizing
metallic Re and the suboptimal activity of its bulk forms. Herein,
we demonstrate a facile electrochemical  strategy to immobilize
Re  single  atoms  onto  a  Co,  Mo-doped  NiSe2/NiCoMo  alloy
heterostructure  (ReSA-NiCoMo-Se)  in  a  deep  eutectic  solvent.
The  optimized  electrocatalyst  delivers  exceptional  hydrogen
evolution  reaction  (HER)  performance  in  alkaline  media,
requiring  ultralow  overpotentials  of  only  23  and  292  mV  at
current  densities  of  10  and  1000  mA·cm−2,  respectively.  When
configured as a cathode in a flowing alkaline water electrolyzer,
it enables competitive water splitting performance and robust operational stability for over 500 h. Structural characterization
and  theoretical  calculations  reveal  that  the  atomically  dispersed  Re  sites  act  as  the  active  centers  to  facilitate  the  water
dissociation  and optimize  hydrogen adsorption  energy,  simultaneously  triggering  a  profound electron  redistribution  within
the  heterostructure  support  that  leads  to  a  collective  enhancement  of  the  reaction  kinetics.  This  study  showcases  the
feasibility of synthesizing Re single-atom materials via the electrochemical approach and highlights their potential as high-
performance and stable electrocatalysts suitable for industrial applications.
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 1    Introduction
Water  electrolysis  is  an  efficient  and  environmentally  friendly
technology  for  hydrogen  production  without  emitting  carbon-
containing  pollutants  [1, 2].  The  hydrogen  evolution  reaction
(HER)  in  alkaline  conditions  shows  significant  potential  for  large-
scale  hydrogen  production,  but  is  hampered  by  slow  reaction
kinetics,  particularly  in  the  water  dissociation  step  [3].  Therefore,

developing efficient and durable electrocatalysts  for HER is  crucial
to addressing this challenge [4]. While noble metals like Pt, Ir, and
Ru are common HER catalysts, their high cost and scarcity hinder
widespread industrial application [5]. Thus, there is an urgent need
to  balance  catalytic  performance  and  cost  control  by  reducing  the
usage  of  precious  metals  or  developing  non-noble  alternatives.
Recently,  rhenium  (Re)  has  gained  increasing  attention  as  a
promising HER catalyst due to its theoretical high activity indicated
by  the  Trasatti  volcano  plot  and  its  suitability  for  alkaline
environments as suggested by the Pourbaix diagram [6, 7]. Besides,
as of 2025, the price of Re is about 4.48% of Pt [8]. However, bulk
metallic  Re  electrodes  exhibits  relatively  high  overpotentials  for
HER  (>  200–300  mV  at  10  mA·cmgeo

−2,  where  cmgeo
−2 shows  the

surface unit  based on the geometrical  surface)  [9],  restricting their
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practical  application.  The  production  of  high-purity  Re  typically
involves  complex  processes  including  hydrogen  reduction  and
vacuum  distillation  of  zone  recrystallization,  while  direct
electrochemical  deposition  of  Re  is  considered  as  one  of  the  most
promising  preparation  routes  [10].  Nevertheless,  studies  have
shown that the conversion of prevalent ReO4

− precursors to metallic
Re0 involves  multiple  reduction  steps  and  tends  to  form  rhenium
oxides  byproducts  (predominantly  ReO2 and  ReO3)  [11−13],
making  the  electrochemical  synthesis  of  Re  particularly  complex.
Moreover,  the  low  deposition  overpotential  of  Re  in  aqueous
solutions  leads  to  intense  competition  with  the  HER  [14, 15],
making  Re  one  of  the  most  challenging  metal  systems  to
electrodeposit efficiently.

Given the challenges in synthesizing bulk Re electrodes and their
limited  catalytic  efficiency,  research  focus  has  shifted  toward  Re-
based  compounds  such  as  sulfides,  selenides,  and  oxides  [9].  In
recent  years,  the  single  atom  catalysis  strategy  has  opened  new
avenues  for  the  development  of  Re-based materials  toward energy
storage  and  conversion  reaction,  such  as  HER,  oxygen  evolution
reaction  (OER),  oxygen  reduction  reaction  (ORR),  and  CO2

conversion  [16−18].  Anchoring  Re  as  single  atoms  on  suitable
supports  (e.g.,  carbon  and  metal  oxides/sulfides)  significantly
improves intrinsic activity [19−21]. As for HER, Yu et al.  reported
that  a  single-atomic  Re-assisted  2H-1T  phase  MoS2 delivered  a
small  overpotential  of  38  mV  to  achieve  10  mA·cm−2 in  alkaline
media  [22].  Similarly,  Zhang  et  al.  presented  a  Re-MoS2-Vs
electrocatalyst  incorporating  single-atom  Re  with  the  adjacent  S
vacancies,  demonstrating  a  comparable  overpotential  of  99  mV at
10  mA·cm−2 and  operational  stability  over  120  h  [23].  Peng  et  al.
fabricated a Re-CoS catalyst  that  demonstrates  a  low overpotential
of  72 mV at  10 mA·cm−2,  along with 200 h of  stability  [24].  These
advances highlight that single-atom Re can effectively modulate the
electronic  structure  of  metal  sulfides  support,  thereby  enhancing
hydrogen  evolution  efficiency.  However,  further  research  and
design are needed to develop Re single-atom catalysts anchored on
other  robust  supports  that  possess  both  high  activity  and  stability
for  industrial  applications.  Transition  metal  selenides  (TMSes)  are
attractive  two-dimensional  (2D)  supports  for  anchoring  single
atoms,  owing  to  their  unique  layered  structures,  high  activity,
stability,  and  cost-effectiveness  [25].  Besides,  the  electrocatalytic
performance of TMSes can be further enhanced through strategies
like  heteroatom  doping  and  heterostructure  construction  [26−28].
Nevertheless,  fabricating  highly  active  and  stable  Re  single-atom
catalysts  based  on  TMSes  and  elucidating  the  underlying
enhancement mechanisms remain critical challenges.

Electrochemical  techniques  offer  the  benefits  of  straightforward
operation  and  potential  for  industrial  scale-up,  and  have  been
utilized  in  the  synthesis  of  diverse  single-atom  catalysts  (SACs)
[29−31].  Furthermore,  opting  for  ionic  liquids  or  deep  eutectic
solvents  (DESs)  over  conventional  aqueous solutions  as  electrolyte
can  yield  a  moderate  electrochemical  reaction  rate  and  a  broader
electrochemical window, thereby providing favorable conditions for
electrosynthesis  of  Re  single-atom  materials  [32, 33].  Herein,  an
electrochemical approach was utilized to fabricate a Co, Mo-doped
nickel selenide/NiCoMo alloy heterostructure (denoted as NiCoMo-
Se)  to  serve  as  a  platform  for  immobilizing  individual  Re  atoms.
Subsequently, the metallic bulk Re was converted into single-atomic
Re and then anchored on the NiCoMo-Se via a precisely controlled
electrodeposition  process  in  a  choline  chloride-glycol  DES.  The
optimized  electrocatalyst,  named  as  ReSA-NiCoMo-Se,  showed

excellent  catalytic  performance  for  the  HER  with  small
overpotentials  of  23  and  292  mV  at  10  and  1000  mA·cm−2,
respectively.  Moreover,  a  comparable  cell  voltage  of  1.91  V  at
1000 mA·cm−2 and a satisfactory long-term stability over 500 h are
achieved  by  applying  the  ReSA-NiCoMo-Se  as  cathode  in  flowing
alkaline  water  electrolyzer  (AWE)  device  with  30  wt.%  KOH
solution  at  70  °C.  Density  functional  theory  (DFT)  results
demonstrated  that  the  incorporation  of  the  Re  single  atoms
significantly  adjusts  the  electronic  structure  of  NiCoMo-Se,
optimizes  the  hydrogen  adsorption/desorption  free  energy,  and
further  enhances  the  conductivity  and  electrocatalytic  reaction
kinetics.  This  work  provides  a  new  strategy  for  developing  high-
performance Re SACs for industrial applications.

 2    Experimental section

 2.1    Materials
Nickel  chloride  hexahydrate  (NiCl2·6H2O,  AR),  cobalt  chloride
hexahydrate  (CoCl2·6H2O,  AR),  ammonium  molybdate
((NH4)2MoO4,  AR),  selenium dioxide  (SeO2,  AR),  choline  chloride
([HOC2H4N(CH3)3Cl],  ChCl),  glycol  ([(CH2OH)2],  EG),  and
ethanol  were  purchased  from  Sinopharm  chemical  reagent  Co.,
Ltd.,  Shanghai,  China. Commercial  Pt/C (Pt content was 20 wt.%)
and Nafion solution were brought from commercial sources.

 2.2    Synthesis of ReSA-NiCoMo-Se
The ReSA-NiCoMo-Se was fabricated by two-step electrodeposition.
Firstly, the NiCoMo-Se was synthesized by electrodeposition using
a CHI660e potentiostat (CH Instruments) in electrolyte containing
0.2  M  NiCl2·6H2O,  0.1  M  CoCl2·6H2O,  0.1  M  (NH4)2MoO4,  and
0.2  g  of  SeO2,  where  the  electrolyte  was  obtained  by  mixing  ChCl
and  EG  with  a  molar  ratio  of  1:2  and  stirring  at  60  °C  overnight
(named as ethaline). The nickel foam (NF) substrate (1 cm × 2 cm)
was  washed  by  ultrasonic  in  turn  for  30  min  with  1.0  M  HCl,
ethanol,  and  deionized  (DI)  water,  respectively.  The  NiCoMo-Se
film  was  grown  on  NF  substrate  by  chronoamperometry  (CA)  at
−0.8  V  (vs.  Ag)  for  1  h  at  60  °C  with  a  standard  there-electrode
system,  employing  NF,  graphite  rod,  and  non-aqueous  Ag  wire
electrode as working, counter, and reference electrodes, respectively.
The  method  for  preparing  NiCoMo  contrast  electrocatalyst  was
similar  to  synthesizing  NiCoMo-Se  without  adding  SeO2 in
electrolyte.  Then,  the  ReSA-NiCoMo-Se  was  obtained via  the  cyclic
voltammetry (CV) from −0.6 to −1.2 V at 60 °C with a scan rate of
100  mV·s−1 from  1000  to  4000  cycles.  The  three-electrode  system
consisted  of  the  prepared  NiCoMo-Se  as  working  electrode,  Re
plate  as  counter  electrode,  non-aqueous  Ag  wire  electrode  as  a
reference  electrode,  and  blank  ethaline  as  electrolyte.  All  obtained
samples were washed with ethanol and DI water and dried at 30 °C
in vacuum. The fabrication process of enlarged ReSA-NiCoMo-Se is
listed in the Electronic Supplementary Material (ESM).

 2.3    Characterization
The  crystal  structure  and  composition  were  determined  by
Smartlab  X-ray  diffraction  (XRD)  and  grazing-incidence  XRD
(GIXRD), where the incidence angle was set to 1°. The morphology
and  elemental  distribution  were  analyzed  by  scanning  electron
microscopy  (SEM,  FEI  Nova  Nano  SEM  450),  transmission
electron  microscopy  (TEM,  FEI  Tecnai  G2  F20  200),  and  high
angle annular dark field-scanning transmission electron microscopy
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(HAADF-STEM, FEI Theims Z) with 300 kV acceleration voltage.
X-ray  photoelectron spectroscopy (XPS)  was  recorded by  Thermo
SCIENTIFIC  Nexsa,  calibrated  by  the  standard  C  1s  XPS  peak
(284.6  eV).  Metal  contents  were  measured  by  inductively  coupled
plasma-optical  emission  spectrometer  (ICP-OES).  The  electron
paramagnetic  resonance  (EPR)  spectra  were  recorded  on  Bruker
EMXplus  at  room  temperature,  dark  environment,  and
atmospheric  pressure.  X-ray  adsorption  fine  structure  (XAFS)
contains  X-ray  absorption  near  edge  structure  (XANES)  and
Fourier-transformed extended X-ray absorption fine structure (FT-
EXAFS)  measurements  of  Re  L3-edge  were  obtained  at  the
Shanghai Synchrotron Radiation Facility (SSRF). The contact angle
of H2O was monitored by Theta Flex (Biolin Scientific).

 2.4    Electrochemical measurement
The HER performances in 1.0 M KOH were tested by a Biologic-
803  electrochemical  station,  where  the  synthesized  catalysts,
graphite  rod,  and  Hg/HgO  were  used  as  working,  counter,  and
reference  electrodes,  respectively.  The  linear  sweep  voltammetry
(LSV)  measurements  were  analyzed  from −0.8  to −1.5  V  (vs.
Hg/HgO) at a scan rate of 2 mV·s−1 with 80% iR-compensation. The
kinetic  mechanism  of  the  HER  reaction  was  estimated  by  Tafel
electrochemical equation ŋ = a + blogj (where ŋ is the overpotential,
j is  current  density, a is  the  overpotential  value  when  the  current
density  is  1  A·cm−1,  and b is  the  Tafel  slope).  The  detailed  mass
activities  and  turnover  frequency  (TOF)  calculations  of  ReSA-
NiCoMo-Se  and  commercial  Pt/C  are  listed  in  the  ESM.  The
double-layer  capacitance  (Cdl)  was  performed  by  CV  mode  at  a
potential range of −0.4 to −0.5 V (vs. Hg/HgO) with different scan
rates (20–120 mV·s−1). The electrochemical impedance spectroscopy
(EIS)  was  recorded  to  evaluate  the  charge  transfer  resistance  (Rct)
from 1 × 105 to 10−1 Hz at −1.025 V (vs. Hg/HgO). The stability test
was  performed  in  CA  mode  at  500  and  1000  mA·cm−2 for  240  h.
The AWE was conducted via SE300-AL (SCITECH KOREA) with
polyphenylene sulfide (PPS) membrane (Agfa ZIRFON PERL). The
polarization curves were tested from 1.3 to 2.5 V and the long-term
stability  test  was  performed  at  2.0  V  in  30  wt.%  KOH  solution
at 70 °C.

 2.5    Density theoretical calculation
The  spin-polarized  DFT  calculations  were  finished  by  the  Vienna
ab  inito simulation  package  (VASP)  software  [34, 35],  which
contained  projected  augmented  wave  (PAW)  pseudo-potentials
[36].  The  exchange-correlation  effects  of  energy  were  achieved  by
the  generalized  gradient  approximation  (GGA)  method  by  using
the  Perdew–Burke–Ernzerhof  (PBE)  functional  [37, 38].  The
energy  cutoff  of  plane  wave  expansions  was  set  to  450  eV.  The
Monkhorst–Pack  scheme  with  a k-point  separate  on  length  of
0.05 Å−1 was utilized for sampling the first Brillion zone [39], setting
as  3  ×  3  ×  1.  The  vacuum  space  was  adopted  15  Å  above  the
molecular  to  separate  periodic  interactions  during  the  whole
calculations.  The  quasi-Newton  l-BFGS  method  was  used  for
geometry  relaxation  until  the  maximal  energy  and  force  on  each
degree  of  freedom  were  less  than  1.0  ×  10−5 eV  and  0.01  eV·Å−1,
respectively. The initial Ni-NiSe2 heterojunction was constructed by
loading NiSe2 onto the surface of Ni(111), which consisted of three
layers of Ni metal atoms and two layers of NiSe2 (168 Ni atoms and
48  Se  atoms).  The  NiCoMo-Se  model  was  created  based  on  Ni-
NiSe2 by replacing ~ 8% and ~ 6% Ni atoms into Co and Mo atoms
uniformly  in  all  the  layers  (14  Co  atoms,  10  Mo  atoms,  144  Ni

atoms, and 48 Se atoms). The ReSA-NiCoMo-Se model was built by
replacing surficial Ni into Re atoms on NiCoMo-Se model.

To obtain the free  energy profile,  Gibbs free  energies  for  all  the
states were calculated based on the ZPE-corrected DFT total energy,
which was set as the enthalpy at 0 K. It could be calculated with

G=H−TS= EDFT +EZPE +
w 298.15 K

0
CVdT−TS (1)

where G is the Gibbs free energy, H is the enthalpy, EDFT is the total
energy  getting  from  DFT  optimization, EZPE is  the  zero-point
vibrational  energy, CV is  the  heat  capacity, T is  the  kelvin
temperature, and S is the entropy. The free energy for the gas-phase
molecule  was  computed  from  thermodynamics  by  utilizing  the
standard thermodynamics data at the standard state.

 3    Results and discussion

 3.1    Morphological characterization of ReSA-NiCoMo-Se
The  target  electrocatalyst,  ReSA-NiCoMo-Se  heterostructure,  was
synthesized  by  a  facile  two-step  electrodeposition  process  in
ethaline  (Fig.  1(a)).  As  shown  in  Figs.  S1–S6  in  the  ESM,  the
NiCoMo-Se  was  electrodeposited  on  the  bare  NF  at  various
voltages  from −0.6  to −0.9  V  in  an  ethaline-based  electrolyte
containing NiCl2·6H2O, CoCl2·6H2O, and (NH4)2MoO4 as the metal
sources,  and  SeO2 as  the  selenium  source.  As  the  applied  voltage
and SeO2 addition increased, the morphology of the as-synthesized
NiCoMo-Se  evolved  from  a  globular  structure  to  a  sheet-like
configuration.  Specifically,  the  uniform  nanosheets  structural
feature  of  NiCoMo-Se  synthesized  at −0.8  V  with  0.2  g  of  SeO2

addition  contributes  to  expose  edges  and  shorten  the  charge
transport  pathway  for  electrocatalytic  reactions  [40].  For
comparison,  a  smooth  metallic  NiCoMo  alloy  film  (named  as
NiCoMo) without SeO2 addition was also prepared (Fig.  S7 in the
ESM),  suggesting  that  SeO2 (Se4+)  will  be  reduced  and  interacted
with  the  Ni2+,  Co2+,  and  Mo6+ in  electrolyte  to  form  an  alloy-
selenium  compound  [41].  Then,  the  ReSA-NiCoMo-Se  was
synthesized  by  CV  mode  in  blank  ethaline  electrolyte,  where  the
bulk Re foil was selected as the counter electrode and the optimized
NiCoMo-Se  as  the  working  electrode.  After  anchoring  Re  atoms,
the  ReSA-NiCoMo-Se  exhibits  the  fluffy  structure,  which  facilitates
sufficient contact with reactants and mass transfer (Figs. S8–S10 in
the  ESM).  TEM,  high-resolution  TEM  (HRTEM),  and  HAADF-
STEM  images  further  indicate  that  ReSA-NiCoMo-Se  is  composed
of  the  interconnected  Co,  Mo-doped  NiSe2,  amorphous  material,
and NiCoMo alloy (Figs. 1(b)−1(d)). A lattice spacing of 0.209 nm
pertains  to  the  (111)  crystal  plane  of  face-centered  cubic  (fcc)
NiCoMo  alloy  [42],  and  a  lattice  fringe  with  a  lattice  distance  of
0.269  nm  corresponds  to  the  (210)  of  the  plane  of  cubic  NiSe2.
Disordered  lattice  fringes  and  broad  diffraction  rings  in  selected
area  electron  diffraction  (SAED)  pattern  combine  to  accurately
illustrate the partial amorphous structure of ReSA-NiCoMo-Se [43].
The  formation  of  amorphous  structures  is  probably  due  to  the
interference of Re atoms anchoring and the dissolution of support
(Ni,  Co,  Mo,  and  Se,  Table  S2  in  the  ESM),  leading  to  structural
reconfiguration  during  the  redox  process  by  CV  mode  [44].
HAADF-STEM  was  further  conducted  to  observe  the  atomic
structure  of  ReSA-NiCoMo-Se  in  detail.  The  atomic-level  bright
spots  scattering  throughout  ReSA-NiCoMo-Se  marked  with  red
circles  were  identified  as  individual  Re  atoms.  The  signal  intensity
profiles  demonstrate the possible Re atoms dispersed on the NiSe2
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and  amorphous  structure  (Fig.  1(e)).  In  addition,  the  HAADF-
STEM and corresponding elemental mapping images elucidate the
homogenous  distribution  of  Ni,  Co,  Mo,  Se,  and  Re  elements
throughout the electrocatalyst (Fig. 1(f)).

 3.2    Structural characterization of ReSA-NiCoMo-Se
The  XRD  and  GIXRD  patterns  of  the  as-obtained  electrocatalysts
were  characterized  to  assure  their  crystal  structures  (Fig.  2(a),  and
Figs.  S11  and  S12  in  the  ESM).  As  for  NiCoMo,  the  strong
diffraction peaks located at 44.3°, 51.8°, and 76.3° represent lattices
planes  of  (111),  (200),  and  (220)  for  fcc  structure,  respectively,
which can be index to metal Ni (JCPDS No. 004-0850). Besides, the
diffraction  peaks  are  shifted  to  smaller  2θ values  compared  with

metal Ni reference, indicating that Mo and Co enter the Ni lattice to
form NiCoMo alloy.  Three  small  peaks  appeared  at  around 29.9°,
33.5°, and 36.5° for NiCoMo-Se are ascribed to the standard profiles
of the NiSe2 (JCPDS No. 00-041-1495). It suggests that the addition
of  SeO2 in  the  electrolyte  enables  the  direct  electrodeposition  of  a
heterostructure  comprising  NiCoMo  alloy  and  Co,  Mo-doped
NiSe2. The intensity of diffraction peaks of NiSe2 decreased in ReSA-
NiCoMo-Se,  which  is  caused  by  the  structural  amorphization
during the Re electrodeposition process, consistent with the catalyst
synthesized using a graphite rod as counter electrode (Fig. S13(a) in
the  ESM).  The  chemical  composition  and  electronic  structure  of
NiCoMo,  NiCoMo-Se,  and  ReSA-NiCoMo-Se  were  investigated  by
XPS  spectra.  For  ReSA-NiCoMo-Se,  the  Ni  2p  high-resolution

 

Figure 1    (a) Schematic illustration of the fabrication process for ReSA-NiCoMo-Se and its application for HER in alkaline media. ((b) and (c)) TEM and HRTEM images
of  ReSA-NiCoMo-Se.  The  insets  show  the  SAED  pattern  and  enlarged  views  of  circled  and  framed  area  in  (c),  respectively.  ((d)  and  (e))  HAADF-STEM  images  and
corresponding plane intensity profiles labeled with yellow boxes of ReSA-NiCoMo-Se. (f) Corresponding Ni, Co, Mo, Se, and Re elemental mappings of ReSA-NiCoMo-Se.
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spectrum  has  two  main  peaks  located  at  872.7  and  855.0  eV
assigned  to  Ni2+ in  the  Ni-Se  for  Ni  2p1/2 and  Ni  2p3/2,  respectively
(Fig. 2(b)), while the Co 2p spectrum for ReSA-NiCoMo-Se has two
major peaks at binding energies of 796.7 and 780.3 eV attributed to
Co 2p1/2 and Co 2p3/2,  respectively  (Fig.  2(c)).  Besides,  the  peaks  at
852.8  and  774.5  eV  correspond  to  metallic  Ni  and  Co  species
derived from NiCoMo alloy, respectively. Remarkably, the binding
energies  of  Ni  2p  and  Co  2p  in  NiCoMo-Se  show  positive  shift
relative to NiCoMo, due to strong interfacial  electronic interaction
in NiCoMo alloy/Co,  Mo-doped NiSe2 heterostructure [40].  Upon
the  successful  introduction  of  Re  single  atoms,  a  further  positive
shift in these binding energies is observed, suggesting an adjustment
in the electronic structure that strengthens the interaction between
Re  metal  single  atoms  and  Co,  Mo-doped  NiSe2 support  [45].  In
Fig.  2(d),  Mo  3d  spectrum  of  ReSA-NiCoMo-Se  displays  a
conspicuous  doublet  located  at  234.3  and 231.3  eV corresponding
to  Mo  3d3/2 and  Mo  3d5/2,  respectively,  illustrating  a  downshift  of
~  0.1  eV  in  comparison  to  NiCoMo-Se,  indicating  that  the
introduction of Re atoms arises the electronic accumulation region
around Mo atoms [46]. The peaks at 58.4 and 57.6 eV represent Se
3d3/2 and  Se  3d5/2 for  ReSA-NiCoMo-Se,  respectively,  suggesting  the
formation of a metal–selenium bond (Fig. 2(e)). Meanwhile, the Re
4f XPS spectrum of ReSA-NiCoMo-Se exhibited Re 4f5/2 and Re 4f7/2

oxidation states (Fig. 2(f)).
To  further  verify  the  electronic  state  and  local  coordination

environment of the Re atoms in ReSA-NiCoMo-Se, XANES and FT-
EXAFS  were  further  performed.  In  Re  L3-edge  XANES  spectra
(Fig. 2(g)), the intensity of the white line peak for ReSA-NiCoMo-Se
is higher than that of the Re foil but lower than that of the standard
ReO2,  suggesting  that  the  isolated  Re  atom  has  a  valence  between
Re0 (Re  foil)  and  Re4+ (ReO2),  agreeing  with  the  XPS  results  [19].
The k3-weighted Re L3-edge FT-EXAFS spectra  (Fig.  2(h))  showed
that the peak at 2.12 Å was attributed to the first Re–Se shell in the
spectrum  of  ReSA-NiCoMo-Se.  In  comparison,  the  absence  of  a
scattering  peak  at  about  2.55  Å,  derived  from  Re–Re  bond  in  the
spectrum  of  Re  foil,  indicated  the  existence  of  the  Re  individual
atoms  rather  than  Re  clusters  [16].  Additionally,  the  FT-EXAFS
fitting  results  (Fig.  S15  and  Table  S1  in  the  ESM)  revealed  the
average coordination number about the central Re atoms to be 5.1
with  a  bond  length  of  2.49  Å  for  the  Re–Se  scattering  path,
implying that the Re species likely substitutes for Ni sites and bonds
to  the  support  surface  with  the  presence  of  Se  vacancies  in  its
vicinity  [23].  Meanwhile,  the  EPR investigations  were  also  applied
to verify the existence of Se vacancies in ReSA-NiCoMo-Se (Fig. 2(i)
and  Fig.  S16  in  the  ESM).  The  EPR  signal  at g =  2.002  for  ReSA-
NiCoMo-Se  is  caused  by  the  trapped  electrons  from  the  Se
vacancies  [47],  while  no  obvious  signal  can  be  observed  for  the
NiCoMo-Se at the same position, demonstrating that abundant Se
vacancies  have  been  successfully  incorporated  into  ReSA-NiCoMo-
Se during the electrodepositing process.  Based on the morphology

 

Figure 2    ((a)–(d)) The GIXRD patterns and high-resolution Ni 2p, Co 2p, and Mo 3d spectra of NiCoMo, NiCoMo-Se, and ReSA-NiCoMo-Se. (e) The high-resolution
Se  3d  spectra  of  NiCoMo-Se  and  ReSA-NiCoMo-Se.  (f)  The  high-resolution  Re  4f  spectra  of  ReSA-NiCoMo-Se.  ((g)  and  (h))  The  normalized  XANES  and  FT-EXAFS
spectra of Re L3-edge for Re foil, ReO2, and ReSA-NiCoMo-Se. (i) The EPR spectra of NiCoMo-Se and ReSA-NiCoMo-Se.
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and  structure  characterization  results,  it  can  be  revealed  that  the
heterostructure  combined  Re  single-atoms  anchored  Co,  Mo-
doped  NiSe2 with  NiCoMo  alloy  was  synthesized  successfully  by
two-step electrodeposition in ethaline.

 3.3    Electrocatalytic activity analysis of ReSA-NiCoMo-Se
The electrocatalytic HER performances of the different synthesized
electrocatalysts  were  evaluated  using  a  standard  three-electrode
system  in  1  M  KOH  solution.  After  rigorous  HER  performance
comparisons,  the  electrodeposition  voltage  of −0.8  V  and  SeO2

addition  of  0.2  g  were  chosen  as  the  optimal  conditions  for
NiCoMo-Se  synthesis  (Fig.  S17  in  the  ESM).  Besides,  after
3000 cycles of Re deposition, the catalyst with 0.04 wt.% Re content
shows  the  best  HER performance  (Figs.  S18–S20  in  the  ESM).  As
shown  in Fig.  3(a),  the  polarization  curves  exhibit  that  ReSA-
NiCoMo-Se  just  needs  an  overpotential  of  23  mV  to  achieve
10  mA·cm−2,  which  is  lower  than  that  of  NiCoMo-Se  (44  mV),
NiCoMo (135 mV), and commercial Pt/C (95 mV), indicating that
the introduction of Re single-atoms is essential to enhance the HER
activity. At the current densities of 100, 500, and 1000 mA·cm−2, the

 

Figure 3    (a) Polarization curves of ReSA-NiCoMo-Se, NiCoMo-Se, NiCoMo, and commercial Pt/C. (b) Comparison of overpotentials required to achieve 10, 100, 500,
and 1000 mA·cm−2 for various catalysts. (c) Tafel plots of ReSA-NiCoMo-Se and other catalysts obtained from the corresponding polarization curves. (d) Comparison of
overpotentials at different current densities of reported Pt, Ru, Ir, and Re single-atoms HER electrocatalysts. (e) TOF curves and mass activity values at overpotential of
100 mV of  ReSA-NiCoMo-Se  and commercial  Pt/C.  (f)  Linear  fitting  of  the  capacitive  currents  against  scan rate  at  a  potential  of −0.45  V (vs.  Hg/HgO) for  NiCoMo,
NiCoMo-Se, and ReSA-NiCoMo-Se. (g) EIS Nyquist plots of NiCoMo, NiCoMo-Se, and ReSA-NiCoMo-Se. (h) Polarization curves of ReSA-NiCoMo-Se and commercial
Pt/C  measured  in  AWE.  The  inset  is  the  photograph  of  AWE  under  working  conditions.  (i)  Stability  test  of  ReSA-NiCoMo-Se  in  the  AWE  at  2.0  V.  The  insets  are
photograph of enlarged ReSA-NiCoMo-Se electrode (25 cm2) and schematic diagram of AWE device.
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overpotentials  of  ReSA-NiCoMo-Se  were  94,  193,  and  292  mV,
respectively,  disclosing  that  ReSA-NiCoMo-Se  could  meet  the
demand for industrial applications (Fig. 3(b)). It is obvious that the
fitting  values  of  Tafel  slopes  for  ReSA-NiCoMo-Se,  NiCoMo-Se,
NiCoMo,  and  Pt/C  correspond  to  47.7,  84.0,  102.3,  and
118.2 mV·dec−1, respectively (Fig. 3(c)). Based on the analysis of the
Tafel  slopes,  ReSA-NiCoMo-Se  involves  a  Volmer–Heyrovsky
mechanism  during  HER,  indicating  that  the  incorporation  of  Re
single  atoms  enhances  reaction  kinetics  by  shifting  the  rate-
determining step from water adsorption and dissociation (NiCoMo-
Se)  to  electrochemical  desorption,  thereby  optimizing  the
desorption capacity of *H [48]. Compared to most of the reported
start-of-the-art  Pt-,  Ir-,  Ru-,  and  Re-single-atom  HER
electrocatalysts,  the ReSA-NiCoMo-Se is  superior at  various current
densities  (Fig.  3(d) and  Table  S3  in  the  ESM).  Furthermore,  TOF
was further calculated to evaluate the intrinsic per-site activity of Re
single  atoms  for  revealing  the  intrinsic  catalytic  behavior  [49].  In
Fig.  3(e),  the  ReSA-NiCoMo-Se  can  supply  82.9  H2·s−1 at  the
overpotential  of  200  mV,  far  higher  than  commercial  Pt/C
(0.02 H2·s−1).  Besides,  the superb activity of  the ReSA-NiCoMo-Se is
likewise  evidenced  by  its  mass  activity  [50],  eliminating  the
influence of the NiCoMo-Se catalytic support,  where the Re single
atoms  still  exhibits  excellent  intrinsic  HER  electrocatalytic
performance (9.917 A·mgRe

−1, inset in Fig 3(e)). The Cdl is applied to
estimate  the  electrochemically  active  surface  area  (ECSA)  of
electrocatalysts [51, 52]. The Cdl for NiCoMo was found to be 1.42
mF·cm−2,  which increased to  30.51  mF·cm−2 after  adding SeO2 and
further  to  44.56  mF·cm−2 following  Re  single  atoms
electrodeposition  (Fig.  3(f) and  Fig.  S21  in  the  ESM).  Besides,  the
ReSA-NiCoMo-Se  possesses  the  largest  ECSA  value  of  1114  cm2,
which is higher than that of NiCoMo-Se (762.8 cm2) and NiCoMo
(35.5 cm2). It indicates that the ReSA-NiCoMo-Se has a larger ESCA,
providing  more  catalytic  sites  to  enhance  the  reaction  rate
attributed  to  the  fluffy  morphology  and  the  amorphous  structural
characteristics of electrocatalyst [43].  EIS was employed to provide
further  insight  into  the  electrical  conductivity  of  studied
electrocatalysts for basic HER (Fig.  3(g) and Table S4 in the ESM)
[53, 54],  and  ReSA-NiCoMo-Se  with  the  smallest Rct exhibits  the
fastest  interfacial  charge  transfer  rate  compared  to  other  catalysts
during  alkali  hydrogen  evolution.  The  H2O  contact  angles  on  the
surface of the NiCoMo and NiCoMo-Se in the air were 105.2° and
48.2°,  whereas  that  for  ReSA-NiCoMo-Se  was  0°  (Fig.  S22  in  the
ESM).  The  modification  of  the  amorphous  surface  markedly
enhances  the  affinity  of  ReSA-NiCoMo-Se  for  H2O,  transitioning  it
from a predominantly hydrophobic state (NiCoMo and NiCoMo-
Se)  to  a  distinctly  superhydrophilic  state,  which  not  only
manipulated  the  wettability  of  the  surface  but  also  preserved  its
structural integrity [55].

Additionally,  to  meet  industrial  requirements,  it  is  essential  to
measure  the  long-term  stability  of  ReSA-NiCoMo-Se.  The  ReSA-
NiCoMo-Se can be well maintained for at least 10 days (240 h) with
slight  degradation  of  99.1%  at  500  mA·cm−2 and  94.7%  at
1000 mA·cm−2 (Fig. S23 in the ESM), showing tremendous stability
under  large  current  densities,  which  may  be  applied  in  industrial
water  splitting  in  the  future.  XRD  pattern,  SEM  images,  and  XPS
spectra  suggested  that  the  structure  and  morphology  of  ReSA-
NiCoMo-Se  showed  slightly  change  after  the  electrochemical
stability  test,  further  supporting  the  remarkable  structural  stability
of the catalyst (Figs. S24 and S25 in the ESM). The AWE device was
employed  to  further  evaluate  the  practical  potential  of

electrocatalysts.  The  commercial  NiFeOx loaded  nickel  fiber  paper
as an anode was assembled with ReSA-NiCoMo-Se (25 cm2, Fig. S26
in the EMS) and operated in 30 wt.% KOH solution under 70 °C.
The industrial-scale current density of 1000 mA·cm−2 was achieved
at  only  1.91  Vcell,  which  is  superior  to  Pt/C||NiFeOx system
(2.31  Vcell, Fig.  3(h)).  In  addition,  the  ReSA-NiCoMo-Se||NiFeOx

system also exhibits excellent stability of 500 h of durable and stable
operation  at  2.0  Vcell with  only  slight  decay  (Fig.  3(i)).  The  good
durability  of  the  ReSA-NiCoMo-Se  was  confirmed  by  HAADF-
STEM, XAFS, and ICP-OES analyses (Figs. S27 and S28, and Tables
S1  and  S2  in  the  ESM).  The  high  stability  of  ReSA-NiCoMo-Se
primarily stems from the reinforced Re–Se bonding, which secures
the active sites, synergized with the protective and stable NiCoMo-
Se  support  architecture  that  effectively  mitigates  overall
electrocatalytic performance degradation. These merits confirm the
advanced  and  reliable  potential  of  ReSA-NiCoMo-Se  electrocatalyst
for practical industrial-scale water electrolysis.

 3.4    DFT analysis

ΔE*H2O

ΔG*H

The  HER  underlying  mechanism  of  ReSA-NiCoMo-Se  was  further
investigated by DFT calculations. For comparison, the NiCoMo-Se,
consisting  of  a  NiCoMo  alloy  and  Co,Mo-doped  NiSe2,  and  the
ReSA-NiCoMo-Se,  consisting  of  a  single  Re  atom  replacing  a
surface Ni atom of the Co,Mo-doped NiSe2 and the NiCoMo alloy,
were modeled based on the XRD, ICP-OES, and FT-EXAFS results
(Fig.  S29  in  the  ESM). Figure  4(a) shows  that  there  is  an  obvious
charge transfer at the interface between NiCoMo alloy and Co, Mo-
doped  NiSe2.  After  immobilizing  Re  atoms,  the  charge
accumulation  is  distributed  around  the  Re  site  to  form  a  located
electron-rich  region  (Fig.  4(b)),  suggesting  that  Re  single  atom
coupled  with  NiCoMo-Se  heterostructure  could  possess  more  free
electrons to promote the adsorbed H conversion and H2 evolution
on  Re  sites  [56].  The  density  of  states  (DOS, Fig.  4(c))  of  ReSA-
NiCoMo-Se shows higher occupation than that of the NiCoMo-Se
near  the  Fermi  level,  indicating  their  enhanced  electron  mobility
and  higher  intrinsic  electrical  conductivity  (Fig.  S30  in  the  ESM)
[29].  This  indicates  that  the  atomic  Re  dopant  could  effectively
optimize  the  d-electron  domination  of  Mo  atoms,  thus  leading  to
enhanced catalytic  activity.  Notably,  the  strong affinity  enables  the
intermediates  difficult  to  desorb,  thus  against  the  electrocatalytic
reaction  kinetics.  The  high  H2O  dissociation  barrier  may  hamper
the  decomposition  of  H2O  into  *H  species  and  result  in  sluggish
HER  kinetics  [57].  As  shown  in Fig.  4(d),  NiCoMo-Se  has  large
water  adsorption  energy  value  of −0.89  eV at  Co site.  In  contrast,
the  at Co site of the ReSA-NiCoMo-Se decreases and the Ni
site serves as the primary water adsorption sites, suggesting that the
sluggish  Volmer  process  can  be  greatly  accelerated  after  the
introduction  of  atomic-level  Re  dopant.  The  calculated  hydrogen
adsorption free energy in Fig. 4(e) shows a moderate  value of
0.206 eV for ReSA-NiCoMo-Se, which is lower than that of NiCoMo-
Se (0.283 eV). These results indicate that the Re sites are active sites
for  HER  on  ReSA-NiCoMo-Se,  and  the  proceeding  of  H2O
dissociation  on  ReSA-NiCoMo-Se  is  easier  than  on  NiCoMo-Se
(Fig.  4(f),  and  Figs.  S31  and  S32  in  the  ESM).  Therefore,  the
exceptional  HER  performance  of  ReSA-NiCoMo-Se  stems  from  a
triple  synergy  between  its  atomic,  electronic,  and  morphological
structures:  (i)  The  homogeneous  multi-element  composition
creates synergistic catalytic support and stabilizes the Re active sites.
(ii)  Atomically  dispersed  Re  atoms  modulate  the  electronic
structure  of  the  host  NiCoMo-Se  matrix,  optimizing  H2O
dissociation  and  ΔG*H.  (iii)  The  three-dimensional  floss-like
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architecture  provides  a  large  electrochemical  surface  area  and
facilitates  mass/charge  transport.  This  integrated  structure
collectively  enhances  intrinsic  activity,  increases  active  site  density,
and improves reaction kinetics.

 4    Conclusions
In  conclusion,  we  developed  a  Re-incorporated  Co,  Mo-doped
NiSe2/NiCoMo  heterostructure  electrocatalyst  via  a  controlled
electrodeposition  in  a  deep  eutectic  solvent.  The  optimized  ReSA-
NiCoMo-Se catalyst demonstrates an ultralow overpotentials of 23
and  292  mV  at  10  and  1000  mA·cm−2,  respectively,  while  exhibits
excellent  stability  under  large  current  density.  Meanwhile,  the
flowing  alkaline  water  electrolyzer  confirms  the  catalyst  could
deliver 1000 mA·cm−2 at 1.91 V and exhibit over 500 h of durability
at 2.0 V without obvious decay. DFT results reveal that single-atom
Re  acted  as  a  catalytic  site,  effectively  accelerating  the  water
dissociation  and  optimizing  hydrogen  adsorption  energy  enabled
by  atomic-level  modulation  the  electronic  structure  and
coordination  environment  of  host  material.  This  research
underscores  the  electrochemical  synthesis  of  Re  single-atom
materials  and  their  potential  as  effective,  durable,  and  scalable
electrocatalysts for industrial hydrogen production. Future research
would  focus  on  extending  the  synthetic  strategy,  testing  in

industrially  relevant  electrolyzer  setups,  conducting  techno-
economic analysis, etc.
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Figure 4    ((a)  and  (b))  The  optimized  configuration  and  differential  charge  density  distribution  of  NiCoMo-Se  and  ReSA-NiCoMo-Se.  The  yellow  and  green  areas
represent electron accumulation and depletion, respectively. (c) Calculated density of states for NiCoMo-Se and ReSA-NiCoMo-Se. (d) Adsorption energy values of H2O at
different  sites  on  NiCoMo-Se  and  ReSA-NiCoMo-Se.  (e)  Calculated  hydrogen  adsorption  Gibbs  free  energy  diagrams  of  NiCoMo-Se  and  ReSA-NiCoMo-Se.
(f) The mechanism illustration of electrocatalytic HER under alkaline media, including water activation, *H intermediate formation, and hydrogen generation on ReSA-
NiCoMo-Se.
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