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ABSTRACT: By  incorporating  a  limited  number  of  precious
metal  atoms  into  the  base  metal,  the  single-atom alloy  catalyst
not  only  optimizes  the  electronic  structure  and  stability  of  the
catalyst  but  also  emerges  as  an  innovative  material  that
enhances  the  efficiency  and  selectivity  of  catalytic  reactions.
RuCo  single-atom  alloy  electrocatalyst  supported  on  S,  N  co-
doped  carbon  nanosheets  (RuCo  SAA/SNC)  uniformly
distributed on nitrogen, sulfur co-doped carbon nanosheets was
prepared  by  two-step  pyrolysis  and  carbonization.  The
incorporation of Ru not only optimizes the atomic utilization of Ru
but  also  enhances  the  charge  conduction  properties  of  the
surface  Co  species,  thereby  increasing  the  evolution  and
migration rates of hydrogen ions. In a 0.5 M H2SO4 solution, the
RuCo  SAA/SNC  catalyst  demonstrates  a  tafel  slope  of  27.5
mV·dec−1 and an overpotential  of  merely 43 mV at 10 mA·cm−2.
This work achieves enhanced catalytic performance and stability
by  precisely  regulating the atomic-level  structure  of  single-atom
alloy catalysts, thereby promoting their widespread application in
energy conversion and green chemistry.
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1    Introduction
The  pursuit  of  sustainable  development  in  human  civilization  is
driving the shift in the current energy framework. Hydrogen energy
is gaining popularity as a sustainable, eco-friendly source due to its
wide  availability  and  high  calorific  value  [1−3].  Electrochemical
technology provides an efficient method for hydrogen production,
offering benefits such as ease of operation, minimal environmental
impact,  and  low  energy  consumption  [4−10].  Currently,  the  most
effective  catalysts  for  the  electrochemical  hydrogen  evolution
reaction  (HER)  continue  to  be  Pt-based  precious  metal  materials.
However,  their  rare  availability  and  high  cost  of  these  materials

present  substantial  challenges  to  the  widespread  adoption  of  this
technology, hindering the swift progress of the hydrogen economy
[11−17].  Thus,  minimizing  the  use  of  precious  metal  is  a  key
strategy  for  developing  cost-effective  and  effective  HER  catalysts,
thereby enhancing the efficiency of water electrolysis for hydrogen
production  and  significantly  contributing  to  the  accelerated
transformation of the energy system.

Cobalt  has  emerged  as  a  promising  alternative  material,
demonstrating  high  activity  in  the  HER  process  and  garnering
significant attention [18−22]. Nevertheless, the hydrogen generation
efficiency  of  pure  Co  species  in  both  acidic  and  alkaline  media
requires further enhancement. By alloying and phosphating cobalt's
surface to optimize its chemical properties, its hydrogen production
efficiency  can  be  significantly  improved,  while  also  providing  a
strong  cost  advantage  in  catalysis  [23−34].  In  the  past  few  years,
single-atom  catalysts  (SACs)  have  gained  significant  attention  in
areas  like  energy  chemistry,  biomedical  fabrication,  and  ecological
management,  owing  to  their  distinctive  metal-centered
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coordination  structure  and  optimal  atomic  utilization  [35−43].
However, during the HER, catalyst atoms may migrate or aggregate
as  a  result  of  excessive  reactivity.  In  contrast,  the  metal  atoms  in
single-atom alloy (SAA) catalysts offer enhanced stability, reducing
the  risk  of  active  metal  atom  loss  [44−47].  Single-atom  alloy
catalysts  can  effectively  regulate  the  electronic  structure  of  single
transition  metal  atoms  by  embedding  them  into  the  matrix  of
another metal. Alloyed metal atoms can change the electron density
of neighboring atoms through electron effects, so as to optimize the
adsorption  and  dissociation  process  of  hydrogen  molecules,  and
thus  improve  the  activity  of  HER  [48−53].  In  addition,  compared
with the traditional  granular catalyst,  the single atom alloy catalyst
can  effectively  reduce  the  presence  of  non-active  regions  of  the
catalyst,  thereby  improving  the  catalytic  efficiency.  Therefore,  the
design of single atom alloy catalyst to catalyze HER has significant
advantages, and is of great significance to promote the development
of  hydrogen  energy  economy,  which  can  provide  more  efficient,
stable and economic solutions for energy conversion technology.

In this work, we synthesized the RuCo single-atom alloy catalyst
on nitrogen, sulfur co-doped carbon nanosheets (RuCo SAA/SNC)
through two-step  pyrolysis  and  carbonization  strategy.  The  results
demonstrated  that  the  RuCo  SAA/SNC  catalysts  exhibited
remarkable  stability  and  activity  for  hydrogen  evolution  during
water  electrolysis.  Especially,  the  catalytic  activity  surpasses  that  of
most reported Ru-based HER catalysts.  In comparison to pure Co
species, the RuCo alloy modified the electronic structure, delivering
superior  HER  performance.  Furthermore,  the  PEM  devices  was
tested in order to promote the real-world application of  the RuCo
SAA/SNC  catalyst.  Results  indicated  that  the  RuCo  SAA/SNC
catalyst exhibited superior activity comparable to commercial Pt/C. 

2    Experimental
 

2.1    Synthesis of RuCo SAA/SNC
The  SNC  nanosheet  was  first  sonicated  in  8  mL  of  ethanol  to
prepare the RuCo SAA/SNC. Next, to the above suspension, 50 mg
of  cobaltous  nitrate  hexahydrate,  10  mg  of  ruthenium  trichloride,
0.15 g of trimesic acid, and 1.2 g of dicyandiamide were introduced
and  stirred  vigorously  for  40  min.  The  solvent  was  subsequently
removed  by  evaporating  the  suspension  in  a  rotary  evaporator,
yielding  a  grey  powder.  The  powder  was  then annealed  at  900  °C
under  high-purity  nitrogen  for  2.5  h  with  a  heating  rate  of
2  °C·min−1.  After  natural  cooling  to  room  temperature,  the  black
RuCo SAA/SNC was obtained. 

2.2    Synthesis of Co NPs SAA/SNC
The  NC  nanosheet  was  dispersed  in  8  mL  of  ethanol  using
ultrasonic  treatment.  Then,  50  mg  of  cobalt  nitrate  hexahydrate,
0.5 mL of thiophene, 0.15 g of caprotriate, and 1.2 g of dicyandiamide
were added to the suspension and stirred vigorously for 40 m. The
solvent  was  subsequently  evaporated  using  a  rotary  evaporator  to
yield  a  grey  powder.  The  powder  was  then  heated  to  900  °C  at  a
rate  of  2  °C·min−1 and  maintained  at  this  temperature  for  2.5  h
under a high-purity nitrogen atmosphere.  The black Co NPs/SNC
was obtained after cooling to room temperature naturally. 

2.3    Synthesis of Ru SAC/SNC
RuCo  SAA/SNC  was  prepared  by  ultrasonically  treating  SNC
nanosheets in 8 mL of ethanol. Subsequently, 10 mg of ruthenium

trichloride,  0.15  g  of  tricaproic  acid,  and  1.2  g  of  dicyandiamide
were  added  to  the  suspension  and  vigorously  stirred  for  40  min.
The solvent was then removed by evaporating the suspension in a
rotary  evaporator,  yielding  a  grey  powder.  The  powder  was
subsequently  annealed  at  900  °C  under  high-purity  nitrogen  for
2.5  h  with  a  heating  rate  of  2  °C·min−1.  After  natural  cooling  to
room temperature, black Ru SAC/SNC was obtained. 

2.4    Physicochemical characterization.
The  crystal  phases  of  each  sample  were  determined  through
powder  X-ray  diffraction  (XRD),  which  were  recorded  using  a
Bruker  D8 Advance diffractometer  at  a  scanning rate  of  5  °·min−1.
Transmission  electron  microscopy  (TEM)  images  were  captured
using  a  Tecnai  G2  F20  S-Twin  instrument  (FEI  Company)
operating at an acceleration voltage of 200 kV. For the preparation
of  the  samples,  carbon-coated  copper  grids  were  immersed  in
ethanol  solutions  of  the  samples  and  allowed  to  dry  at  room
temperature before TEM analysis. 

2.5    Electrochemical test
Electrochemical  measurements  were  conducted  using  the  CHI
660E three-electrode system. The prepared electrode was tested in a
0.5  M  H₂SO₄  aqueous  solution,  with  a  platinum  sheet  as  the
counter electrode and an Ag/AgCl (saturated KCl) electrode as the
reference electrode. A mixture of 5 mg of the sample and 10 μL of
5  wt.%  Nafion  solution  was  dispersed  in  1  mL  of  isopropyl
alcohol−water  (with  volume  ratio  1:1)  solvent  by  ultrasonic
treatment  for  20  min  to  ensure  uniform dispersion.  Subsequently,
40 μL of the resulting dispersion, containing 10 μg of catalyst, were
drop-cast onto a 5 mm diameter glassy carbon electrode, achieving
a catalyst loading of 0.204 mg·cm−2.  For comparison, a commercial
20  wt.%  Pt/C  electrode  was  also  prepared.  Linear  sweep
voltammetry  (LSV)  curves  were  recorded  at  a  scan  rate  of  10
mV·s−1,  with  all  potentials  referenced  to  the  reversible  hydrogen
electrode (RHE). 

2.6    PEM water electrolyzer test
The catalyst ink was prepared by dispersing the catalyst and 5 wt.%
Nafion  solution  in  ethanol,  followed  by  ultrasonication  to  ensure
uniformity.  For  the  catalyst-coated  membrane  (CCM),  the  anode
catalyst  (IrO2)  and  cathode  catalyst  (RuCo  SAA/SNC)  were
individually  sprayed  onto  polytetrafluoroethylene  (PTFE)  sheets.
The  PTFE-supported  anode  and  cathode  catalysts,  along  with
Nafion  115,  were  then  hot  pressed  at  120  °C  for  5  min  under  a
pressure  of  2  T.  After  the  cooling  process,  the  PTFE  film  on  the
surface  was  carefully  removed,  ensuring  that  the  electrode  area  of
the CCM was 4 cm². The catalyst loading was set at 1.0 mg·cm−2 for
the cathode and 3.0 mg·cm−2 for the anode. The prepared CCM was
subsequently stored in distilled water for further analysis. 

3    Results and discussion
A  continuous  two-step  pyrolysis  and  carbonization  method,
illustrated in Fig.  1(a),  was demonstrated to effectively introduce a
significant  number  of  defects  and  non-metallic  heteroatoms  into
RuCo SAA/SNC. Exactly,  a particular mass ratio of melamine and
2-benzimidazolethiol  was  initially  ground  into  a  uniform  mixture,
which  was  then  subjected  to  confined  pyrolysis  in  a  flowing  inert
atmosphere.  Due  to  its  high  reactivity,  the  thiol  group  in
2-benzimidazolethiol was readily extracted by hydrogen to generate
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free radicals. These free radicals facilitated the formation of C–S–C
bonds,  where  the  active  carbon  atom  on  melamine  covalently
bonded  with  the  thiol  group.  At  elevated  temperatures,  melamine
converts  into  a  carbon  nitride  structure  (NC),  and  the
polymerization  of  the  NC  frameworks  leads  to  the  spontaneous
formation of numerous defects. During the thermal polymerization
of  2-benzimidazolethiol,  NC  is  enclosed  through  C–S–C  bond
connections, and the resulting carbon framework undergoes in situ
restricted  pyrolysis,  transforming  into  SNC.  In  this  matrix,  sulfur
primarily  incorporated  into  the  structure  as  C–S–C  bonds.  The
porous  nature  of  the  C-S  framework,  along  with  abundance  of
sulfur-containing  sites,  promoted  the  synthesis  of  catalysts  with
high  loading  via  defect  trapping  and  sulfur  tethering  impact.
During heating, the edge sulfur sites formed by the cleavage of C–S
bonds,  along with the nearby nitrogen atoms,  effectively  anchored
individual  Ru  atoms  through  sulfur  tethering  and  defect  capture.
After  the  initial  anchoring,  adjacent  Ru/Co  atoms  can  shift  and
engage  with  each  other,  leading  to  the  formation  of  Co–Co/Ru
bonds  on  the  graphene  substrate  surface.  Ultimately,  RuCo/SNC
catalysts  were  synthesized  at  specific  temperatures  through
carbonization reduction in an N2 atmosphere. The mass percentage
of  Ru  and  Co  in  the  RuCo  SAA/SNC  catalyst  were  determined
using  inductively  coupled  plasma-optical  emission  (ICP-OES),
revealing  1.22  wt.% for  Ru and 5.07  wt.% for  Co (Table  S1  in  the
Electronic Supplementary Material (ESM)).

As illustrated in Fig. S1(a) in the ESM, the morphology of RuCo
SAA/SNC  was  initially  examined  using  scanning  electron
microscopy  (SEM).  TEM  images  revealed  that  RuCo  SAA  species
are evenly distributed on SNC nanosheets, exhibiting no noticeable
aggregation and consistent article size (Fig. 1(b)). TEM image after
magnification was shown in Fig. 1(c). The particle size distribution
of RuCo SAA is mainly concentrated around 2.7 nm (Fig. S2 in the
ESM).  It  was  noted  that  the  inclusion  of  Ru  did  not  impact  the
dimension of the Co species, when compared to the TEM image of

Co  NPs/NC  (Fig.  S3(a)  in  the  ESM).  In  addition,  we  also
synthesized  Ru  SAC/SNC  for  comparison  (Fig.  S4  in  the  ESM).
XRD  pattern  reveals  two  broad  peaks  in  the  15°–45°  range  for
RuCo SAA/SNC and Co NPs/SNC, corresponding to the (002) and
(010) crystal planes of graphitic carbon (Figs. S1(b) and S3(b) in the
ESM).  XRD findings  show that  there  is  no  metal  peak  correlation
diffraction,  which  is  speculated  to  be  due  to  the  fact  that  the
insertion of  some S atoms reduces  the order  on the surface of  the
metal  catalyst,  making  the  peak  signal  not  obvious.  Soft  X-ray
absorption near-edge structure (sXAS) spectroscopy was performed
to investigate the electronic structure and oxidation states of N and
C in the catalysts (Fig. S5 in the ESM). The C K-edge spectrum of
RuCo SAA/SNC shows three  distinct  signals,  which are  attributed
to  the  π*  (C=C),  π*  (C−N/S-Co/Ru),  and  σ*  (C−C)  antibonding
orbitals.  Besides,  three  peaks  are  observed  in  the  N  K-edge
spectrum of RuCo SAA/SNC, corresponding to pyridine nitrogen,
pyrrole  nitrogen,  and  graphite  nitrogen.  X-ray  photoelectron
spectroscopy  (XPS)  was  conducted  to  investigate  the  chemical
composition and electronic structure of RuCo SAA/SNC (Fig. S6 in
the  ESM).  The  high-resolution  Ru  3p  XPS  spectrum  of  RuCo
SAA/SNC  shows  two  distinct  peaks  at  462.1  and  483.9  eV,
attributed  to  metallic  Ru0,  while  additional  peaks  at  464.0  and
487.3  eV are  assigned to  oxidized  Run+ species,  further  confirming
the presence of metallic Ru and individual Ru atoms. Co 2p high-
resolution XPS spectra shows a similar pattern.

The atomic-level structure of the prepared RuCo SAA/SNC was
further  investigate  by  X-ray  absorption  spectroscopy  (XAS)
measurements.  Comparison  of  the  XANES  spectra  of  RuCo
SAA/SNC with those of Ru foil and RuO2 reference samples at the
Ru K-edge reveals that the absorption edge of RuCo SAA/SNC lies
between  that  of  Ru  foil  and  RuO2,  suggesting  that  the  Oxidation
state of Ru in RuCo SAA/SNC ranges between 0 and +4 (Fig. 2(a)).
Similarly, a comparison of the Co K-edge XANES spectra of RuCo
SAA/SNC  with  those  of  Co  foil  and  Co3O4 reference  samples

 

Figure 1    (a) Schematic illustration of synthetic procedure of the RuCo SAA/SNC. TEM images of RuCo SAA/SNC: (b) scale bar: 200 nm and (c) scale bar: 200 nm. (d)
High-resolution TEM image of RuCo SAA/SNC.
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reveals  that  the  oxidation  state  of  Co  in  the  sample  is  lower  than
that observed in Co3O4 and more closely resembles that of Co foil,
suggesting  that  the  oxidation  state  of  Co  approaches  zero
(Fig. 2(b)).  According to the first derivative of the absorption edge
of RuCo SAA/SNC and references, the valence states of Ru and Co
in RuCo SAA/SNC were estimated to be 1.47 and 0.61 (Figs. S7 and
S8 in the ESM). The pertinent data from the EXAFS spectrum were
extracted and analyzed using Fourier transform (FT). In the Ru K-
edge EXAFS spectrum of RuCo SAA/SNC, the absence of a Ru–Ru
scattering  peak  indicates  that  no  agglomerated  Ru  atoms  are
present,  while  Ru–Co  signals  are  observed  (Fig.  2(c)).  The  Co
clusters  in  RuCo  SAA/SNC  are  suggested  by  the  Co–Co  signals
detected in the EXAFS at the Co K-edge (Fig.  2(d)).  Owing to the
high resolution in k and R spaces,  the atomically local structure of
RuCo  SAA/SNC  was  investigated  using  wavelet  transform  (WT)-
EXAFS at the Co K-edge and Ru K-edge. The WT images provide
additional  confirmation  of  the  single  Ru  atom  presence  in  RuCo
SAA/SNC  by  comparing  the  strength  distribution  between  metal
foil and RuCo SAA/SNC (Figs. 2(g)–2(j), and Figs. S12 and S13 in
the ESM).

The best EXAFS fit of RuCo SAA/SNC was obtained by adding
Ru/Co–S, Ru–Co, and Co–Co paths (Figs. 2(e) and 2(f), and Fig. S9
in the ESM). The obtained fitting parameters are provided in Tables
S2 and S3 in the ESM. Figures S10 and S11 in the ESM display the
EXAFS results that best fit for Ru foil and Co foil, demonstrating a
good agreement between the fitted curves and experimental spectra.

Based  on  the  EXAFS  fitting  data,  the  average  bond  lengths  of  the
first  coordination  shell  for  the  Ru  atom  are  0.225  and  0.253  nm,
respectively,  while  the  average  bond  length  of  the  Co–Co  bond  is
0.256 nm. These findings further suggest that Ru atoms, dispersed
at  the  atomic  scale,  are  randomly  arranged  across  the  Co clusters,
with some showing partial S-coordination.

The  HER  catalytic  performance  of  RuCo  SAA/SNC  and  the
contrast  samples  was  evaluated  in  a  0.5  M  H2SO4 solution,
employing a standard three-electrode setup (Fig.  S14 in the ESM).
Besides, the electrochemical performance of commercial 20% Pt/C
catalysts  in  HER  was  also  evaluated  the  identical  experimental
conditions. As illustrated in Fig. 3(a), the RuCo SAA/SNC catalysts
exhibit  a  significantly  lower  overpotential  compared  to  both  Co
NPs/NC  and  Ru  SAC/SNC  catalysts  at  the  same  current  density.
Specifically,  the overpotential  of  RuCo SAA/SNC can be as  low as
43 mV at a current density of 10 mA·cm−2.  Moreover, this value is
remarkably  close  to  that  of  commercial  Pt/C catalysts. Figure  3(b)
shows  the  Tafel  curves  of  RuCo  SAA/SNC,  Ru  SAC/SNC,  Co
NPs/SNC,  and  commercial  Pt/C  catalysts.  It  is  evident  that  their
tafel slopes are 27.5, 54.2, 84.5, and 37.8 mV·dec−1, respectively. The
lower  Tafel  slope  of  RuCo  SAA/SNC  means  that  the  catalyst  can
more  effectively  reduce  the  overpotential  of  the  reaction,  thereby
increasing  its  catalytic  activity.  We  supplemented  the
electrochemical  impedance  spectroscopy  (EIS)  test  to  analyze  the
charge  transfer  impedance.  The  Nyquist  diagram  indicates  that
RuCo  SAA/SNC  exhibits  a  lower  charge  transfer  resistance

 

Figure 2    The (a) Ru K-edge and (b) Co K-edge XANES spectra of RuCo SAA/SNC and the references. The FT-EXAFS spectra of RuCo SAA/SNC and the references at
(c) Ru K-edge and (d) Co K-edge. The R space FT-EXAFS fitting curves of RuCo SAA/SNC at (e) Ru K-edge and (f) Co K-edge. WT-EXAFS plots of (g) Ru foil, (h) Co
foil, and RuCo SAA/SNC at (i) Ru K-edge and (j) Co K-edge.
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compared  to  Co  NPs/SNC  (Fig.  S15  in  the  ESM).  To  assess  the
prolonged  stability  of  RuCo  SAA/SNC  catalysts,  its  performance
was tested through extended cycles. As demonstrated in Fig. S16 in
the  ESM,  there  was  no  significant  decline  in  activity  after
5000  cycles.  This  finding  confirms  the  exceptional  durability  of
RuCo  SAA/SNC  in  enhancing  the  HER.  In  acidic  solutions,
RuCo  SAA/SNC  demonstrated  stable  performance  in
chronopotentiometric  tests  at  a  current  density  of  10  mA·cm−2

(Fig.  3(c)). Figure  3(d) and  Table  S4  in  the  ESM  present  a
comparison  of  the  HER  performance  of  the  RuCo  SAA/SNC
catalyst  with  other  reported  catalysts,  highlighting  its  superior
performance. We further tested RuCo SAA's performance in a real
PEM electrolyzer.  Polarization curves  obtained at  60 °C show that
RuCo  SAA/SNC  requires  a  battery  voltage  of  1.59  V  at  1  A·cm−2,
comparable  to  Pt/C  catalysts  (Fig.  3(d)).  Furthermore,  the
remarkable  stability  of  the  PEM  cell  underscores  the  application
potential of the RuCo SAA/SNC catalyst. No significant increase in
voltage  was  observed  after  30  h  of  continuous  testing  at  a  current
density  of  1  A·cm−2 (Fig.  3(f)).  Additional  characterizations,
including  TEM  and  EXAFS,  confirmed  that  the  RuCo  SAA/SNC
preserved its atomic local structure after the reaction process (Figs.
S17 and S18 in the ESM).

To gain a  deeper  understanding of  the  structural  evolution and
mechanism  of  the  catalytic  reaction,  we  employed in  situ XAS  to
monitor  the  catalyst's  changes  during  the  catalytic  process.  The
oxidation state of the Ru atom in RuCo SAA/SNC situated between
Ru  foil  and  RuO2,  as  revealed  by  the  Ru  K-edge  XANES  analysis
(Fig. 4(a)). Similarly, the XANES spectrum of the Co K-edge shows
similar  phenomenon  (Fig.  5(a)).  Moreover,  when  the  cathode
potential  is  applied,  the  absorption  edge  of  Ru  and  Co  in  RuCo
SAA/SNC  tends  to  gradually  move  towards  the  lower  energy
direction,  which  means  that  the  valence  states  of  Ru  and  Co
decrease with the decrease of the applied potential. In addition, the
EXAFS  of  Ru  K-edge  and  its  connectors  show  that  the  peak  of
Ru–Co  decreases  from  2.09  to  2.07  Å  as  the  reaction  progresses,
indicating  that  the  Ru–Co  bond  tends  to  be  compressed
(Figs. 4(b)−4(d) and Fig S19 in the ESM). The EXAFS spectra of the

Co  K-edge  show  that  the  Co–Co  bond  also  exhibits  a  similar
phenomenon (Figs. 5(b)−5(d), and Fig. S20 in the ESM). Based on
the first derivative analysis of the RuCo SAA/SNC absorption edge
(Figs.  5(e) and 5(f)),  the  characteristic  state  of  Ru  decreases  from
2.78  to  2.11  as  the  operating  potential  is  lowered.  Likewise,  the
valence states of Co decreased from 0.53 to 0.40. WT analysis of the
EXAFS  spectral  data  confirmed  that  the  overall  Ru–Co  structure
did  not  change  much  after  exposure  to 0.5  M  H2SO4 electrolyte
(Figs.  4(g)−4(i)).  The wavelet  transform of Co also proves that the
structure of Co–Co bond still  exists (Figs.  5(g)−5(i)).  In summary,
the excellent electrocatalytic HER performance of RuCo SAA/SNC
results  from  the  combined  effect  of  Co–Co/Ru  coordination
components.  During  the  HER  process,  the  local  coordination
environment  around  the  Ru–Co  site  undergoes  slight  changes  in
terms  of  coordination  number  and  bond  length,  leading  to  the
formation  of  a  new  stable  structure.  The  detection  of  reaction
intermediates  at  the  Ru–Co  active  site  is  likely  the  primary
contributing factor.

However,  through  the  parameters  obtained  by  EXAFS  fitting
(Tables  S5  and  S6  in  the  ESM),  we  found  that  not  only  the  bond
length  between  atoms  changed  slightly  during  HER  reaction,  but
also  the  coordination  number  between  Ru–Co  and  Co–Co.  As
shown in Fig. 6, the coordination number of the catalyst exposed to
air  is  relatively  stable  before  the  application  of  potential.  After  the
application  of  potential,  the  local  structure  of  Ru–Co  has  a  subtle
change at −0.04 V, and the coordination number becomes smaller
to  3.1,  and  the  coordination  number  continues  to  decrease  when
more negative voltage is applied. It is speculated that the change of
coordination  number  is  related  to  the  adsorption  of  active
intermediates.  The compression of  bond length and the change of
coordination  number  can  induce  the  increase  of  surface  partial
disorder, thus promoting HER reaction. 

4    Conclusions
In  this  study,  a  RuCo SAA/SNC catalyst  was  fabricated  through a
two-step  pyrolysis  and  carbonization  process,  showing  enhanced
HER  performance  in  comparison  to  the  reference  samples.  The

 

Figure 3    (a) LSV curves of RuCo SAA/SNC, Co NPs/SNC, and commercial Pt/C in 0.5 M H2SO4. (b) Tafel plots derived from the polarization curves shown in (a). (c)
The  chronopotentiometric  measurement  of  RuCo  SAA/SNC  at  the  current  density  of  10  mA·cm−2 in  acidic  media.  (d)  The  overpotential  at  10  mA·cm−2 for  RuCo
SAA/SNC compared to other notable catalysts, listed in Table S4 in the ESM. (e) Polarization curves of the PEM electrolysers with RuCo SAA/SNC, and commercial Pt/C
as cathode catalysts. (f) Chronopotentiometry curve of the PEM electrolyser with RuCo SAA/SNC as cathode and commercial Pt/C as anode operated at 1 A·cm−2.
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Figure 4    (a) Ru K-edge XANES spectra of RuCo SAA/SNC at various potentials during HER. In situ (b) Ru K-edge FT-EXAFS at open circuit, −0.03 V and −0.04 V vs.
RHE. (c) EXAFS fitting curves of RuCo SAA/SNC of different potential at Ru K-edge. (d) In situ Ru K-edge k3 FT-EXAFS at open circuit, −0.03 V and −0.04 V vs. RHE.
(e) Corresponding first-derivative XANES curves and (f) oxidation state of RuCo SAA/SNC at the Ru K-edge. WT-EXAFS plots of RuCo SAA/SNC at (g) open circuit,
(h) −0.03 V, and (i) −0.04 V vs. RHE.

 

Figure 5    (a) Co K-edge XANES spectra of RuCo SAA/SNC at various potentials during HER. In situ (b) Co K-edge FT-EXAFS at open circuit, −0.03 V and −0.04 V vs.
RHE. (c) EXAFS fitting curves of RuCo SAA/SNC of different potential at Co K-edge. (d) In situ Co K-edge k3 FT-EXAFS at open circuit, −0.03 V and −0.04 V vs. RHE.
(e) Corresponding first-derivative XANES curves and (f) oxidation state of RuCo SAA/SNC at the Co K-edge. WT-EXAFS plots of RuCo SAA/SNC at (g) open circuit,
(h) −0.03 V, and (i) −0.04 V vs. RHE.
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RuCo  SAA/SNC  catalyst  exhibits  an  overpotential  of  only  43  mV
at  a  current  density  of  10  mA·cm−2,  with  a  Tafel  slope  of
27.5 mV·dec−1, comparable to the commercial 20% Pt/C catalyst. By
introducing  single  Ru  atoms,  the  charge  transfer  properties  of  Co
species  are  modified,  enhancing  hydrogen  ion  migration  rates,
while  optimizing  the  utilization  of  Ru  atomic  sites.  Such  a  high-
efficiency  single-atom  alloy  catalyst  design  paves  the  way  for  new
possibilities in clean energy conversion research. 

Electronic  Supplementary  Material: Supplementary  material
(XAFS  measurements,  XAFS  data  processing,  TEM,  and  XRD)  is
available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907313. 
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