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ABSTRACT: Water  electrolysis  is  an  ideal  way  to  obtain  “green
hydrogen”,  but  the  core  challenge  of  its  commercial  application  is  to
develop advanced electrocatalysts that can work efficiently and stably
under wide pH conditions. In this study, we innovatively constructed a
Cu3P  support  with  a  unique  pyramid-like  crystal  structure  by
controllable surface oxidation and phosphating treatment on the three-
dimensional (3D) copper foam skeleton, and further loaded ruthenium
(Ru) to form a Ru-Cu3P/CF self-supporting electrode to form a unique
composite structure. Ampere-grade hydrogen evolution at full pH was
achieved. Benefiting from the fast charge transport guaranteed by the
3D conductive network, and the electronic synergistic effect between
Ru and Cu3P support.  the  as-prepared Ru-Cu3P/CF catalyst  enables
better  catalytic  performance  than  commercial  Pt/C  catalyst  in  the
whole pH range. Under alkaline and acidic conditions, the overpotential required to drive hydrogen evolution reaction (HER)
to current density of 1 A·cm−2 is only 241.7 and 281.3 mV. At the same time, under the working condition, Ru-Cu3P/CF also
inherits  excellent  HER  performance,  which  realizes  the  efficient  electrolysis  of  seawater  to  produce  hydrogen  and  the
ampere-grade  hydrogen  evolution  at  low  voltage  (1.79  V)  on  the  integrated  membrane  electrode  assembly.  The
performance  of  Ru-Cu3P/CF  catalyst  is  significantly  better  than  that  of  most  reported  Ru-based  catalysts.  This  work
provides a new idea for the design of integrated electrocatalysts with high performance and low noble metal loading.
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 1    Introduction
Hydrogen  production  from  electrolyzed  water  is  the  key  to  the
development of green hydrogen energy economy [1−6]. The core of

its industrial application is to develop an all-pH hydrogen evolution
reaction (HER) catalyst that can operate continuously and stably at
ampere-level  current  density  [7−9].  Although  precious  metal
catalysts show excellent performance at high current densities, their
high cost and natural scarcity severely limit large-scale applications
[10−12].  Therefore,  developing  new  catalytic  systems  that  are
suitable  for  ampere-level  current  densities,  with  significantly
reduced precious metal loading while maintaining high activity and
stability, constitutes a major challenge in the current field [13−18].

Coupling  with  high-yield  non-precious  metals  to  build
synergistic  effects  is  an  effective  strategy  for  optimizing  HER
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catalysts  [19−24].  Among them,  copper  exhibits  catalytic  potential
due  to  the  flexible  electronic  structure  endowed  by  its  various
oxidation  states  (Cu0/Cu+/Cu2+).  Its  three-dimensional  (3D)
structure  can  promote  electrolyte  mass  transfer  and  bubble
desorption,  which  is  expected  to  achieve  efficient  and  stable
catalysis  at  high  current  density  [25−27].  Copper  foam  has  been
widely  studied  as  a  catalyst  carrier  in  the  field  of  electrocatalytic
hydrogen  evolution  due  to  its  high  specific  surface  area,  excellent
conductivity  and  low  cost.  For  example,  Shen  et  al.  constructed  a
ruthenium  (Ru)-doped  3D  cuprous  oxide  nanochain,  showing
excellent  HER  and  hydrazine  oxidation  reaction  (HzOR)
performance,  but  still  did not achieve efficient  hydrogen evolution
of the catalyst at an ampere-grade current density [28]. Xi et al. used
a  one-step  hydrolysis  method  to  synthesize  Cu-doped  RuO2 (Cu-
RuO2),  and  the  constructed  Ru0/Ru4+ double  sites  significantly
improved  the  alkaline  HER  performance  [29].  However,  the
preparation  process  is  complicated,  and  the  reduction  of  RuO2 to
Ru  requires  high  energy,  which  is  difficult  to  achieve  large-scale
application.  Copper  foam,  due  to  its  three-dimensional  porous
structure  and  excellent  conductivity,  has  become  one  of  the  ideal
candidate  materials  for  HER  catalyst  carriers.  However,  its
industrial  application  faces  a  key  challenge:  While  the  three-
dimensional  porous  structure  provides  high  specific  surface  area
and  mass  transfer  efficiency,  it  is  often  accompanied  by  relatively
insufficient electrochemical stability, and the contradiction between
these two needs to be addressed urgently [30].  Under the working
conditions  of  HER,  the  interface  of  copper  foam  is  prone  to
corrosion,  resulting  in  catalyst  shedding  and  performance
degradation. Although the existing surface modification technology
can  improve  the  stability,  it  is  often  difficult  to  balance  the
protection  effect  and  process  feasibility-the  preparation  of  high-
efficiency  coatings  is  complex  and  difficult  to  scale  up,  and  the
simple method cannot guarantee the uniformity and durability.

In  view  of  the  above  problems,  a  Ru-doped  copper  phosphide
(Ru-Cu3P/CF)  composite  catalyst  based  on  3D  copper  foam  (CF)
was designed and successfully prepared. In this design, Cu3P with a
pyramid-like  crystal  structure  was in-situ grown  on  the  surface  of
CF  skeleton  by  a  continuous  process  of  oxidation  followed  by
phosphating. This unique microstructure not only provides a huge
specific surface area, but its pyramid shape itself also helps to induce
a  local  high  electric  field  at  ampere-level  current  density,  thereby
promoting  proton adsorption and conversion.  On this  basis,  trace
Ru  was  further  loaded  by  mild  chemical  deposition  to  form
uniformly distributed spherical aggregates, and finally Ru-Cu3P/CF
heterostructure  was  constructed.  The  electrochemical  tests  of  the
system  show  that  the  composite  catalyst  exhibits  excellent  HER
performance  in  acidic,  alkaline  and  neutral  electrolytes,  and  can
operate  stably  at  an  ampere-level  current  density  of  more  than
1  A·cm−2,  achieving  efficient  hydrogen  evolution  under  full  pH
conditions.

 2    Materials fabrication
First,  the  copper  foam  (2  cm  ×  3  cm)  was  ultrasonically  cleaned
sequentially in 3 M HCl, deionized water, and ethanol for 30 min, and
then dried in an oven at 60 °C for 6 h. The treated copper foam was
immersed into a 3 M NaOH solution, and oxygen was introduced
into the solution until it turns blue. Then the system was placed in a
40  °C  water  bath,  and  1  mL  of  H2O2 was  added  dropwise  to  the
solution  until  the  blue  solution  became  transparent.  The  copper

foam was removed, washed multiple times with ethanol, and dried
at  60 °C for  12 h to  obtain Cu2O/CF.  The obtained Cu2O/CF was
placed downstream of a tubular furnace,  with phosphorus powder
upstream, and calcined under a  N2 atmosphere.  The program was
heated to 350 °C (heating rate 5 °C·min−1) and maintained for 2 h to
obtain Cu3P/CF. Cu3P/CF (2 cm × 2 cm) was taken and immersed
in  solution  A  (prepared  by  dissolving  0.93  g  KCl  and  0.1  mmol
RuCl3 in  50  mL  deionized  water),  and  electrodeposition  was
performed  in  a  conventional  three-electrode  system  (constant
potential −1.66 V, deposition time 900 s). After washing and drying,
Ru-Cu3P/CF  was  obtained.  As  a  control,  Cu3P/CF  was  obtained
under  the  same  subsequent  treatment  without  the  oxidation  step,
referred to as Cu3Posp/CF.

Other  experimental  details  were  placed  in  the  Eletronic
Supplementary Material (ESM).

 3    Results and discussion
Using  CF  as  the  substrate,  Cu3P  with  a  pyramid-like  crystal
structure was obtained by surface oxidation-phosphating treatment,
and  then  Ru-Cu3P/CF  composite  catalyst  composed  of  spherical
aggregates  was  successfully  prepared  by  loading  Ru.  X-ray
diffraction  (XRD)  phase  analysis  showed  that  the  copper  foam
substrate  produced  a  strong  diffraction  background  signal,  while
the  characteristic  diffraction  signal  of  the  loaded  ruthenium  was
extremely  weak  due  to  its  low  content  and  high  dispersion.
Therefore,  the  strong  background  signal  completely  obscures  the
weak Ru characteristic peak, making it impossible to be observed in
the XRD pattern (Fig. S1 in the ESM).

X-ray photoelectron spectroscopy (XPS) analysis confirmed that
although Ru is  mainly  zero-valent,  there  is  still  a  small  amount  of
oxidation state, which is attributed to the inevitable oxidation of its
surface  (Fig.  S2  in  the  ESM).  In  addition,  the  valence  state  of  the
metal did not change before and after Ru-Cu3P/CF catalyzed HER
(Fig. S3 in the ESM). Scanning electron microscopy (SEM) analysis
shows  that  the  morphology  evolution  of  the  material  presents  a
clear  multi-level  structure,  the  pretreated  CF  provides  anchoring
sites  for  subsequent  growth  through  surface  cracking;  after
oxidation-phosphorization,  it  is  converted  into  a  pyramid-like
crystal  structure  Cu3P  (Figs.  S4–S6  in  the  ESM);  finally,  Ru  was
electrodeposited  on  Cu3P  to  form  spherical  aggregates  as  active
centers (Fig. 1(a)).

In  addition,  SEM  results  reveal  the  key  role  of  oxidation
treatment  on  the  morphology  of  the  final  material.  In  the  control
experiment  of  omitting  the  oxidation  step,  the  Cu3Posp/CF  (one
step  phosphating)  obtained  by  direct  phosphating  showed  a
relatively  flat  irregular  block  morphology  (Fig.  S7  in  the  ESM).  In
stark  contrast,  the  material  treated  by  oxidation-phosphating  two-
step  treatment  exhibits  a  rich  three-dimensional  rough  structure.
This  proves  that  the  oxidation  process  can  effectively  reconstruct
the  microstructure  of  the  copper  foam  precursor.  This
reconstructed  structure  is  retained  after  phosphating,  and  finally
provides  an  ideal  carrier  for  the  uniform  deposition  and  high
dispersion  of  ruthenium  (Fig.  S8  in  the  ESM).  In  addition,  after
catalyzing HER, the morphology changes slightly. This evolution is
usually directly related to the exposure of active sites or the increase
of surface roughness, which is intuitive evidence that the material is
activated  during  the  reaction  (Fig.  S9  in  the  ESM).  Transmission
electron  microscopy  (TEM)  analysis  shows  that  the  material
exhibits  a  clear  Cu3P  pyramid  morphology  (Fig.  1(b)).  High-
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resolution  TEM (HRTEM) shows  that  the  lattice  fringe  spacing  is
0.245 nm (Fig. S10 in the ESM), which belongs to the (112) crystal
plane of Cu3P, while Ru exists in an amorphous state (Figs. 1(c) and
1(d)).  Element  mapping  further  confirmed  that  the  Ru  element
signal  overlapped  and  adjacent  to  the  Cu  and  P  signal  regions,
forming  an  obvious  interface  boundary,  indicating  that  Ru  had
been  successfully  anchored  on  the  surface  of  the  Cu3P  support
(Fig. 1(e) and Fig. S11 in the ESM). In addition, it also corresponds
to  energy  dispersive  X-ray  spectroscopy  (EDX)  and  atomic
percentage statistical table (Fig. S12 and Tables S1 and S2 in the ESM).

To  systematically  evaluate  the  catalytic  performance  of  Ru-
Cu3P/CF  for  HER,  the  catalytic  performance  of  Ru-Cu3P/CF  for
HER was evaluated in alkaline (1.0 M KOH solution), acidic (0.5 M
H2SO4 solution),  and  neutral  (1.0  M  PBS  solution)  electrolytes,
respectively. From the linear sweep voltammetry curve (LSV), it can

be seen that in alkaline and acidic electrolytes, the current density of
HER  driven  by  Ru-Cu3P/CF  to  reach  1  A·cm−2 only  requires  an
overpotential  of  241.70  and  281.30  mV,  which  is  significantly
better  than  its  commercial  Pt/C  and  other  comparison  samples
(Figs. 2(a) and 2(b), and Figs. S13 and S14 in the ESM). In neutral
electrolyte, the current density of Ru-Cu3P/CF-driven HER reaches
10 mA·cm−2 with only an overpotential of 291.30 mV (Fig. 2(c)). At
the same time, the performance of Ru-Cu3P/CF catalyst for HER is
better  than  most  of  the  catalysts  reported  in  the  literature  (Figs.
S15–S17  and  Tables  S3–S5  in  the  ESM).  In  addition,  in  alkaline,
acidic,  and  neutral  electrolytes,  Tafel  is  also  as  low  as  16.80,  3.37,
and 6.21 mV·dec−1,  respectively (Figs.  2(d)−2(f)).  The above results
show  that  Ru-Cu3P/CF  has  good  HER  catalytic  performance  in  a
wide  pH  range.  The  durability  of  catalysts  is  crucial  in  industrial
applications. In this work, the stability of Ru-Cu3P/CF in catalyzing

 

Figure 1    (a)  Preparation  process  diagram  of  Ru-Cu3P/CF.  (b)  SEM  images  of  Ru-Cu3P/CF.  (c)  and  (d)  HRTEM  images  and  lattice  spacing  of  Ru  and  Cu3P  in  Ru-
Cu3P/CF. (e) Element distribution in Ru-Cu3P/CF.
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HER  in  alkaline,  acidic  and  neutral  media  was  studied  by
accelerated  cyclic  voltammetry.  After  running  accelerated  cyclic
voltammetry  for  10,000  times,  the  current  density  of  the  catalytic
HER  in  alkaline,  acidic,  and  neutral  was  slightly  attenuated  (LSV
curve),  but  the  overpotential  at  a  current  density  of  1  A·cm−2 was
only  attenuated  by  7,  5,  and  4  mV,  respectively  (Fig.  S18  in  the
ESM).  In  addition,  Ru-Cu3P/CF  continuously  catalyzes  HER  for
150  h  in  alkaline  electrolyte,  and  the  current  density  does  not
fluctuate significantly (Fig. 2(g)). Therefore, Ru-Cu3P/CF have good
electrochemical  stability  in  catalyzing  HER.  The  results  of
electrochemical  impedance  spectroscopy  showed  that  the  Ru-
Cu3P/CF  catalyst  had  the  smallest  charge  transfer  resistance
compared  with  Ru-Cu2O/CF,  Ru-Cu3Posp/CF  and  Ru/CF  catalysts,
which proved its faster interface electron transport rate (Fig. S19 in
the EMS).

In  addition,  the  electrochemical  active  area  was  evaluated  by
double  layer  capacitance  test.  The Cdl value  of  Ru-Cu3P/CF was  as
high as 29.51 mF·cm−2, which was higher than that of other contrast
samples, indicating that it had a larger active surface area (Fig. S20
in the ESM). These results together indicate that the excellent HER
performance  of  Ru-Cu3P/CF  is  due  to  the  synergistic  effect  of  its
enhanced  charge  transfer  kinetics  and  significantly  increased
exposure rate of active sites.

To  evaluate  the  electrocatalytic  hydrogen  evolution  reaction
performance of Ru-Cu3P/CF in complex real environment [31−34],
we  systematically  tested  the  polarization  curves  of  Ru-Cu3P/CF  in

seawater,  alkaline  seawater  (1  M  KOH)  and  simulated  seawater
(1 M KOH + 0.5 M NaCl). The LSV test results show that the HER
activity  of  Ru-Cu3P/CF  is  significantly  better  than  that  of
commercial Pt/C catalyst in all the above media (Figs. 3(a) and 3(b),
and Figs. S21 and S22 in the ESM). This finding confirms that Ru-
Cu3P/CF  has  the  potential  to  efficiently  drive  hydrogen  evolution
reaction in a variety of seawater matrices, showing its superiority in
practical  applications.  In  order  to  achieve  large-scale  hydrogen
production,  stack  catalysts  must  withstand  significant  fluctuations
in  electrolyte  temperature  caused  by  environmental  and  operating
conditions  [35].  The  performance  evaluation  confirmed  that  Ru-
Cu3P/CF  can  maintain  high  activity  and  stability  in  a  wide
temperature  range  of  5–60  °C  across  electrolyte  (acid,  alkali,  and
neutral)  with  different  pH  values,  and  its  Ru-Cu3P/CF  synthesis
catalytic performance surpasses the commercial Pt/C catalyst (Figs.
S23–S25 in the ESM).

In  order  to  evaluate  the  application  potential  in  the  actual
alkaline  water  electrolysis  device,  we  assembled  a  film-forming
electrode (MEA) with Ru-Cu3P/CF as cathode and RuO2 anode for
testing  [36, 37].  The  performance  test  results  show  that  when  the
current  density  reaches  1  A·cm−2,  the  cell  voltage  is  only  1.79  V,
which  is  significantly  better  than  the  commercial  Pt/C  catalyst
tested  under  the  same  conditions.  The  above  results  confirm  the
excellent  electrocatalytic  performance  of  Ru-Cu3P/CF  at  high
current  density,  highlighting  its  practical  application  prospects
in  high-power  water  electrolysis  hydrogen  production  stacks
(Figs. 3(c) and 3(d)).

 

Figure 2    Evaluation of HER performance of different catalysts. (a)–(c) LSV polarization curves in alkaline, acidic, and neutral, respectively. (d)–(f) The Tafel slopes in
alkaline, acidic, and neutral, respectively. (g) Stability in 1 M KOH electrolyte (at a current density of −20 mA·cm−2).
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To further explore the HER reaction mechanism of Ru-Cu3P/CF,
we  used in-situ electrochemical  attenuated  total  reflection  Fourier
transform  infrared  spectroscopy  to  monitor  the  electrode/solution
interface  in  real  time [38, 39]  (Fig.  4(a)).  The  dynamic  changes  of
spectra  reveal  that  the  signals  of  O–H  stretching  vibration
(~  3400  cm−1)  and  H–O–H  bending  vibration  (~  1600  cm−1)  of
interfacial  water  molecules  are  simultaneously  enhanced  with  the
continuous negative shift of the applied reduction potential,  which
intuitively  reflects  the  interfacial  water.  The  reorganization  of  the
molecular structure and the increase of the density of water molecules
mean  that  the  electrode  surface  forms  a  local  microenvironment
that  is  more  conducive  to  triggering  the  water  decomposition
reaction.  More  importantly,  we  clearly  detected  the  characteristic
vibration signal of the Ru–H bond, and its intensity increased with
the  negative  shift  of  the  potential,  which  provided  direct  spectral
evidence for the dissociation of water molecules at the Ru site and
the formation of adsorbed hydrogen intermediates, and clarified the
smooth progress of this step in the catalytic cycle (Figs. 4(b)−4(d)).

In  addition, in-situ Raman  spectroscopy  revealed  that  under
electrocatalytic  conditions,  the  water  molecules  at  the
catalyst/electrolyte  interface  were  not  disorderly  distributed,  but
spontaneously  assembled  to  form  three  structured  networks  with
clear  characteristics,  K-hydrate  clusters,  two-dimensional  double
hydrogen  bond  interface  network  and  three-dimensional  four
hydrogen bond body  phase  network  [40, 41].  This  highly  ordered
interfacial  water  molecular  layer  significantly  improves  the
performance  of  electrolytic  water  through  multiple  synergistic
mechanisms (Fig. 4(e)).

Based  on  density  functional  theory  (DFT)  calculations,  the
catalytic models of Cu3P, Ru, and Ru-Cu3P/CF were systematically

constructed  in  this  study  (Figs.  5(a)−5(c)),  and  the  HER
performance  differences  of  different  metal  sites  were  analyzed  in
depth. In Cu3P, due to the high electronegativity of P atom, there is
a  significant  charge  polarization  between  P  atom  and  Cu  atom.
When Cu3P contacts with Ru with higher work function to form a
heterogeneous  interface,  in  order  to  achieve  the  balance  of  Fermi
level,  electrons  will  spontaneously  transfer  from  Cu3P  to  Ru  side
(Fig. 5(d)). The Gibbs free energy calculation (Fig. 5(e)) shows that
the Ru-Cu3P site is easier to desorb [H] to form H2 than the Ru site
and  the  Cu3P site  under  acidic  conditions.  In  alkaline  and  neutral
media, the content of H+ is low and depends on the adsorption and
dissociation  of  water.  DFT  calculations  show  that  compared  with
Ru-Cu3P  sites,  Ru  sites  and  Cu3P  sites  have  the  lowest  adsorption
energy for water molecules (Fig. 5(f)),  which is more conducive to
the  capture  of  water.  At  the  same  time,  the  dissociation  of  water
molecules is also important. The dissociation energy of H2O at Ru-
Cu3P  is  significantly  lower  than  that  of  H2O  at  Ru  or  Cu3P  sites
(Fig.  5(g)).  These  calculations  reveal  that  the  heterogeneous
interface formed by Ru and Cu3P optimizes the electronic structure
of  the  active  site  through  spontaneous  electron  transfer,  which
effectively  regulates  the  adsorption  strength  of  the  [H],  thereby
improving  the  intrinsic  reactivity.  Among  them,  Ru-Cu3P  is
advantageous  in  adsorbing  protons  (H+)  to  promote  acidic  HER,
while Ru and Cu3P are beneficial to capture water molecules (H2O)
to  enhance  alkaline  and  neutral  HER.  These  two  cooperate  and
couple with the copper foam substrate to ensure the rapid reaction
kinetics and excellent stability in the whole pH range (Fig. 5(h) and
Fig. S26 in the ESM).

 

Figure 3    (a)  Seawater electrolysis  system with Ru-Cu3P/CF or 20 wt.% Pt/C as a catalyst.  (b) The LSV curves of  Ru-Cu3P/CF as a catalyst  were collected in seawater.
(c) Membrane electrode schematic diagram. (d) LSV polarization curves of Ru-Cu3P/CF and 20 wt.% Pt/C in membrane electrode.
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Figure 4    (a) In-situ electrochemical  ATR-FTIR  test  principle.  (b)–(d) In-situ electrochemical  ATR-FTIR  signal  of  HER  catalyzed  by  Ru-Cu3P/CF.  (e)  Aggregation
behavior of water molecules at the interface of Ru-Cu3P/CF catalyst.

 

Figure 5    (a)–(c)  The atomic model  diagrams of  Cu3P,  Ru,  and Ru-Cu3P/CF.  (d)  A schematic  diagram of  electron transfer  from Cu3P to  Ru.  (e)  The adsorption free
energy of *H on the active sites of Ru, Cu3P, and Ru-Cu3P/CF. (f) Adsorption energy and (g) desorption energy of water on the active sites of Ru, Cu3P, and Ru-Cu3P/CF.
(h) A schematic diagram of the capture and dissociation of water molecules at the Ru-Cu3P/CF interface.
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 4    Conclusion
In  this  study,  a  Ru-based  composite  catalyst  (Ru-Cu3P/CF)  with
pyramid-like  Cu3P  as  support  was  constructed in  situ on  copper
foam  by  a  controllable  surface  engineering  strategy.  The  design
aims  to  simultaneously  optimize  charge  transport  and  active  site
exposure, so that it exhibits hydrogen evolution activity and stability
beyond  commercial  Pt/C  in  a  wide  pH  environment  including
seawater (150 h decay < 5 %). In alkaline and acidic electrolytes, the
overpotentials of Ru-Cu3P/CF-driven HER are as low as 241.7 and
281.3mV at a current density of 1 A·cm−2, respectively. In addition,
in neutral electrolyte, the overpotential of Ru-Cu3P/CF-driven HER
is as low as 105.1 mV at a current density of 100 mA·cm−2, which is
better  than  that  of  commercial  Pt/C  catalyst.  This  work  not  only
confirms the practical application potential of Ru-Cu3P/CF, but also
provides an innovative material design idea for the design of high-
performance  and  corrosion-resistant  catalysts  for  complex
electrolytic environments.

 Electronic  Supplementary  Material: Supplementary  material
(material  characterization  method,  electrochemical  test, in-situ
attenuated total reflection Fourier transform infrared, Figs. S1–S26,
Table  S1–S5,  and  supplementary  references)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.
2026.94908527.
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