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ABSTRACT
Developing  an  active  and  stable  anode  catalyst  for  the  proton  exchange  membrane  water  electrolyzer  (PEM-WE)  is  a  critical
objective to enhance the economic viability of green hydrogen technology. However, the expensive iridium-based electrocatalyst
remains  the  sole  practical  material  with  industrial-level  stability  for  the  acidic  oxygen  evolution  reaction  (OER)  at  the  anode.
Ruthenium-based catalysts have been proposed as more cost-effective alternatives with improved activity, though their stability
requires enhancement. The current urgent goal is to reduce costs and noble metal loading of the OER catalyst while maintaining
robust  activity  and stability.  In  this  study,  we design a Ru-based OER catalyst  incorporating Pb as a supporting element.  This
electrocatalyst  exhibits  an OER overpotential  of  201 mV at  10 mA·cm−2,  simultaneously reducing Ru noble metal  loading by ~
40%. Normalization of the electrochemically active surface area unveils improved intrinsic activity compared to the pristine RuO2

catalyst.  During  a  practical  stability  test  in  a  PEM-WE setup,  our  developed  catalyst  sustains  stable  performance  over  300  h
without notable degradation, underscoring its potential for future applications as a reliable anodic catalyst.
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1    Introduction
Green  hydrogen (H2),  produced  via  water  electrolysis (2H2O  →
2H2 +  O2) using  renewable  electricity  from  sources  like  solar  or
wind,  is  widely  regarded  as  one  of  the  most  pivotal  fuels  or
chemicals  for  reshaping  the  energy  landscape  towards  a
sustainable  future  [1−4].  To  date,  conventional  alkaline  water
electrolyzers (AWE) have  maintained  their  dominance  due  to
their  independence  from  costly  noble-metal  catalysts  [5, 6].
However,  AWE  encounters  challenges,  including  high  ohmic
resistance,  crossover of  product gases,  and a less compact design,
that  have  constrained  its  potential  for  broad  adoption  in  future
applications  of  green  hydrogen  production  [7, 8].  The  proton
exchange  membrane  water  electrolyzer (PEM-WE),  employing  a
polymer-based  PEM  as  an  ion  conductor  instead  of  liquid
electrolyte,  has  arisen  to  address  the  aforementioned  challenges,
offering  improved  energy  efficiency  and  attracting  significant
attention [9−11].  Nevertheless,  the anode electrocatalyst  in PEM-
WE  suffers  from  the  extreme  local  acidic  environment  on  the
membrane.  This  harsh  condition  results  in  severe  catalyst
degradation,  particularly  during  the  anodic  oxygen  evolution
reaction (OER) [12−15].  To  address  this  challenge,  designing  an
active,  durable,  and  low-cost  electrocatalyst  for  acidic  OER  is  an
indispensable mission for industrialization of PEM-WE for future
green hydrogen generation.

Unfortunately,  as  of  today,  the  options  for  OER  catalysts

demonstrating  satisfactory  stability  remain  severely  limited.
Currently,  catalysts  based  on  iridium (Ir),  a  costly  noble-metal,
stand  as  the  only  catalysts  that  have  showcased  industrial-level
durability  within  PEM-WE  devices  [10, 11, 16, 17].  The  scarcity
and  elevated  cost (~  $150  g−1) of  Ir  impede  the  development  of
PEM-WE  technology  and  represent  a  main  obstacle  to  reducing
the  price  of  green  hydrogen  production  [8, 14].  Ruthenium (Ru)
based  catalysts  have  been  regarded  as  a  promising  alternative
[18−20].  In  comparison  to  Ir-based  catalysts,  Ru-based  catalysts
typically  exhibit  superior  activity (overpotential  <  300  mV),  and
Ruthenium costs less (~ $20 g−1) compared to Ir [18, 21−23]. Most
notably,  various  studies  have  demonstrated  stability  lasting
hundreds  of  hours  for  several  Ru-based  OER  catalysts  [24−28].
Although  this  is  still  far  from  meeting  the  requirements  for
industrial  long-term stability,  when compared to  other  transition
metal  oxides  that  mostly  dissolve  within  ten  hours  under  harsh
acidic  conditions,  Ru  stands  out  as  an  element  with  significant
potential [18, 22, 29].

Despite  being  more  affordable  than  the  state-of-the-art
commercial  IrO2 catalysts,  Ru  is  still  regarded  as  a  costly  noble
metal.  Therefore,  lowering  the  loading  of  noble  metals  in  OER
catalysts  for  PEM-WE  while  maintaining  similar  activity  and
stability  poses  an  urgent  challenge  that  remains  to  be  addressed.
To  achieve  this  goal,  we  demonstrate  a  strategy  by  introducing
lead (Pb) as  a  supportive  metal  to  synthesize  a  bimetallic  Ru-Pb
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oxide.  Previously,  Pb-based  catalysts  have  demonstrated  decent
stability  under  acidic  conditions,  although  they  do  not  exhibit
outstanding OER activity [30, 31]. With this concept in mind, we
observed  in  this  study  that  Pb  oxide  can  act  as  a  supportive
material  for  the  RuO2 active  site.  This  allowed  us  to  reduce  the
noble  metal  loading  of  Ru  in  the  catalyst  by  ~  40%,  while
simultaneously achieving improved OER activity (overpotential of
201  mV  at  10  mA·cm−2).  Electrochemically  active  surface  area
(ECSA) analysis revealed that this Ru-Pb oxide catalyst possesses a
surface  area  similar  to  that  of  the  RuO2 nanoparticle  control
sample  we  synthesized,  yet  displays  enhanced  intrinsic  activity.
Most significantly, the Ru-Pb oxide exhibited great OER stability,
withstanding  over  3  days  of  testing  using  lab-scale  rotating  disk
electrode (RDE) and enduring for more than 300 h in a practical
PEM-WE device without significant degradation. 

2    Results
 

2.1    Synthesis and characterizations of catalysts
In this study, we introduced a systematic process for synthesizing
a range of Ru-Pb oxide nanoparticles as OER catalysts (see Section
4  Method).  Initially,  a  wet  impregnation  was  conducted  to
uniformly  mix  the  RuCl3 and  PbNO3 precursors  at  the  desired
metal ratio on a carbon black support. Subsequently, the mixture
underwent  a  two-step  annealing  process.  The  first  step  involved
reduction  through  annealing  under  an  H2/Ar  environment,
followed by the second step of  oxidation in air.  This  second step
served to remove the carbon black support and oxide the metallic
Ru  and  Pb  into  oxide  forms.  To  optimize  the  Ru  loading  and
catalyst  activity,  we  synthesized  various  ratios  of  Ru-Pb  oxide
catalysts and assessed their performance using RDE. We observed

that  an atomic  ratio  of  3:1  of  Ru to  Pb (denoted as  Ru3PbOx) in
this  system yielded the best  onset  potential  and nearly the lowest
charge transfer resistance compared to other ratios (Fig. S1 in the
Electronic Supplementary Material (ESM)). It's important to note
that  this  3:1  atomic  ratio  corresponds  to  a  mass  ratio  of  around
6:4.  This  suggests  that  if  the same mass of  Ru3PbOx and RuO2 is
used as OER catalyst,  the Ru loading is  reduced by ~ 40%. Next,
we  pursued  further  optimization  of  the  synthetic  process  by
varying  the  annealing  temperature  in  an  air  environment  since
this  step  is  crucial,  as  it  is  the  critical  step  that  can  presumably
impact  crystallinity  and  phase  segregation.  A  comparison  of
performance in RDE tests revealed that an annealing temperature
of 350 °C yielded the most active Ru3PbOx OER catalyst (Fig. S2 in
the ESM).

After  the  aforementioned  optimization,  we  performed  a  series
of  characterizations  to  examine the  morphology and structure  of
the  synthesized  catalyst.  First,  high  resolution  transmission
electron microscopy (HRTEM) was utilized to measure the size of
nanoparticles.  The  TEM  image (Fig. 1(a),  Figs.  S3  and  S4  in  the
ESM) unveils  that  the  size  of  Ru3PbOx particles  is  uniform,  with
an average size of ~ 4.67 nm, and the fast Fourier transform (FFT)
pattern (Fig. 1(b)) indicates  a  polycrystalline  structure  of  our
catalyst.  To  further  confirm  the  lattice  distance,  a  high-angle
annular  dark-field  scanning  TEM (HAADF-STEM) was
employed,  confirming  that  the  lattice  distances  and  the
corresponding FFT patterns are primarily correspond to the (110)
and (101) facets of RuO2 (Figs. 1(c)−1(e) and Fig. S5 in the ESM).
In  addition,  energy-dispersive  spectroscopic (EDS) elemental
mapping (Fig. 1(f) and Fig. S6  in  the  ESM) confirmed  that  the
majority  of  Pb  was  uniformly  doped  within  the  RuO2 matrix.
Overall,  these  images  reveal  a  nanoparticle  structure  with  high
crystallinity and uniform doping.

 

Figure 1    Morphology and structure characterizations of Ru3PbOx. (a) and (b) TEM images of Ru3PbOx nanoparticles. The average particle size is 4.67 nm as shown
in the inset of (a), and the inset of (b) is a FFT pattern showing a polycrystalline property. (c) and (d) HADDF-STEM images of Ru3PbOx. (c) The low-magnification
HADDF-STEM image and (d) the high-resolution image of Ru3PbOx showing the high crystallinity with the lattice distant of 3.145 and 2.546 Å corresponding to the
RuO2 (110) and  RuO2 (101) facets,  respectively. (e) The  corresponding  FFT  pattern  of (d). (f) EDS  elemental  mapping  of  Ru3PbOx catalyst  showing  a  uniform
distribution of Ru and Pb.
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Next,  the  X-ray  diffraction (XRD) pattern  was  analyzed  to
unveil the detailed crystal structure of Ru3PbOx. As shown in Fig.
2(a),  while  the  predominant  peaks  with  the  highest  intensity
indeed (110) and (101) facets  of  RuO2,  we  did  observe  several
minor peaks that  could be attributed to various Pb oxides  or  the
Pb-doped  Ru  oxide  structure.  This  is  likely  due  to  the  slight
aggregation  of  Pb  oxides  into  tiny  clusters  during  the  annealing
process,  which  is  challenging  to  observe  in  TEM.  Furthermore,
this pattern also indicates that the oxidation annealing step did not
fully  oxidize  our  Pb  into  PbO2 within  our  pristine  Ru3PbOx
catalyst.  Notably,  these Pb oxide peaks are later  transformed into
PbO2 peaks  in  our  post-catalysis  XRD  characterization,  as
explained  in  detail  in  the  later  section.  Additionally,  we  analyzed
the  XRD  patterns  of  different  Ru-Pb  oxide  catalysts  synthesized,
and noted that the intensities of RuO2 peaks can vary based on the
ratio, while the peak positions remain nearly consistent (Fig. S7 in
the ESM). 

2.2    Electronic properties of catalysts
After  understanding  the  morphology  and  crystal  structure  of
Ru3PbOx,  the  next  step  involves  carefully  investigating  its
electronic properties, as these properties are commonly considered
critical  factors  that  can  affect  OER  activity  [32, 33].  We  first
conducted  an  X-ray  photoelectron  spectroscopy (XPS) survey
spectrum of Ru3PbOx to confirm the metal ratio between Ru and
Pb (Fig. S8 in the ESM). The resulting ratio of Ru to Pb is  73:27,
which  is  quite  similar  to  the  expected  3:1  ratio (Table  S1  in  the
ESM).  This  ratio also indicates  a  mass ratio of  Ru to Pb of  57:43
on the surface analyzed by XPS. The elemental ratio based on the
EDS  mapping  analysis  also  indicates  the  bulk  atomic  ratio  of
Ru:Pb is around 3:1 as expected (Table S2 in the ESM). Different
ratios  of  Ru-Pb oxides  were also analyzed (Figs.  S9 and S10,  and
Table  S1  in  the  ESM),  and  all  of  the  ratios  are  similar  to  our
expectations except for RuPb3Ox, which has a lower Pb ratio than
expected,  potentially  due  to  some  Pb  aggregations.  Next,  a
thorough high-resolution XPS analysis  of  Ru 3d and Pb 4f (Figs.
2(b) and 2(c)) was  conducted  to  understand  the  electronic
structures  of  Ru  and  Pb  in  Ru3PbOx,  respectively. Figure  2(b)

suggests the electronic state of Ru as Ru4+ based on the peaks of Ru
3d5/2,  Ru  3d3/2,  and  their  satellite  peaks  between  280  and  290  eV
[18, 22, 23],  which  also  matches  the  observations  in  TEM  and
XRD that Ru is in its close to the oxidation state as RuO2. Figure
2(c) shows an oxidation state of Pb between Pb2+ (PbO) and Pb4+

(PbO2) based on the Pb 4f7/2 and Pb 4f5/2 peaks. Notably, PbO and
PbO2 peaks exhibit a small difference of ~ 0.3 eV [34, 35], and the
Pb  4f  peaks  here  can  likely  be  a  combination  of  peaks  from
different  Pb  oxides  that  range  from  Pb2+ to  Pb4+,  matching  our
observations in XRD.

Synchrotron-based  X-ray  absorption  spectroscopy (XAS)
measurements  offer  additional  insight  into  the  electronic
properties of our catalyst. The rising edge of the Ru K-edge X-ray
absorption  near-edge  spectroscopy (XANES) and  its  white  line
(Fig. 2(d) and Fig. S11  in  the  ESM) indicate  that  the  electronic
state  of  Ru  in  Ru3PbOx,  while  quite  close  to  the  RuO2 reference,
might be slightly lower than Ru4+. This might be due to the slightly
higher  electronegativity  of  Ru  compared  to  Pb  atoms  in  the
synthesized bimetallic oxide. Although this could also be explained
by the potential presence of metallic Ru clusters that were not fully
oxidized  during  the  annealing  process,  this  possibility  is  further
excluded  by  the  corresponding  Ru  K-edge  Fourier-transformed
extended X-ray absorption fine structure (FT-EXAFS) in Fig. 2(e).
The  FT-EXAFS  result  clearly  shows  a  primary  Ru–O  peak (1.50
Å) and  no  Ru–Ru  peak (2.39  Å),  as  evident  in  the  reference
spectrum of metallic Ru foil.  Additionally,  we examined different
ratios of Ru-Pb oxides, and no significant differences in Ru K-edge
XANES  and  EXAFS  were  observed,  suggesting  that  the  doping
level  of  Pb  ranging  from  approximately  15%  to  44%  does  not
significantly  affect  the  electronic  structure  of  Ru  atoms.  The
XANES  and  EXAFS  of  Pb  L3-edge  were  also  investigated (Fig.
2(f),  Figs.  S14  and  S15  in  the  ESM).  The  results  reveal  that  the
oxidation state of Ru3PbOx is distinct from that of the reference Pb
foil,  displaying a  pattern of  Pb–O bonds without  the  presence of
Pb–Pb  peaks (Fig. S15  in  the  ESM).  Furthermore,  Pb  L3-edge
XAS  spectra  for  various  ratios  of  Ru-Pb  oxides  indicate  similar
oxidation states (Figs. S14 and S15 in the ESM), aligning with the
XPS findings. 

 

Figure 2    Electronic and crystal structure of Ru3PbOx. (a) XRD patterns of Ru3PbOx, showing a majority peaks corresponding to RuO2 and the rest of the minor peaks
to  different  structure  of  PbOx. (b) and (c) High-resolution XPS spectra  of (b) Ru 3d and (c) Pb 4f. (d) XANES and (e) EXAFS spectra  at  Ru K-edge  of  Ru3PbOx,
indicating an oxidation state close to RuO2 and a bonding structure with Ru–O and without Ru–Ru bonds. (f) XANES spectra at Pb L3-edge showing different ratio of
Ru-Pb oxide nanoparticles with similar oxidation states and are all distinct from Pb foil.
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2.3    Electrochemical analysis on RDE
With  a  comprehensive  understanding  of  the  morphology  and
electronic  structure,  we  then  analyzed  the  fundamental
electrochemical  OER  performance  of  the  Ru3PbOx catalyst.  We
compared  our  catalyst  with  commercial  RuO2 nanoparticles
(denoted  as “RuO2 comm” in  the  figures).  To  ensure  consistent
performance  comparisons  in  terms  of  nanoparticle  size,  we
synthesized  Ru  oxide  nanoparticles (denoted  as  RuO2;  see
Methods and Fig. S16 in the ESM for more detail) using a similar
procedure to that of Ru3PbOx.  Upon comparing the linear sweep
voltammetry (LSV) curves in RDE under acidic conditions in 0.1
M  HClO4,  we  observed  that  Ru3PbOx outperformed  both  RuO2
and  commercial  RuO2 (Fig. 3(a) and  Table  S3  in  the  ESM).  The
overpotential of Ru3PbOx at 10 mA·cm−2 is 201 mV, which is lower
than  RuO2 (215  mV) and  commercial  RuO2 (298  mV).
Additionally,  comparison  of  Tafel  slopes (Fig. 3(b)) also  reveals
that  Ru3PbOx exhibits  superior  OER  kinetics  compared  to  the
other two, with a Tafel slope of only 40.49 mV·dec−1. Furthermore,
electrochemical  impedance  spectroscopy (EIS) results  at  1.5  V
versus  the  reversible  hydrogen  electrode (RHE) confirm  that
Ru3PbOx has lower charge transfer resistance than the control Ru
oxide samples (Fig. S17 in the ESM). Importantly,  all  tests  in this
study  employ  the  same  mass  loading  across  different  catalysts.
Therefore, this suggests that even with the Ru loading lowered by
~ 40% in Ru3PbOx compared to the Ru oxide samples, the activity
of Ru3PbOx remains significantly superior to those with higher Ru
loading.

It  is  known that  an improvement in activity  of  electrocatalysts
can  be  attributed  to  the  higher  surface  area  instead  of  the
improvement  in  intrinsic  activity  that  is  due  to  the  well-tuned
active  site.  To  confirm  whether  it  is  the  case  for  Ru3PbOx,  we
conducted  ECSA  analysis  by  measuring  the  electrochemical
double-layer  capacitance (Cdl) of  our  catalysts (Fig. S18  in  the
ESM).  Although  Ru3PbOx shows  a  better  activity  above,  the Cdl
results  suggest  that  ECSA  of  Ru3PbOx is  lower  than  the  RuO2
nanoparticle  control  sample (Fig. 3(c) and Table  S4 in the ESM).
This  means  that  if  we  consider  the  ECSA-normalized  OER
activities (Fig. 3(d)),  Ru3PbOx clearly  shows  a  better  intrinsic
activity compared to the pure RuO2 samples. It is presumably due

to the electronic structure tuning from the Pb dopant in the RuO2
lattice  that  enhances  the  intrinsic  performance  of  Ru  active  sites.
Different ratios of Ru-Pb oxide samples were also compared (Figs.
S19 and S20 in the ESM), and the results confirm that the 3:1 ratio
of Ru to Pb offers the best intrinsic activity, followed by the ratios
of 6:1, 1:1, and 1:3, respectively.

On top of  activity,  stability  is,  in  fact,  a  more critical  merit  for
acidic  OER  catalysts  in  practical  PEM-WE  applications  [13, 14].
Therefore, stability tests on RDE were performed to gain an initial
understanding  of  the  catalysts  under  a  lab-scale  environment.
Long-term  chronopotentiometry (CP) stability  results (Fig. 3(e))
show  that  Ru3PbOx can  last  for  over  72  h  without  significant
degradation at a current density of 10 mA·cm−2. Meanwhile, under
the  same total  mass  loading  as  commercial  RuO2 and RuO2 that
we synthesized using the same method (equivalent to a Ru loading
around 1.6 times higher than Ru3PbOx), sharp degradation can be
observed around 20 and 50 h, respectively. This suggests that not
only  the  improvement  in  activity  but  also  the  Pb  dopant  as  a
supporting element is likely to help maintain the stability of RuO2
active sites. 

2.4    Stability performance in PEM-WE
In addition to the initial stability analysis in lab-scale RDE test, it is
more important to investigate the stability in a practical PEM-WE
device  to  evaluate  Ru3PbOx as  an  anodic  OER catalyst.  Our  self-
fabricated compact PEM-WE device (Figs. 4(a) and 4(b)) operates
by introducing deionized water through the anode inlet for OER,
utilizing  Ru3PbOx as  the  catalyst.  Protons  are  transported  across
the  membrane  for  the  cathodic  hydrogen  evolution  reaction
(HER),  facilitated  by  Pt/C  as  the  catalyst.  Over  the  Ru3PbOx
catalyst-coated  membrane (CCM) with  a  predetermined  total
mass loading of  ~ 2 mg·cm−2,  a  porous transport layer composed
of  Ti  frit  and  Carbon  paper  is  employed  for  the  anode  and
cathode, respectively (refer to Methods for a detailed description).
A CP test at 100 mA·cm−2 was conducted under ambient pressure
and  room  temperature (Fig. 4(c)),  revealing  that  the  Ru3PbOx
catalyst  could  sustain  stable  performance  for  over  300  h  without
any notable voltage decay. We have observed that the voltage here
is  slightly  higher  than  expected  when  compared  to  the  strong

 

Figure 3    Acidic OER performance on RDE. (a) LSV curves and (b) Tafel slopes of Ru3PbOx,  RuO2,  and commercial RuO2. (c) Cdl plots for ECSA analysis derived
from cyclic voltammetry (CV) curves in Figs. S18(a)–S19(c) in the ESM. (d) ECSA-corrected LSVs of Ru3PbOx, RuO2, and commercial RuO2, showing Ru3PbOx has a
better intrinsic activity. (e) Stability tests of Ru3PbOx, RuO2, and commercial RuO2 on RDE at 10 mA·cm−2.

  8674 Nano Res. 2024, 17(10): 8671–8677

 

 

| www.editorialmanager.com/nare/default.asp



intrinsic activity observed in the RDE test.  This divergence could
be attributed to either a less mature PEM-WE assembly technique
leading  to  increased  ohmic  resistance  or  the  harsher  acidic
environment on the PEM compared to the RDE setup, potentially
causing reduced performance.

Finally,  we  conducted  post-catalysis  characterizations  to  verify
the actual  active structure following the 300 h stability test  in the
PEM-WE  system.  Both  the  Ru3PbOx CCM  before  and  after  the
reaction were collected and investigated. XRD patterns reveal that
after  the  Ru3PbOx coating  on  the  membrane  and  subsequent
activation via  boiling (as  described in Methods),  the major peaks
are attributed to RuO2, while minor peaks indicate the presence of
PbO2 and a bimetallic Pb-Ru oxide (Fig. 4(d)). Notably, there is no
significant change observed before and after the extended stability
test, suggesting the maintenance of a stable crystal structure in the
catalyst.  XPS  survey  spectra  also  support  this  conclusion (Fig.
4(e)),  and  high-resolution  Ru  3d  and  Pb  4f  XPS  spectra  further
confirm that  the  peaks  do  not  shift  before  and  after  the  reaction
(S21).  Collectively,  these  findings  provide  evidence  of  the  stable
performance of Ru3PbOx in a practical PEM-WE device. 

3    Conclusion
In summary, we developed a Ru-based catalyst with Pb dopant as
a supporting element for acidic OER. This catalyst reduces the Ru
loading  by  ~  40%,  while  simultaneously  delivering  improved
performance  in  both  stability  and  intrinsic  activity  compared  to
the RuO2 catalyst.  Electrochemical analysis in RDE demonstrated
that the Ru3PbOx catalyst exhibits an OER overpotential as low as
201 mV at 10 mA·cm−2,  and a practical  stability test  in PEM-WE
showed a long-term stability of over 300 h at 100 mA·cm−2. Future
research  can  advance  catalyst  development  to  further  decrease
noble  metal  loading  while  striving  for  enhanced  stability,  which
will be crucial in lowering the green hydrogen price for the future
energy landscape. 

4    Method
 

4.1    Catalyst synthesis
In  general,  to  synthesize  the  main  Ru3PbOx catalyst,  0.1231  g  of

RuCl3 and 0.0639 g of Pb(NO3)2 (i.e. Ru and Pb with a molar ratio
of 3:1) were dissolved in 150 mL of 1 M HCl with sonication for 3
h. Then, 0.4 g of carbon black (Cabot, BP2000) was added, and the
mixture was stirred for 18 h under ambient conditions. The well-
mixed  solution  was  then  dried  by  a  rotary  evaporator.  The
remaining powder was collected and annealed in a flowing Ar/H2
(5% H2) atmosphere at 1000 °C for 2 h and then in air at 250–550
°C for 3 h, where the temperature at 350 °C in air was identified to
synthesize the most active Ru3PbOx catalyst. The annealed sample
was collected and denoted as the Ru3PbOx catalyst. Different ratios
of  Ru-Pb  oxide (RuxPbyOz) were  synthesized  following  the  same
method, except the initial amount of precursors were added based
on the desired molar ratio of Ru:Pb. The RuO2 control sample was
prepared using the same method with RuCl3 as the precursor, and
maintaining the total metal mass loading equivalent to the sum of
Ru and Pb in the Ru-Pb catalysts. The weight ratio of total metal
loading  in  precursors  to  carbon black  was  fixed  at  1:4  for  all  the
catalysts above. 

4.2    Material characterization
TEM,  HRTEM,  HADDF-STEM,  and  EDS  mapping  were
performed using an FEI Titan Themis aberration-corrected TEM
at  300  kV.  XPS  data  were  measured  on  a  PHI  Quantera
spectrometer using monochromatic Al Kα radiation (1,486.6 eV)
and  a  low-energy  flood  gun  as  the  neutralizer.  The  XPS  spectra
were  calibrated  based  on  the  detected  carbon  C  1s  peak  at  a
standard  of  284.8  eV.  XRD  data  were  collected  on  a  Rigaku
SmartLab  X-ray  diffractometer  with  Cu  Kα  radiation.  XAS
measurements  were  conducted  at  the  Sector  20-BM  beamline  of
the  Advanced  Photon  Source  at  Argonne  National  Laboratory.
The samples were measured in transmission mode simultaneously
with Ru and Pb foils as references, and the data processing for FT-
EXAFS was performed using the ATHENA program. 

4.3    Electrochemical  measurements  under  a  three-
electrode system
In a  typical  test,  5  mg of  catalyst  was added into 1  mL isopropyl
alcohol and 20 µL of Nafion 117 containing solution (5%, Sigma-
Aldrich),  and the mixture was then sonicated for 1 h to obtain a
well-dispersed catalyst ink. For a typical RDE measurement, 16 µL

 

Figure 4    Stability of Ru3PbOx in PEM-WE. (a) Photograph and (b) schematic of the PEM-WE setup of our stability test. (c) Chronopotentiometry tests of Ru3PbOx
catalysts on CCM at 100 mA·cm−2 in the PEM-WE electrolyzer using commercial Pt/C as the cathode catalyst at room temperature and ambient pressure. (d) XRD
patterns and (e) XPS survey spectra of Ru3PbOx CCM before reaction and after the 300 h stability test in PEM-WE, showing no significant changes.
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of  the  catalyst  ink  was  drop-casted  on  a  5.0  mm diameter  glassy
carbon  electrode (disk  geometric  area:  0.196  cm2),  resulting  in  a
catalyst  loading  of  0.4  mg·cm−2,  and  then  vacuum  dried  at  room
temperature  before  the  test.  All  the  RDE  measurements  were
performed at room temperature in a typical three-electrode cell in
O2-saturated  0.1  M  HClO4 electrolyte.  A  carbon  rod (99.99%,
Beantown Chemical) and a saturated calomel electrode (SCE, CH
Instruments) were  used  as  the  counter  and  reference  electrode,
respectively.  A  RDE  assembly (AFE4TQ050,  Pine  Instruments)
with the prepared glassy carbon electrode was used as the working
electrode  at  a  rotation  rate  of  2500  revolutions  per  minute.  All
potentials measured against SCE were converted to the RHE scale
by: E (versus RHE) = E (versus SCE) + 0.241 V + 0.0591 × pH. In
the 0.1 M HClO4 electrolyte in this work, the pH value was 1,  as
measured  by  Orion  Star  A111  pH  Meter (Thermo  Scientific).
Solution  resistance (Rs) was  measured  by  potentiostatic
electrochemical  impedance  spectroscopy (PEIS) at  frequencies
from 0.1 Hz to 200 kHz. All the measured potentials in RDE were
100% iR-compensated  unless  otherwise  specified.  LSV  tests  were
recorded at a scan rate of 5 mV·s−1. Stability was examined through
chronopotentiometry  tests  at  10  mA·cm−2.  Electrochemical
impedance  spectroscopy (EIS) tests  for  Nyquist  plot  were
performed  at  1.5  V (versus  RHE) from  0.1  Hz  to  200  kHz.  The
ECSA was determined by: ECSA = Cdl/Cs, where Cdl is the double
layer capacitance and Cs is  the specific capacitance of the sample.
In this study, a general specific capacitance of Cs = 0.035 mF·cm−2

was used based on typical reported values [22]. Cdl was determined
by the equation: Cdl = ic/ν, where ic is the charging current and v is
the  scan  rate.  A  series  of  CV  tests  in  the  non-faradaic  potential
region  1.18–1.28  V (versus  RHE) under  different  scan  rates (2.5,
5.0, 7.5, 10, 15 and 20 mV·s−1) were performed, and by plotting the
measured ic versus ν. The Cdl was obtained from the slopes of the
linear  fitting  in  Figs.  S18  and  S19  in  the  ESM.  The  roughness
factor (RF) was calculated by dividing ECSA by the geometric area
of the electrode, which is 0.196 cm−2 in this study. 

4.4    PEM-WE tests
A  single-side  CCM  with  anode  catalyst  layer  was  used  in  PEM
electrolyzer. To make the ink for spray coating, the anode catalyst
Ru3PbOx was dispersed in isopropyl alcohol, then Nafion ionomer
solution (5%, Sigma-Aldrich) was added to the mixture. To make
the  cathode  ink  for  spray  coating,  Pt/C (Pt  content  20%) was
mixed with water first to avoid combustion, then isopropyl alcohol
(IPA) and  Nafion  ionomer  solution  was  added  to  the  mixture.
The weight ratio of ionomer to catalyst was 0.2 for both anode and
cathode. The anode ink was sonicated for 2 h before sprayed onto
a piece of Nafion 115 membrane by air brush, and the cathode ink
was  sprayed  onto  a  carbon  paper  electrode.  The  anode  and
cathode  catalyst  loadings  were  controlled  at  2  and  0.8  mg·cm−2,
respectively. The CCM was then boiled in water for 1.5 h to fully
remove impurities. To assemble the membrane electrode assembly
(MEA),  the  CCM  was  sandwiched  between  a  platinized  Ti  fiber
felt and the cathode electrode, with anode catalyst layer facing the
Ti  felt  side.  The  active  area  was  1  cm2.  The  anode  and  cathode
electrodes  were  fixed  by  polytetrafluoroethylene  gaskets  of  0.01
and  0.005  inch,  respectively.  Finally,  the  gaskets,  electrodes  and
CCM  were  sandwiched  between  an  anode  end  plate  made  of  Ti
and a cathode end plate made of stainless steel, both of which with
serpentine flow channel.  Room temperature  deionized water  was
first  fed  to  the  anode  at  a  flow  rate  of  0.4  mL·min−1 for  30  min
before  the  test,  and  continuously  flowed  during  the  test.  The
stability test was carried out at 100 mA·cm−2 at room temperature
and ambient pressure. 
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