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ABSTRACT: Protonic  ceramic  electrolysis  cells  (PCECs)  have
attracted  significant  interest  because  of  their  efficiency  and
environmental sustainability in energy conversion. However, their
commercial  application  is  hindered  by  the  absence  of  effective
and  robust  electrodes  capable  of  operating  in  harsh
environments,  such as  those  characterized by  high vapor  or  CO2

concentrations.  In  this  study,  we  developed  a  stable  steam
electrode  composed  of  PrBaMn2O5+δ (PBM)  and  the  durable
proton  conductor  BaZr0.85Y0.15O3−δ (BZY),  which  was  enhanced
with  the  deposition  of  PrOx nano-catalysts.  The  composite
electrode exhibited a  low polarization resistance (~0.34 Ω·cm² at
600  °C),  comparable  to  that  of  conventional  cobalt-based
electrodes. Additionally, extensive testing over hundreds of hours
under  severe  conditions  revealed  exceptional  durability,  with  no  significant  degradation  observed.  Notably,  the  electrode
composited  with  cube-shaped  BZY  microcrystals  and  PBM  showed  a  higher  proton  conductivity  of  2.15×10−5 S·cm−¹  at  500  °C,
representing an entire order of magnitude greater than that of the electrode composited with irregular nanosized BZY. In addition,
the single cell achieved a superior electrolysis current of 2.0 A·cm−2 at 700 °C and 1.3 V. These findings demonstrate the superiority
of constructing an innovative interface between the mixed ionic‒electronic conductor (MIEC) and the proton conductor. Our work
presents a promising strategy for designing durable steam electrodes for PCECs through a rational compositing approach.
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1    Introduction
Solid  oxide  electrolysis  cell  (SOEC)  is  considered  the  most
promising  hydrogen  production  device  because  of  its  high
efficiency,  minimal  environmental  pollution,  and  reliable
thermodynamic  and  chemical  kinetics  [1−6].  However,  the  high
operating  temperature  (>  700  °C)  and  humid  operating
environment (> 20% H2O) for oxygen ion conductors give rise to
expensive  original  materials  and  degradation  of  the  steam
electrode. Hence, it is vital to decrease the working temperature to
an  intermediate  temperature  range  (400–600  °C)  so  that  the
durability  of  the  steam  electrode  can  be  optimized.  Unlike
traditional  SOEC  electrolytes  ((Y2O3)0.08(ZrO2)0.92,  etc.),  protonic
conductor  electrolytes  (BaCe0.7Zr0.1Y0.1Yb0.1O3−δ,  etc.)  are  used  in

protonic ceramic electrolysis cells (PCECs) because of their lower
activation  energy  (Ea)  [7−11].  Recent  advancements  have
significantly  enhanced  proton  conductivity,  improved  chemical
stability,  and  optimized  the  densification  sintering  process.
Unfortunately,  the  sluggish  kinetics  of  the  oxygen  evolution
reaction (OER) at  steam electrodes,  coupled with poor durability
under  high  humidity  working  conditions,  severely  impedes  the
broader application of PCECs [12,13].

Traditional  mixed-ionic  and  electronic  conductors  (MIECs)
have  been  applied  in  PCEC  for  decades  as  one  of  the  most
promising  electrode  materials  [8,10,13,14].  For  example,
La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF), a well-known air electrode material
in  O-SOFCs,  was  first  used  as  a  steam  electrode  in  PCEC  [15].
However,  the presence of Sr3+ in LSCF led to its degradation and 
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the  formation  of  SrCO3 at  600  °C,  rendering  it  unstable.
Additionally,  other  cobalt-based  or  iron-based  perovskite
electrodes exhibit excellent catalytic ability and redox behavior due
to changes in their  valence states.  Ba0.5Sr0.5Co0.8Fe0.2O3−δ,  a  cobalt-
rich perovskite for PCFC with excellent electrocatalytic activity for
the oxygen evolution reaction (OER), displayed instability in high
humidity  atmospheres  [16−19].  In  conclusion,  it  is  difficult  for
single-phase  MIEC  electrode  materials  to  maintain  high
performance and high stability concurrently.

Moreover,  multiphase  electrodes  composed  of  single-phase
MIECs  and  proton  conductors  have  attracted  widespread
attention  [8,10,14,20,21].  Certain  MIECs  are  composited  with
BaZr0.8Y0.2O3−δ,  enabling  the  MIECs  to  facilitate  the  transfer  of
both  electrons  and  oxygen  ions,  while  BaZr0.8Y0.2O3−δ exclusively
conducts  protons  [22].  For  example,  nano-LaCoO3−δ [22]  and
Ba0.5Gd0.8La0.7Co0.2O6−δ [23],  which  have  been  used  as  PCFC
electrodes  and,  when  composited  with  BaZr0.8Y0.2O3−δ,  exhibit
excellent  electrical  performance.  Under  PCEC  operating
conditions, the rate-limiting step in the electrochemical process at
the steam electrode is the sluggish migration of protons from the
electrode  to  the  electrolyte  [20,24].  The  combination  of  proton-
conducting  electrolytes  with  MIECs  enhances  proton  transfer
within  the  steam  electrode  and  expands  the  number  of
electrochemical  reaction  sites  at  the  interface  of  MIEC/proton
conductor,  which  is  crucial  for  improving  the  performance  of
PCECs.  In  summary,  the  incorporation  of  proton  conductors  is
one  of  the  most  effective  approaches  for  promoting  the
electrochemical performance of steam electrodes for PCECs.

To  further  explore  the  electrochemical  reaction  sites  of  steam
electrodes,  extensive  research  has  recently  focused  on  triple-
conducting  oxides  (TCOs)  with  single-phase  structures  that  can
simultaneously facilitate the transfer of protons, oxygen ions, and
electrons [25−30]. One notable example is BaCo0.4Fe0.4Zr0.1Y0.1O3−δ
(BCFZY),  a  well-known  single-phase  TCO  that  demonstrates
impressive  hydration  performance  at  low  temperatures  for
protonic ceramic fuel cells (PCFCs) [26,27,31]. However, while the
emphasis on electrochemical performance is critical, it has at times
overshadowed  the  equally  important  consideration  of  durability,
which  may  lead  to  uncertainties  in  practical  applications  [32].
Moreover,  TCOs  used  in  PCECs  often  struggle  to  maintain
stability over prolonged periods under harsh operating conditions,
particularly  in  high-humidity  environments,  due  to  surface
degradation.  For  example,  PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF),
another commonly used TCO, has been shown to readily degrade
in moist atmospheres, primarily due to the segregation of Ba and
Sr  to  the  surface,  which  triggers  concurrent  changes  in  surface
structure and chemistry [33−35]. Additionally, single-phase TCOs
typically  contain  transition  metal  elements  such  as  Co  and  Fe
[36−38]. As the operating temperature increases, the spin state of
Co3+ transitions  to  a  high-spin  state,  resulting  in  a  significant
increase in the ionic radius and a notably high thermal expansion
coefficient  (TEC)  [39,40].  This  elevated  TEC  can  exacerbate  the
mismatch  in  the  TEC  between  the  electrode  and  electrolyte
interface, ultimately leading to diminished long-term stability [40].
In summary, single-phase TCOs face challenges in achieving both
high  electrochemical  performance  and  long-term  stability
concurrently.  Consequently,  multiphase  steam  electrodes  with
triple-conducting  functionalities  may  represent  a  promising
alternative for PCEC applications.

From  this  perspective,  a  new  strategy  for  PCEC  steam
electrodes  aimed  at  achieving  excellent  electrochemical
performance  and  superior  durability  is  proposed.  The  stable
PrBaMn2O5+δ (PBM) electrode is composed of an efficient proton
conductor,  cube-shaped  BZY  (C-BZY),  and  is  deposited in  situ

with  nano-catalyst  PrOx,  resulting  in  the  formation  of  an  ultra-
durable  heterostructure.  PrBaMn2O5+δ has  demonstrated
remarkable durability when used as both fuel electrodes and steam
electrodes  in  SOECs  and  PCECs  [41−44].  The  presence  of  a
substantial  number  of  oxygen  vacancies,  coupled  with  high
electrical  conductivity  (91.4  S·cm−1 in  air  and  8.16  S·cm−1 in  5%
H2), establishes a solid foundation for its potential as a promising
steam electrode material [43]. PrOx is an active nano-catalyst with
superior  electrical  conductivity  and  unique  redox  properties  due
to  its  incompletely  filled  and  localized  4f  electrons.  The
electrochemical  reactions  at  the  electrodes  can  be  significantly
improved  because  of  the  high  oxygen  vacancy-rich  surfaces  of
PrOx nanoparticles  [44−47].  Furthermore,  compared  with
nanosized-BZY  (N-BZY),  C-BZY  has  demonstrated  superior
electrical  properties  and  stability,  as  established  in  our  previous
investigations  [48,49].  The  composite  electrode  exhibited
exceptional  durability  under  harsh  working  conditions,  with  no
signs  of  degradation.  Additionally,  the  composite  C-BZY–PBM
electrode  exhibited  faster  proton  conduction  and  superior
electrical  properties  than  the  N-BZY–PBM  electrode,  revealing
our  success  in  designing  the  interface  of  composite  steam
electrodes. Our work presents a promising strategy for developing
ultra-durable  composite  electrodes  and  provides  novel  insights
into the design of durable steam electrodes for PCECs.

2    Experimental

2.1    Materials synthesis
C-BZY  powder  was  synthesized  via  the  enhanced  solid-phase
method  according  to  previous  reports  [48,49].  Ba(NO3)3 (99.9%,
ALADDIN, China) and (ZrO2)0.92(Y2O3)0.08 (99.9%, Tosho, Japan)
were added to deionized water, dried at 80 °C, and then calcined
in  air  at  800  °C  for  2  h  to  obtain  cube-shaped  BZY  electrolyte
powders.  Nanosized  BZY  (N-BZY)  powder  was  prepared  by  the
solid-phase method. Stoichiometric amounts of BaCO3, ZrO2, and
Y2O3 (99.9%, ALADDIN, China) were mixed by ball milling, and
then  sintered  in  air  at  1200  °C  for  2  h.  BaZr0.1Ce0.7Y0.1Yb0.1O3−δ
(BZCYYb)  powder  was  prepared  by  a  solid-phase  method.
Stoichiometric amounts of BaCO3,  ZrO2,  CeO2,  Y2O3,  and Yb2O3
(99.9%, ALADDIN, China) were mixed by ball milling, and then
sintered in air at 1100 °C for 10 h. The PBM electrode powder was
synthesized by the solid-phase method. Stoichiometric amounts of
Pr6O11,  BaCO3,  and  MnO2 were  mixed  by  ball  milling,  and  then
sintered  in  air  at 1200  °C  for  6  h  to  obtain  the  single  perovskite
Pr0.5Ba0.5MnO3−δ. PrBaMn2O5+δ powder was prepared by reducing
Pr0.5Ba0.5MnO3−δ at 800 °C for 1 h in a H2 atmosphere [44].

2.2    Cell preparation
C-BZY  electrolyte  pellets  were  placed  in  a  steel  mound  with  a
weight  of  0.4  g  and  a  diameter  of  14  mm  and  then  pressed  at
10 MPa. NiO (3 wt%) was used as a sintering additive for C-BZY
electrolyte pellets. Green bodies were sintered at 1450 °C for 10 h
to obtain dense electrolyte pellets.

The  steam  electrodes  were  fabricated  by  combining  PBM
electrode  powder  with  C-BZY  electrolyte,  followed  by
impregnation with PrOx. The steam electrodes were composited at
a  6  :  4  ratio  for  PBM/BZY.  The  symmetrical  cells  (PBM–BZY|
BZY|PBM–BZY)  were  fabricated  by  screen  printing  and
calcination at 1100 °C for 2 h. The half-cells (Ag|BZY|PBM–BZY)
were fabricated using the same steps, followed by screen printing
with  Ag  paste  and  calcination  at  750  °C  for  15  min.  A  0.05  M
PrOx solution  was  prepared  by  dissolving  analytically  pure
Pr(NO3)3·6H2O in a 1 : 1 mass ratio of deionized water to ethanol.
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For  each  impregnation,  60  μL  of  PrOx solution  was  used.  The
impregnated  PBM–BZY  electrodes  were  named  PBM–BZY-xPr
(x =  1–3)  based  on  the  number  of  impregnation  cycles.  The
electrodes were calcined at 850 °C after Pr(NO3)3 infiltration.

The  symmetrical  cells  BZCYYb|C-BZY–PBM|BZCYYb  and
BZCYYb|N-BZY–PBM|BZCYYb  were  prepared  via  the
Hebb–Wagner direct current method as follows [50,51]. BZCYYb
blocking layers were placed in a steel mold weighing 0.3 g with a
diameter  of  14  mm,  pressed  at  100  MPa,  and  then  sintered  at
1450  °C  for  10  h.  The  composite  electrode  slurry  was  screen-
printed and sandwiched between the BZCYYb blocking layers and
then  calcined  at  1200  °C  for  2  h.  To  investigate  the  proton
conduction  of  the  pure  PBM  electrode,  BZCYYb|PBM|BZCYYb
symmetrical cells were fabricated via the same procedure.

Single  cells,  configured  as  Ni-BZCYYb|BZCYYb|PBM–BZY-
PrOx,  were  prepared  via  two  main  steps.  First,  the  Ni-BZCYYb
fuel  electrode  and  BZCYYb  electrolyte  bilayer  film  were  created
using  co-pressing  and  co-sintering  processes.  NiO  powder  was
physically mixed with BZCYYb electrolyte powder and starch at a
ratio of 6 : 4 : 1 to form the fuel electrode powder, which was then
pressed into disk-shaped pellets  under  a  pressure  of  100 MPa.  A
small amount of BZCYYb electrolyte was applied to the surface of
the  fuel  electrode  and  pressed  at  200  MPa.  The  resulting  bilayer
pellets  were  sintered  at  1450  °C  for  5  h  in  air.  Second,  the
PBM–BZY-PrOx slurry was screen-printed onto the surface of the
electrolyte  and  subsequently  calcined  at  1100  °C  for  2  h  to
complete  the  whole  single-cell  process,  which  had  an  effective
electrode area of  0.28 cm2.  The optimal  amount of  impregnation
solution  (PBM–BZY-2Pr)  was  selected  to  prepare  the  composite
electrode  of  the  single  cell,  which  was  then  calcined  at  850  °C
following Pr(NO3)3 infiltration.

2.3    Characterizations
The  phase  structure  of  the  materials  was  analyzed  via  an  X-ray
diffractometer  (XRD;  Cu  Kα,  40  kV,  40  mA,  3  kW;  Rigaku
SmartlabTM,  Japan).  The  microstructures  were  observed  by  a
scanning  electron  microscope  (SEM;  JSM-6360LV,  JEOL,  Japan)
and  a  transmission  electron  microscope  (TEM;  JEM-2100  F,
JEOL, Japan). The composition of the electrode was characterized
via energy dispersive spectroscopy (EDS). The thermal expansion
coefficients  (TECs)  of  the  samples  were  measured  using  a
NETZSCH  DIL  402PC  dilatometer.  The  measurements  were
conducted from room temperature to 800 °C at a heating rate of
5 °C/min. The parameter ∆L/L₀ represents the ratio of the change
in length to the initial length during heating.

PH2O

For  electrochemical  performance  testing,  humid  air  was
introduced into the steam electrode to create the right simulation
situations.  Partial  pressures  of  water  vapor  ( )  of  0.03,  0.10,
0.20,  and  0.3  atm  were  obtained  by  bubbling  the  gas  through
deionized water at  25,  46,  60,  and 70 °C, respectively [52,53].  An
electrochemical  workstation  (CHI660e,  Shanghai  Chenhua
Instrument  Co.,  Ltd.,  China)  was  used  for  electrochemical
impedance spectroscopy (EIS) and stability testing at temperatures
exceeding  600  °C  under  different  humidity  conditions.  The
frequency range for the EIS measurements was set  from 0.01 Hz
to  100  kHz.  In  electrochemical  impedance  spectroscopy, Z'
represents the real part of the impedance, while Z''  represents the
imaginary  part  of  the  impedance.  The  data  obtained  from  EIS
were  analyzed  using  the  relaxation  time  distribution  (DRT)
method to study the catalytic effect of PrOx.

The  Hebb–Wagner  blocking  electrode  method  was  used  to
analyze  the  proton  conduction  of  cube-shaped  BZY‒PBM
(C-BZY–PBM),  nanosized  BZY‒PBM  (N-BZY–PBM),  and  pure

PH2O

PO2

PBM.  The  experiments  were  conducted  under  extremely  low-
oxygen partial pressure conditions, ranging from 250 to 500 °C in
50  °C  increments.  A  partial  pressure  of  water  vapor  (  of
0.03  atm was  maintained by  bubbling the  gas  through deionized
water, which was maintained at 25 °C [52,53]. Low oxygen partial
pressures ( , approximately 10−25 atm) were achieved by mixing
H2, N2, and vapor, ensuring that ions were the sole charge carriers
in  the  BZCYYb  blocking  layers  (Eq.  (1))  [53]. σtotal, σproton,  and
σelectron represent the total  conductivity,  the protonic conductivity,
and the electronic conductivity in Eq. (1), respectively. In addition,
BZCYYb  has  been  recognized  as  a  pure  proton  conductor  at
temperatures  below  500  °C  under  extremely  low  oxygen  partial
pressures  (~10−25 atm).  Therefore,  the  BZCYYb  blocking  layers
under  our  test  conditions  functioned  as  a  double-blocking
electrode,  effectively  preventing  the  transport  of  electrons  and
oxygen ions.

σtotal = σproton + σelectron × (PO2)
1
4 (1)

A  constant  current  (galvanostatic  mode)  in  the  range  of
1×10−4–1×10−7 A  was  applied  between  the  BZCYYb  blocking
electrodes using a  CHI660e current  source,  and all  voltage drops
were  recorded  as  a  function  of  time.  Under  steady-state
conditions, a time-independent voltage signal was observed when
electrons  and  oxygen  ions  were  completely  blocked  by  the
BZCYYb blocking electrode [50,51]. Then, only a diffusion-driven
protonic  current  could  be  detected  in  the  cell.  The  proton
conductivity (σcomposite electrode(proton)) can be calculated by Eq. (2):

σcomposite electrode(proton) =
Lcomposite electrode

S · Umeasured

I − LBZCYYb-1

σBZCYYb
− LBZCYYb-2

σBZCYYb

(2)

where LBZCYYb-1, LBZCYYb-2, and Lcomposite electrode are the thicknesses of
the upper blocking electrode, the lower blocking electrode, and the
mixed conducting samples, respectively; S is the active area of the
measurement  system  (0.38  cm2 in  this  work); I is  the  applied
constant  current; Umeasured is  the  final  steady-state  voltage.  The
thicknesses  of  the  samples  were  measured  with  an  ultrasonic
thickness  gauge  (PD-T7,  Powerd  Technology  Beijing  Co.,  Ltd.,
China) with accuracy of 0.001 mm. The average value of multiple
measurements  was  taken  to  ensure  accuracy.  The  conductivity
(σBZCYYb) was calculated according to Eq. (3) and from the EIS plot
of  BZCYYb  under  extremely  low  oxygen  partial  pressures
(~10−25 atm).

σBZCYYb =
L

Rohmic × S (3)

3    Results and discussion

3.1    Material characterizations and chemical durability
The XRD patterns of Pr0.5Ba0.5MnO3−δ and PrBaMn2O5+δ powders
are shown in Fig. 1(a). The cubic phase and hexagonal phase were
observed  in  Pr0.5Ba0.5MnO3−δ, and  the  tetragonal  phase  was
observed in PrBaMn2O5+δ, which is in agreement with Ref. [44]. In
addition,  the  chemical  compatibility  of  PBM–BZY  electrode  was
assessed.  No  secondary  phase  was  observed  after  annealing  at
1100  °C  for  2  h,  demonstrating  that  PBM–BZY  is  chemically
compatible at this temperature, as shown in Fig. 1(a). As shown in
Fig.  1(b),  the  XRD  patterns  of  nano-PrOx-modified  PBM–BZY
(6 :  4  in wt%) also demonstrate  good chemical  compatibility.  To
assess the stability of the powders, they were treated at 600 °C for
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100 h in a steam environment (20% H2O in air). Compared with
those  of  the  untreated  powders,  the  XRD  patterns  shown  in
Fig.  1(b)  reveal  no  significant  changes,  indicating  their  excellent
stability  in  a  high-humidity  environment.  The  high-resolution
TEM  (HRTEM)  analysis  is  shown  in Fig.  1(c).  The d-spacing  is
0.307 nm, which is calculated from the line profile,  matching the
lattice  spacing  of  Pr6O11(111)  planes  (0.315  nm)  [45,46]  and
proving the success of in-situ deposition of PrOx.

Figures  1(d)  and 1(e)  show  SEM  images  and  EDS  elemental
mapping of PBM–BZY-2Pr electrode after the 100-h stability test.
Figure  1(d)  shows  good  adhesion  between  the  electrodes  and
electrolyte  layers,  and  no  obvious  lamination  is  observed.  The
magnified  views  in Fig.  1(e)  suggest  that  the  PBM  particles  are

uniformly  coated  on  the  BZY  surface.  However,  the  smaller
nanoparticles  of  PrOx cannot  be  directly  observed  in  the  SEM
image,  suggesting  that  there  is  no  obvious  grain  growth  or
agglomeration.  Furthermore,  the  EDS  elemental  mapping  of  the
PBM–BZY-2Pr electrode after the stability test reveals that all the
elements  are  evenly  distributed,  and  no  noticeable  element
segregation  is  observed,  as  shown  in Fig.  1(e).  The  contents  of
each element are shown in Fig. S1 and Table S1 in the Electronic
Supplementary Material (ESM). These results collectively indicate
that the PBM–BZY-2Pr electrode exhibits good stability and holds
promise  as  a  steam  electrode  material  for  PCEC.  In  conclusion,
from  the  perspective  of  phase  composition  and  microstructure,
the PBM–BZY-xPr composite electrode remained stable after one

 

Fig. 1    (a) XRD patterns of PBM after reduction in H2, C-BZY sintered at 1450 °C, and mixed with C-BZY powders (6 : 4 wt%) after calcination at 1100 °C in air for 2 h;
(b) XRD patterns of Pr(NO3)3-infiltrated PBM–BZY powders before and after durability test in 20% H2O–air at 600 °C for 100 h; (c) HRTEM images of in situ deposited
nanoparticles PrOx before durability test; (d) SEM images of cell cross section with PBM–BZY-2Pr electrode after 100 h stability test under 20% H2O; (e) EDS elemental
mappings of PBM–BZY-2Pr electrode after 100 h stability test under 20% H2O.
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hundred  hours  of  durability  tests,  showing  the  significant
superiority of our electrode design strategy.

3.2    Superiority  of  efficient  MIEC/proton  conductor
interface
Various  approaches,  including  four-point  probe  measurement
and electromotive force method, have been adopted to investigate
the  proton  conductivity  of  electrode  materials  [50,51,54].  In  this
study, the Hebb–Wagner direct current method was applied with
blocking  electrodes  to  evaluate  the  proton  conductivity  of  the
PBM–BZY  composite.  When  the  PBM–BZY  composite  is
sandwiched  between  two  BZCYYb  dense  electrolyte  layers  and
tested at extremely low oxygen partial pressure (~10−25 atm), both
electron  and  oxygen  ion  conduction  is  blocked,  allowing  only
protons  to  serve  as  charge  carriers  in  the  PBM–BZY  composite
electrode [53,55]. Under these conditions, the electrical properties
measured  reflect  only  the  proton  transfer  in  the  PBM–BZY
composite material.

As  shown  in Fig.  2(a),  Hebb–Wagner  direct  current  method
was employed to evaluate the proton conductivity of C-BZY–PBM,
N-BZY–PBM, and pure PBM. Figures 2(b)–2(d) (along with Figs.
S2  and S3  in  the  ESM) illustrate  the  time  dependence  of  voltage
drop  under  steady-state  conditions,  where  the  voltage  signals
reached  saturation  within  ~100  s.  These  constant  voltage  signals

represent  proton  transfer  between  the  two  BZCYYb  blocking
electrodes,  with  the  electrons  and  oxygen  ions  being  completely
blocked. In addition, the microstructure of the BZCYYb blocking
electrode is depicted in Figs. S5 and S6 in the ESM, demonstrating
that  the  dense  BZCYYb  layers  are  capable  of  blocking  electrons
and  oxygen  ions  successfully  [55].  Consequently,  the  practical
proton  conductivity  can  be  calculated  by  Eq.  (2),  with  the
resistance of BZCYYb blocking electrodes subtracted. The detailed
proton  conductivities  of  C-BZY–PBM,  N-BZY–PBM,  and  pure
PBM are shown in Fig.  2(e)  and Table  1.  Notably,  C-BZY–PBM
exhibited  the  highest  proton  conductivity  (2.15×10−5 S·cm−1 at
500  °C)  among  the  samples,  representing  an  890%  increase
compared  with  N-BZY–PBM  (2.17×10−6 S·cm−1 at  500  °C).
Compared with that of pure PBM (5.72×10−9 S·cm−1 at 500 °C), the
proton conductivity  of  C-BZY–PBM improved by several  orders
of magnitude, highlighting the superior efficiency of cube-shaped
BZY  in  the  composite  electrode.  The  Arrhenius  plots  of
C-BZY–PBM,  N-BZY–PBM,  and  pure  PBM  are  shown  in
Fig. 2(f). Interestingly, the C-BZY–PBM composite electrode has a
higher  activation  energy  (0.28  eV)  than  both  N-BZY–PBM
(0.18  eV)  and  pure  PBM  (0.06  eV),  suggesting  that  proton
conduction  at  the  PBM/BZY  interface  may  involve  mechanisms
beyond  the  Grotthuss  mechanism. Figure  2(g)  presents  a
schematic  diagram  of  the  efficient  MIEC/proton  conductor
interface,  illustrating  that  the  cube-shaped  BZY  can  provide  a

 

Fig. 2    (a) Schematic diagram of proton conduction test; voltage curves of (b) C-BZY–PBM, (c) N-BZY–PBM, and (d) pure PBM measured as a function of time at 400,
450, and 500 °C at low oxygen partial pressures under galvanostatic conditions; (e) proton conductivity and (f) Arrhenius plots of C-BZY–PBM, N-BZY–PBM, and pure
PBM measured by Hebb–Wagner direct current method; (g) schematic diagram of efficient MIEC/proton conductor interface.
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direct  and  efficient  pathway  for  interface  transference,  which
correlates with the observed high proton conductivity. Therefore,
the  efficient  MIEC/proton  conductor  interface  offers  a  novel
strategy for the design of composite electrodes in PCECs.

Recently,  the “job-sharing” mechanism  has  emerged  as  an
innovative  theory  of  ion  conduction  based  on  mixed  ionic
electronic conductors (MIECs) [56−58]. Unlike conventional bulk
ion and electron conduction in MIECs, the “job-sharing” interface
provides an alternative ion transport pathway at the MIEC/proton
conductor interface. Electrons and ions can be accumulated at the
periphery  of  both  the  MIEC  and  proton  conductor,  forming  a
special  space  charge  layer.  This  interfacial  space  charge  layer
between  the  MIEC  and  proton  conductor  facilitates  a  rapid
transport  channel  [58].  Nevertheless,  it  is  important  to  note  that
the “job-sharing” mechanism  is  characterized  as  parallel
conduction,  which  is  limited  to  diffusion  across  the  two-phase
interface in alignment with the interface orientation [59]. Notably,
the  cube-shaped  BZY  microcrystals,  which  exhibit  a  uniform
morphology  and  larger  grain  size  than  irregular  nanosized  BZY,
are  expected  to  enhance  the  efficiency  of  proton  transport  in
composite electrodes. Our investigation on cube-shaped BZY and
nanosized  BZY  exemplifies  efficient  MIEC/proton  conductor
interface design.

3.3    Electrochemical performance of composite electrode
The  EIS  curves  of  the  steam  electrodes  PBM,  PBM–BZY,  and
PBM–BZY-xPr (x = 1–3) at 600 °C in steam (3% H2O) are shown
in Figs.  3(a)  and 3(b)  and  Figs.  S7  and  S8  in  the  ESM.  The
electrode  area  used  for  the  measurements  was  0.4  cm2.  The  area
specific  resistance  (ASR)  decreased  from  1.3  to  0.91  Ω·cm2 with
the  use  of  the  PBM–BZY  composite  electrode.  Furthermore,  the
ASR  decreased  even  further  after  the  impregnation  of  PrOx.
Compared  with  pristine  PBM–BZY,  PBM–BZY-2Pr  exhibited  a
63%  reduction  in  ASR  (0.34  Ω·cm2),  highlighting  its  excellent
electrocatalytic  activity.  With  the  impregnation  of  PrOx,  the
resistance  first  increased  and  then  peaked  at  two  impregnation
cycles.  However,  with  further  impregnation,  the  resistance
increased, likely due to the hindrance caused by excessive PrOx.

To  investigate  the  catalytic  effect  of  PrOx on  the  composite
steam electrode, DRT was used to analyze the EIS curves obtained
from  the  PBM,  PBM–BZY,  and  PBM–BZY-2Pr  electrodes  at
600 °C. As depicted in Fig. 3(c), five distinct peaks can be observed
ranging  from  high  frequency  (>  103 Hz,  HF)  to  intermediate
frequency (100–103 Hz, IF) and low frequency (< 1 Hz, LF), which
correspond  to  five  rate-limiting  steps  during  the  PBM-based
electrode  reaction  at  600  °C.  ASRs  of  each  frequency  range  are
shown  in Fig.  3(d)  [45].  For  the  PCEC  steam  electrode,  HF

 

Table 1    Detailed data of PBM, C-BZY–PBM, and N-BZY–PBM measured from Hebb–Wagner direct current method

Sample I (μA) T (°C) Umeasured (V) Lelectrode (μm) σproton (S·cm−1) Ea (eV)

PBM 0.1
400 0.61

100±2
4.31×10−9

0.06450 0.52 5.06×10−9

500 0.46 5.72×10−9

C-BZY–PBM 100
400 1.36

101±3
1.97×10−6

0.28450 0.48 5.61×10−6

500 0.13 2.15×10−5

N-BZY–PBM 100
400 3.90

103±2
6.62×10−7

0.18450 2.56 1.03×10−6

500 1.03 2.17×10−6

 

Fig. 3    (a) EIS curves, (b) ASR values, (c) DRT analysis, and (d) ASR values of HF, IF, and LF of symmetric cells with PBM, PBM–BZY and PBM–BZY-xPr (x = 1–3)
electrodes in air (3% H2O) at 600 °C; (e) EIS curves and (f) DRT analysis of PBM–BZY-2Pr electrode under different water vapor concentrations.
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typically  stands  for  the  transfer  of  ions  and  electrons  at  the
interface; IF represents surface oxygen exchange and the diffusion
of  ions  within  electrodes;  LF  corresponds  to  surface  adsorption
[46,47].  The  composition  with  BZY  and  PrOx significantly
decreased the IF and LF peaks. The decrease in the IF process can
be  attributed  to  the  improved charge  transfer  facilitated  by  BZY,
while  the  decrease  in  the  LF  process  can  be  attributed  to  the
enhanced  surface  adsorption  caused  by  nano-PrOx.  The
synergistic effect of BZY and PrOx thus significantly improves the
electrochemical  performance  of  the  composite  electrode,  as
demonstrated by symmetric cell testing.

PH2O

PH2O

PH2O

PH2O

Previous  studies  have  shown  that  ASR  of  a  steam  electrode
usually  increases  with  increasing  water  vapor  concentration,
degrading the  electrochemical  performance under  high-humidity
environments. Therefore, the PBM–BZY-2Pr composite electrode
was  systematically  tested  under  various  water  vapor
concentrations (3%, 10%, 20%, and 30%).  As shown in Fig.  3(e),
the  value  of  ASR  decreases  initially  and  then  increases,  but  the
increase  remains  limited,  indicating  good  stability  across  a  range
of  water  vapor  concentrations.  As  shown  in Fig.  3(f),  we
conducted  DRT  analysis  to  further  elucidate  the  electrochemical
process  under  different  water  vapor  concentrations  [44].  When

 is  0.1  atm,  the  intermediate  frequency  (IF)  process,  which
represents  surface  oxygen  exchange  and  the  diffusion  of  ions
within  electrodes,  is  accelerated  because  of  the  catalysis  of  PrOx.
When  is  0.2  atm,  high  frequency  (HF)  process,  which
represents  the  transfer  of  ions  and  electrons  at  the  interface,  is
promoted  because  of  the  hydration  of  cube-shaped  BZY.  When

 is 0.3 atm, the electrical properties of the composite electrode
are similar to those of the composite electrode tested at 0.03 atm

. In summary, while the water vapor concentration influences
the  electrochemical  processes,  the  overall  ASR  remains  robust,
demonstrating exceptional adaptability to varying humidity.

In  addition  to  electrical  conductivity,  the  ability  is  crucial  for
steam  electrode  to  realize  superior  OER  catalytic  performance,
particularly  under high humid environments  [32].  To investigate
the  electron  transfer  in  the  composite  electrode,  the  total
conductivity was measured at 250 and 800 °C in dry air. As shown
in Fig. 4(a), the total conductivity of the pure PBM increased with
increasing  temperature,  from  52.08  to  144.55  S·cm−1 [43].  The
composite  electrode  PBM–BZY  showed  a  similar  trend,
increasing  from  1.94  to  18.47  S·cm−1.  While  the  composite
electrode displayed lower overall conductivity than the pure PBM,
likely  due  to  BZY  partially  blocking  the  electron  transport
pathway, it demonstrated superior proton conductivity, making it
more suitable for PCEC steam electrodes.

A  significant  challenge  for  steam  electrode  durability  is  the
thermal expansion coefficient (TEC) mismatch between electrodes

and  electrolytes  [39,40].  Electrolytes  such  as  BZY  and  BZCYYb
typically  exhibit  TECs  of  approximately  10×10−6 K−1,  significantly
lower  than  those  of  many  electrode  materials  [39].  Co-based
electrodes,  for  example,  often exceed 20×10−6 K−1,  posing a major
durability challenge.  As shown in Fig.  4(b),  the TEC of the PBM
reached  13.18×10−6 K−1,  which  was  lower  than  that  of  traditional
Co-based  electrodes.  Furthermore,  the  PBM–BZY  composite
electrode displays  an even lower TEC of  11.58×10−6 K−1,  which is
much  closer  to  that  of  the  electrolyte.  This  reduced  TEC  is
expected  to  improve  electrode‒electrolyte  interfacial  contact  and
enhance long-term operational durability.

Figure 4(c) shows the polarization resistance of different steam
electrodes  in  symmetrical  cells  commonly  used  in  PCEC  at
various  steam concentrations.  Compared  with  traditional  cobalt-
based  mixed  ionic-electronic  conductor  (MIEC)  electrode
materials  and  common  composite  electrode  materials,  the
PBM–BZY-2Pr  electrode  material  demonstrated  superior
performance,  which  indicates  that  it  is  suitable  for  PCEC  steam
electrodes.

3.4    Long-term  durability  testing  under  harsh  working
conditions
To  assess  the  short-term  durability,  a  half-cell  with  the  structure
“Ag|BZY|PBM–BZY-2Pr” was  tested  at  600  °C  under  different
water vapor concentrations (30%, 20%, 3%, and 0%). Figure 5(a)
shows the cell voltage versus time at a constant current density of
143  mA·cm−2 at  600  °C  and  different  steam  concentrations.  The
voltage gradually decreased in a 30% H2O atmosphere from 0 to
14  h  and  in  a  20%  H2O  atmosphere  from  24  to  36  h.
Subsequently, the 30% H2O atmosphere was replaced with dry air,
and the cell was operated for an additional 10 h (from 14 to 24 h)
in  dry  air,  during  which  the  voltage  curve  remained  continuous
and stable  at  approximately −0.5  V.  The  voltage  remained stable
during  operation in  a  3% H2O atmosphere  for  10  h  (from 36 to
45  h),  indicating  that  the  cell  structure  was  not  damaged.
Figure  5(b)  shows  the  polarization  resistance  of  the  half  cell  at
each  stage  of  the  test.  After  the  short-term  stability  test  with
different  water  vapor  concentrations,  the  three-electrode
polarization  resistance  of  the  electrode  remained  stable  at
approximately 0.35 Ω·cm2,  which is  consistent with the results  of
the  previous  stability  test.  This  demonstrates  the  durability  of
PBM–BZY-2Pr electrode under 3%–30% H2O atmosphere in the
short-term test.

Figures 5(c) and 5(d) show the durability test results at different
constant current densities of 143, 357, and 500 mA·cm−2 at 600 °C
for 250 h. The half-cell was operated for 100 h at a current density
of 143 mA·cm−2, and the electrode eventually stabilized at a voltage
of  0.96  V after  the  activation  process.  Subsequently,  the  working

 

Fig. 4    (a) Total conductivity of PBM and PBM–BZY electrode materials in dry air at 250–800 °C; (b) TEC curves of PBM and PBM–BZY composite electrodes at
40–850  °C;  (c)  polarization  resistance  for  the  different  steam  electrodes  of  the  symmetrical  cells  used  in  PCEC  (Sm0.5Sr0.5CoO3−δ–BZCYYb  [60],
Pr2NiO4+δ–BaZr0.2Ce0.6Y0.2O3−δ [61],  Ba0.5Gd0.8La0.7Co2O6−δ–BZY  [23],  PrBa0.5Sr0.5Co1.5Fe0.5O5+δ–BZCYYb  [62],  Pr1/6La1/6Nd1/6Ba1/6Sr1/6Ca1/6CoO3−δ [63],
La5.5W0.45Mo0.4Nb0.15O11.25−δ–Sr2Sc0.1Nb0.1Co1.5Fe0.3O6−δ [64], Ba0.95La0.05Fe0.8Zn0.2O3−δ–BZCYYb–PrOx [20]).
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current was increased to 357 mA·cm−2, allowing the cell to operate
for an additional 40 h with a stable voltage of approximately 1.9 V.
Upon reducing the current, the voltage stabilized at approximately
0.85 V. Interestingly, when operating at the same previous current
level,  the  voltage  appeared  lower,  suggesting  that  increasing  the
current  further  activated  the  electrode.  After  multiple  cycles  of
increasing and decreasing current,  the  voltage remained stable  at
approximately 0.85 V after continuous operation for 250 h. Rp of
the composite electrode exhibited no degradation, which indicates
superior durability.

To  further  investigate  the  stability  of  the  optimized  electrode
under  high  water  vapor  concentrations,  the  PBM  and
PBM–BZY-2Pr  electrodes  were  subjected  to  a  100-h  constant
current  test  (in  PCEC  mode)  at  600  °C  (in  an  environment
containing  20%  H2O).  Figure  S10  in  the  ESM  illustrates  the
stability  test  profile  of  the PBM electrode in humidified air  (20%
H2O) at a constant current density of 143 mA·cm−2 at 600 °C. The
voltage  of  the  cell  gradually  decreased  and  stabilized  at
approximately −0.68 V after a period, indicating that the cell had
reached  a  stable  state.  Figure  S11  in  the  ESM  shows  the  EIS
(including  the  ohmic  resistance, Ro)  of  the  PBM  electrode

measured in 3 vol% H2O air at 600 °C before and after the 100-h
cell stability test. Ro of the cell decreased from 5.6 to 5 Ω·cm2 after
the test, most likely due to the hydration of BZY electrolyte during
the  long-term  discharge  process,  which  increased  the  electrolyte
conductivity  and  consequently  lowered  the Ro value  of  the  half-
cell. The excellent durability of the PBM electrode was confirmed
by  the  experimental  result  that  the  polarization  resistance  (Rp)
slightly  increased  from  1.19  to 1.21  Ω·cm2.  The  PBM–BZY-2Pr
electrode  was  also  tested  under  the  same  conditions  to  examine
the  influence  of  BZY  and  PrOx on  the  stability  of  the  PBM
electrode.  As  shown  in Fig  5(e)  and Fig.  S12  in  the  ESM,  the
voltage of the cell slowly decreased, indicating an improvement in
cell performance. The Ro value decreased from 3.67 to 2.04 Ω·cm2

before  and after  the test,  representing a  reduction of  nearly  45%.
The significant decrease in Ro may be attributed to the improved
electrical  contact  between  the  electrolyte  and  electrode  interface
during operation. These findings indicate that the composition of
BZY  and  PrOx does  not  compromise  the  stability  of  the  PBM
electrode.  Furthermore,  the  low  ASR  linear  degradation  rate
shows  an  advantage  over  other  steam  electrodes  (Fig.  5(f)).
Regardless  of  the atmosphere and current density,  the composite

 

Fig. 5    (a) Short-term stability test and (b) EIS plot of half-cell with PBM–BZY-2Pr electrode at different steam contents under a constant current density of 143 mA·cm−2

at 600 °C; (c) 250 h stability test curves and (d) EIS plots of PBM electrode in humidified air (5% H2O) under different constant current densities of 143, 357, and
500 mA·cm−2 at 600 °C; (e) 100 h stability test with PBM–BZY-2Pr electrode in humidified air (20% H2O) at a constant current density of 143 mA·cm−2 at 600 °C and EIS
data  during  100  h  stability  test  at  600  °C;  (f)  degradation  rates  of  other  steam  electrodes  in  recent  years  (BaCoO3−δ–La0.6Sr0.4Co0.8Fe0.2O3−δ [65],
PrBa0.8Ca0.2CoO5+δ–BaCoO3−δ [34], PrBa0.5Sr0.5Co1.5Fe0.5O5+δ–BZCYYb [62], Ba0.5Gd0.8La0.7Co2O6−δ–BZY [23], and Pr1−xBaxCoO3−δ–La0.6Sr0.4Co0.8Fe0.2O3−δ [66]).
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steam electrode remained durable without significant attenuation
and  even  exhibited  a  decline  in  ohmic  resistance,  which  showed
an incredible activation in the electrolyte.

3.5    Electrochemical performance of single cell
The  electrochemical  performance  of  PBM–BZY-2Pr  was
investigated  in  a  single-cell  configuration  (Ni-BZCYYb|
BZCYYb|PBM–BZY-2Pr)  using  5%  H2O  humidified  air  at
600–700  °C.  As  shown  in Fig.  6(a),  the  single  cell  with  the
composite electrode achieved high current densities of  2.02,  1.27,
and 0.87 A·cm−2 at 700, 650, and 600 °C, respectively, at a voltage
of 1.3 V. Figure 6(b) shows corresponding polarization resistance
(Rp) values of 0.04, 0.14, and 0.33 Ω·cm2 at 700, 650, and 600 °C,
respectively,  which are consistent  with the symmetric  cell  results.
In addition, the ohmic resistance (Ro) of a single cell is 0.13, 0.16,
and 0.24 Ω·cm2 at  700,  650,  and 600 °C,  respectively. Figure 6(c)
shows  a  cross-section  image  of  Ni-BZCYYb|BZCYYb|
PBM–BZY-2Pr  single  cell  with  an  electrolyte  thickness  of
approximately  15  μm.  Compared  with  those  of  the  other
composite  and  traditional  steam  electrodes,  the  uniform
distributions  of  PBM  and  nano  PrOx around  the  cube-shaped
BZY  (Fig.  6(c))  resulted  in  superior  electrolysis  current  densities
(Fig.  6(d)).  In summary,  the PBM–BZY-2Pr composite  electrode
exhibited  both  exceptional  durability  and  electrochemical
performance, demonstrating the superiority of our compositional
and interfacial design strategy. These findings provide a facile and
efficient  approach  for  developing  ultra-durable  steam  electrodes
for PCECs.

4    Conclusions
In  this  work,  an  extremely  robust  design  strategy  for  composite
PCEC  steam  electrodes  was  proposed.  The  durable  proton
conductor  BZY  is  composited  with  the  stable  MIEC  PBM,
followed by in-situ deposition of PrOx.  This system demonstrates
notable durability under various working conditions and exhibits
comparable electrical performance (0.34 Ω·cm2 at 600 °C) to that
of  traditional  cobalt-based  electrodes.  In  addition,  the  single  cell
with  PBM–BZY-2Pr exhibited an exceptional  electrolysis  current
(2.0 A·cm−2 at 700 °C and 1.3 V). Unlike other proton conductors
used  in  compositing  electrodes,  we  are  the  first  to  incorporate
cube-shaped BZY microcrystals into these systems, which feature
regular  cube  shapes  that  enhance  proton  conduction  at  the
MIEC/proton  conductor  interface.  The  improvement  in  proton
conduction  was  further  validated  using  the  Hebb‒Wagner
blocking  electrode  method.  Our  approach  introduces  a  ground-
breaking concept for PCEC composite steam electrodes and offers
a novel perspective on interface engineering.
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