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Proton conducting solid oxide cells (P-SOCs) operating at intermedi-
ate  temperature,  working  in  both  fuel  cell  mode  for  power  genera-
tion  and  electrolysis  mode  for  hydrogen  production,  gain  much  at-
tention  due  to  their  unique  advantages.  However,  the  lack  of  effi-
cient  air  electrode  is  the  main  obstacle  to  get  high-performance  P-
SOCs,  moreover,  developing  such  materials  relies  on  the  high-cost
and  time-waste  traditional  way.  The  application  of  artificial  intelli-
gence (AI) to the field of P-SOCs can solve the problems that the tra-
ditional way faced. In this perspective,  we discussed the current re-
ports relating to the development of air electrode materials of P-SOC
by  constructing  machine  learning  models.  Finally,  the  future  direc-
tions of AI guiding the discovery of key materials and high-perform-
ance P-SOCs are proposed.

 

T he  exponential  growth  in  consumption  of  limited
fossil  fuels  not  only  leads  to  a  serious  energy  crisis,
but  also  causes  many  adverse  environmental  im-

pacts  in  the  past  several  decades.  Consequently,  renewable
energy resources, such as wind, solar and tidal energy, are re-
quired to achieve the satisfaction of  future energy demands.
However, features of the intermittent nature and site depend-
ency make these natural  energies  are not  suitable for  power
supply core in large electricity grid, which requires storage or
energy  carriers.  Hydrogen  has  been  regarded  as  a  clean  fuel
for  many  applications,  such  as,  heating,  electricity,  and
vehicles, and also can serves as an energy carrier because it is
easily converted to liquid compounds by physical and chem-
ical  sorption  process.  Several  types  of  electrochemical  cells
have  been  systematically  investigated  for  hydrogen  utiliza-
tion  and  production,  including  proton  exchange  membrane
cells  (PEMCs),[1] proton-conducting  solid  oxide  cells  (P-
SOCs),[2] and  oxygen-ion  conducting  solid  oxide  cells  (O-

SOCs)[3] operated at low (< 300 °C), intermediate (400–700 °C)
and high (> 700 °C) temperatures, respectively. PEMCs largely
rely  on  high  activity  of  platinum  group  metals  (PGM)  cata-
lysts  (like  Pt,  Ir  and  Ru)  for  electrode  reactions,  which  in-
creases the cost of system and limits their applications.[4] The
commercialization  of  O-SOCs  is  hindered  by  delamination
between  cell  components  and  significant  degradation.  P-
SOCs  are  promising  alternative  to  the  O-SOCs  because  of
some  unique  merits,  such  as,  lower  mobility  activation  en-
ergy for proton transfer, and ease of gas separation, which are
expected  to  have  better  component  compatibility,  low  cost,
and high conversion/energy efficiencies at intermediate tem-
peratures.[5-6]

The  typical  P-SOCs  consist  lamellar  structure,  including
dense  thin  film  electrolyte  with  composition  of  Ba(Zr,  Ce,
M)O3–δ (M = Y, Yb, etc.) sandwiched by the porous air and fuel
electrodes.[7] One of the major challenges for P-SOCs is the re-
latively high air electrode reaction resistance due to the slug-
gish kinetics for oxygen reduction and oxygen evolution reac-
tions  (ORR  and  OER)  in  fuel  and  electrolysis  cell  modes,  re-
spectively.[8-9] The basic requirements of air electrodes should
include high specific  area  of  active  sites,  sufficient  electronic
and  ionic  conductivity,  chemically  compatible  with  electro-
lyte  and excellent  hydrothermal  stability.  To date,  significant
efforts have been devoted to design air electrodes for P-SOCs,
and the typical materials can be classified to ABO3 perovskite,
AA′B2O5+δ double-layered  perovskite,  Ruddlesden-popper
phases with the general  formula An+1BnO3n+1,  layered ferrites
(e.g.,  Sr2Fe2O5)  and layered swedenborgite (e.g.,  YBaCo4O7+δ)

 

1 Huangpu  Hydrogen  Energy  Innovation  Centre,  School  of  Chemistry  and
Chemical Engineering, Guangzhou University, Guangzhou 510006, China

2 Key  Laboratory  of  High-precision  Computation  and  Application  of
Quantum  Field  Theory  of  Hebei  Province,  College  Physics  Science  and
Technology, Hebei University Baoding 071002, China

3 School  of  Mathematics,  South  China  University  of  Technology,  Guang-
zhou 510640, China

* Corresponding author, E-mail: baoyinyuan@scut.edu.cn;
ningwang@gzhu.edu.cn

Received 27 April 2023; Accepted 23 August 2023; Published online

 

PERSPECTIVE
Materials Lab 2024, 3, 230021

 

© 2024 The Author(s). Materials Lab published by Lab Academic Press Materials Lab 2024, 3, 230021

230021 (Page 1 of 4)

http://orcid.org/0000-0003-4970-9718
http://orcid.org/0000-0001-8978-1699
http://orcid.org/0000-0003-4970-9718
http://orcid.org/0000-0001-8978-1699
mailto:baoyinyuan@scut.edu.cn
mailto:ningwang@gzhu.edu.cn


from  the  crystal  structure.[10-12] In  addition  to  the  material
design of  chemical  composition,  the microstructure  and sur-
face modification have been employed to promote the elec-
trode reactions, such as, ultraporous air electrodes,[13] infiltra-
tion  processes,[14] oxide  layer  deposition[15-16] and in  situ ex-
solution.[17-18]

In  the  early  stage,  P-SOCs  are  employed  with  the  O2–/e–

double  conductors  for  the  air  electrodes,  such  as
La0.6Sr0.4Co0.2Fe0.8O3–δ (LSCF),  Sm0.5Sr0.5CoO3–δ (SSC)  and
Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF), which are widely used in the O-
SOCs.  However,  the  proton-accessible  electrode  reactions
areas  are  limited  near  the  gas-electrode-electrolyte  triple-
phase  boundary  (TPB)  in  P-SOCs owning to  the  mismatch of
primary  ionic  carries  between  air  electrode  and  electrolyte
materials  (H+),  thus  most  of  the  peak  power  densities  (PPD)
and current densities in P-SOCs are below 0.5 W cm–2 and 0.5
A cm–2 at the temperatures lower than 600 °C.[19] In more re-
cent  year,  H+/O2–/e– triple  conductors  with  hydration  ability
have  been  extensively  examined  for  the  air  electrodes  in  P-
SOCs, as inspired by that triple conductors could spatially ex-
pand reaction zone from TPB to  the whole  surface of  the air
electrode.[9, 20] The application of triple conductors in P-SOCs
significantly  increased  the  performance,  for  instance,  the
triple  conducting  material,  PrBa0.5Sr0.5Co2–xFexO5+δ (PBSCF)
was successfully applied as air electrode in P-SOCs with peak
power density near 1.10 W cm–2 and current density of 1.92 A
cm–2 at 600 °C (1.3 V).[15] However, the other triple conductor
of  Ba0.95La0.05Fe0.8Zn0.2O3–δ (BLFZ)  with  high  proton  concen-
tration of 0.1 mol unit–1 at 250 °C,[21] was reported to perform
a current density of 0.46 A cm–2 at 650 °C and 1.3 V.[22] These
results  indicate  it  does  not  mean  that  pure  or  high  protonic
conducting oxides are excellent air electrodes, the catalytical
activity  and  electronic  conductivity  should  be  considered  at
the  same  time.  Therefore,  developing  outstanding  air  elec-
trodes  with  smaller  reaction  resistance  is  critical  to  improve
the electrochemical performance of P-SOCs. As the operating
condition  of  air  electrode  contains  steam,  especially  in  elec-
trolysis  mode,  thus,  the  thermal  stability  and  compatibility
between  components  are  the  second  challenge  for  P-SOCs,
which is almost impossible to finished in a short time due to
the abundancy in  the material  and components.  In  addition,
the  effective  anode  areas  are  very  limited  and  large-scale  P-
SOCs with high performance should be designed and evalu-
ated. But, the design of air electrode materials, long-term dur-
ability and large-scale cells rely on careful control of material
composition, preparation methods, a lot of time for measure-
ment,  and  so  on.  So,  some  new  technologies  need  be  dis-
covered to promote the development of air electrode materi-
als for P-SOCs.

Fortunately,  with  the  rapidly  developed  artificial  intelli-
gence (AI)  and the expansion of the materials database, AI is
gradually applied to the materials science for discovering new
materials  or  predicting some properties  with  high-efficiency,
speediness,  low-cost,  etc.  Machine  learning  (ML)  techniques,
focusing  on  a  data-driven  perspective,  have  accelerated  the
design for energy material exploration to next stage. Wang et
al.  summarized the latest  developments in  ML models  of  su-
pervised  learning  (SL),  transfer  learning  (TL)  and  unsuper-
vised  learning  (UL)  to  understand  the  relationship  between
the required data scale of materials attributes and ML models.

And gave perspective that SL models can shorten the materi-
al  design  cycle  from  the  existing  databases,  while  the  com-
bined use of TL and UL are applied as the amount of material
attributes with inadequate labels sharply increases.[23] The re-
chargeable  batteries  with  the  application  of  ML  from  micro-
scale  and  macroscale  were  reviewed  by  Chen  et  al.  and  a
quantitative  “structure-function”  correlation  can  be  estab-
lished  to  predict  ionic  conductivity  of  solids  as  well  as  fore-
cast battery lifespan, thus, provided an outlook on future com-
bination  of  experiments,  multi-scale  simulations  and  ML.[24]

In the case of solid oxide cells, Zhang et al. introduced deep
learning  techniques  to  simultaneous  fault  diagnosis  in  oxy-
gen-ion conducting solid oxide fuel cell (O-SOFC) systems. An
innovative  and  intelligent  diagnostic  technique  based  on
stacked  sparse  auto-encoders  (SSAE)  was  applied  to  solve
simultaneous  fault  problems  and  enable  proper  fault  dia-
gnosis  in  O-SOFC  systems.[25] The  structure-property  correla-
tion  in  oxygen-ion  and  proton  conductors  was  summarized
by  Coduri  et  al.  and  the  application  of  AI  computational  ap-
proach  to  accelerate  the  discovery  of  oxide-ion  and  proton
conductors was also introduced.[26] However, the available ex-
amples in P-SOCs and O-SOCs of  the application of  AI  to de-
velop new materials are still scarce[27-32]. (Fig. 1). As for the air
electrodes of P-SOCs, there are also few reports relating to the
AI accelerating the materials design. Wang et al. reported the
highly accurate and explainable machine learning model with
random forest algorithm to screen the proton-conduction ox-
ides  for  the  air  electrodes  of  P-SOCs.  The  high-efficiency
(La0.7Ca0.3)(Co0.8Ni0.2)O3 (LCCN7382)  was  selected  from 3200
oxides by predicting the hydrated proton concentration, then
it  was  tested  for  verifying  the  accuracy  of  the  model,  finally,
the  oxide  as  the  air  electrode  of  P-SOC  operated  in  fuel  cell
and  electrolysis  modes  with  excellent  electrochemical  per-
formances.[33] J.  Hyodo  et  al.  demonstrated  the  accelerated
discovery  of  the  proton-conducting  oxides  for  P-SOCs  using
data-driven  structure-property  maps  for  hydration  of 8613
oxides by machine learning (ML) model with gradient boost-
ing regression. The model finds that SrSn0.8Sr0.2O3, which was
not previously  recognized as  the proton conductor,  is  a  new
promising proton-conducting oxide.[34]

Not only proton concentration, but also the electronic con-
ductivity, catalyst ability for electrode reaction (resistances of
symmetrical cells), activation energy and long-term durability
of  air  electrodes  materials  can  be  taken  as  directional  para-
meters  for  AI.  However,  the  use  of  AI  methods  to  predict  P-
SOC  air  electrode  materials  still  encounters  challenges.  First,
the key central  theme of  AI  algorithms for  material  design is
the need of vast database of experimental results for training
and  verification.  In  this  respect,  high  quality  data  of  P-SOCs
should  be  set  and  some  hand-crated  descriptors  based  on
structural properties need be considered. Second, the proper-
ties  of  air  electrode  materials  are  determined  by  multiple
parameters  and  features,  thus  it  is  necessary  to  seek  highly
accurate,  explainable,  and  better  generalization  capability
models. Another challenge for AI methods is knowing how to
detect and correct errors that may occur in the data.

Anyway, considering that AI applied in P-SOCs brings many
advances, we should pay more attention to this for accelerat-
ing the development of high-performance P-SOCs. In specific,
on the one hand, the ML models with various algorithm, such
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as  support  vector  machine  (SVM),  artificial  neural  network
(ANN),  gradient  boosting  regression  (GBR),  can  be  construc-
ted  for  the  discovery  of  key  materials  in  terms  of  electrolyte
and air  electrode for P-SOCs. On the other hand, the electro-
chemical  performances can be predicted by building the ac-
curate  and  explainable  ML  models.  In  short,  AI  technique
should be introduced to the field of P-SOCs for the rapid de-
velopment of this devices.
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