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ABSTRACT: The  co-firing  stage  is  an  unavoidable  step  in  the
fabrication process of solid oxide fuel cells (SOFCs),  and avoiding
unwanted interfacial  reactions is crucial  for cathode construction
during  the  co-firing  process.  In  this  study,  LiMn2O4 (LiMO),  a
traditional  electrode material  for  Li-ion  batteries,  was  discovered
to  have  protonation  and  proton  diffusion  properties,  showing
significant promise as a cathode for proton-conducting SOFCs (H-
SOFCs).  However,  obvious  interactions  between  the  LiMO
cathode  and  BaCe0.7Zr0.1Y0.2O3−δ (BCZY)  electrolyte  can  be
identified  during  the  co-firing  process  using  the  conventional
sintering method, resulting in poor performance and making the
use  of  LiMO  in  H-SOFCs  challenging.  To  address  this  issue,  the
Joule heating process is used to produce the LiMO cathode for H-
SOFCs. In contrast to the traditional co-firing process, which takes a few hours, the Joule heating method, which completes the co-
sintering procedure in a few seconds, can successfully bind the LiMO to the BCZY electrolyte with no visible interlayer reactions or
elemental  diffusions.  As  a  result,  the  full  potential  of  LiMO  for  H-SOFCs  is  realized,  resulting  in  a  high  fuel  cell  output  of
1426  mW·cm−2 at  700  °C,  approximately  double  that  of  the  cell  utilizing  the  normally  sintered  LiMO  cathode.  To  the  best  of  our
knowledge,  this  is  the  first  study  to  use  Joule  heating  to  prevent  the  cathode/electrolyte  interfacial  reaction  in  H-SOFCs,  which
presents  an  interesting  approach  for  manufacturing  and  may  also  breathe  new  life  into  some  materials  that  are  previously
incompatible with H-SOFCs.
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1    Introduction
The  development  of  sustainable  materials  and  technologies  is
required  to  address  the  current  energy  and  environmental
challenges  worldwide  [1−5].  Various  techniques  have  been
proposed, with fuel cells receiving significant attention because of
their  high  efficiency  and  low  level  of  pollution  while  converting
fuel  energy  into  electricity  [6,7].  Various  types  of  fuel  cells  exist,
and solid oxide fuel cells (SOFCs) are fuel cells that use oxides as
their  primary  components,  preventing  liquid  leakage  and
providing fuel flexibility [8−10]. Furthermore, metal oxides, rather
than noble metals,  are  employed as  electrode catalysts  in SOFCs,
lowering the cost of fuel  cells  [11].  Despite these benefits,  SOFCs
have  several  drawbacks  since  the  operating  temperature  for
traditional  SOFCs  is  excessively  high  (over  800  °C).  The  high
working temperature limits the lifetime of fuel cells  and makes it
difficult  to  choose  appropriate  compatible  materials  [12].  As  a
result,  the  primary  goal  of  the  SOFC  community  is  to  construct
SOFCs capable of operating at intermediate temperatures [13−15].

Proton-conducting SOFCs (H-SOFCs),  which are SOFCs with
proton-conducting  electrolytes  [16]  represent  a  potential
alternative for lowering the working temperature of conventional
SOFCs  [17].  Owing  to  the  low  activation  and  high  ionic
conductivity of proton-conducting electrolytes [18], using them as
electrolytes  can  efficiently  reduce  a  cell’s  ohmic  resistance,
allowing  SOFCs  to  operate  at  lower  temperatures.  However,
despite  the  lower  electrolyte  resistance  associated  with  the  use  of
proton-conducting electrolytes [19],  the polarization resistance of
traditional  cathodes  becomes  dominant  at  intermediate
temperatures,  as  the  cathode  reaction  kinetics  are  dramatically
reduced at  reduced operation temperatures [20].  As a  result,  one
of the most actively researched subjects in the H-SOFC field is the
development  of  high-performance  cathodes  at  intermediate
temperatures [21,22].

The  reaction  mechanism  of  H-SOFC  cathodes  demonstrates
that  proton  migration  is  crucial  to  cathode  performance  [23,24].
In  recent  years,  several  high-performance  cathodes  have  been
developed with a focus on increasing the degree of protonation of 
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the  cathode  material  [25].  Notably,  the  majority  of  these  high-
performance  cathodes  are  based  on  perovskite  oxides  [26],  with
few  studies  on  other  oxides.  Although  the  flexibility  in  tweaking
the  properties  of  perovskite  oxides  has  allowed  them  to  become
the  most  researched  material  system  in  the  field  [27,28],  further
examination  of  alternative  cathode  oxides  may  yield  new
candidates  for  H-SOFC  cathodes  [29].  Some  recent  research
suggests  that  lithiated  oxides  hold  considerable  promise  as
cathodes  for  H-SOFCs  because  of  their  potential  protonation
[30,31]. However, it should be noted that a co-firing procedure is
required during SOFC fabrication to provide a proper connection
between  the  cathode  and  electrolyte,  and  this  process  is  often
carried out in a high-temperature furnace at high temperatures for
several  hours.  At high temperatures,  several  lithiated oxides react
with  proton-conducting  electrolytes  [30].  Furthermore,  the  high-
temperature  calcination  method  can  cause  Li  evaporation  in
lithiated  oxides  [32].  These  issues  must  be  addressed  before  the
practical implementation of lithiated oxide cathodes in H-SOFCs.
To address this issue, Joule heating, an ultrafast sintering process,
is  used  to  resolve  the  interfacial  reaction  problem  between  the
lithiated  oxide  cathode  and  proton-conducting  electrolyte.
LiMn2O4 (LiMO) was chosen as the lithiated oxide cathode in the
present study because of its low toxicity, low cost, and high natural
Mn  abundance  [33].  Furthermore,  LiMO  is  a  mature  Li-ion
battery  electrode  that  can  bridge  the  gap  in  material  selection
between Li-ion batteries and H-SOFCs. In this study, LiMO oxide
was used as a cathode for H-SOFCs, with the goal of broadening
the range of cathode materials available. The cathode construction
procedure  was  carried  out  utilizing  conventional  sintering  and
Joule heating. The different interfacial reactions and their impacts
on fuel cell performance were investigated.

2    Materials and methods
LiMO  oxide  was  produced  using  the  sol–gel  technique.  Li2CO3
was dissolved in nitric acid, and Mn(OOCCH3)2 was employed as
a Mn source. Citric acid was utilized as the complexing agent, and
the  final  pH  of  the  solution  was  set  to  approximately  8.  All
chemicals  were  purchased  from  Aladdin  Scientific,  China.  The
solution  was  heated  to  approximately  80  °C  to  evaporate  water
and  produce  the  precursors.  The  LiMO  precursor  was  heated  at
800 °C for 3 h to produce the target material. The phase purity of
the  produced  material  was  determined  using  an  X-ray
diffractometer  (XRD;  X′ pert3,  PANalytical)  at  a  scan  rate  of
3  (°)·min−1.  The  structure  of  the  LiMO  material  was  further
analyzed  using  a  transmission  electron  microscope  (TEM;  JEM-
2100F,  JEOL).  The  conductivity  of  the  material  was  measured
using  a  direct  current  (DC)  four-probe  method  using  a  digital
meter  (Keithley  2010).  Dense  LiMO  bars  were  prepared,  which
were  connected  to  four  leading  wires.  Two  outer  probes  were
connected  to  a  current  source,  and  two  inner  probes  were
connected to the digital meter to measure the voltage drop across
the  material.  Electrical  conductivity  relaxation (ECR) was  carried
out  to  study  the  proton  diffusion  ability  of  LiMO.  The
conductivity  of  LiMO  was  first  measured  in  dry  air,  and  the
testing  condition  was  abruptly  changed  to  wet  air  (3%  H2O).
Then,  the  relaxation  time  for  reaching  a  new  conductivity
equilibrium  was  recorded.  The  thermal  expansion  coefficient
(TEC) of LiMO from room temperature to 900 °C was measured
via  a  dilatometer  (Netzsch  DIL 402E)  in  an  air  atmosphere.  The
hydration  ability  of  LiMO  was  investigated  via  a
thermogravimeter  (TG;  Netzsch  STA  449).  The  LiMO  material
was  tested  under  dry  and  wet  air  conditions,  and  the  weight
difference  can  be  used  to  determine  the  hydration  capacity  of
LiMO [34].

To  study  the  suitability  of  LiMO  as  a  cathode  for  H-SOFCs,
first-principles calculations using density functional theory (DFT)
were  performed  at  the  atomic  level.  The  VASP  program  was
utilized  [35].  We  employed  the  climbing-image  nudged  elastic
band  (CI-NEB)  [36]  approach  to  investigate  proton  migration.
The  cutoff  energy  was  set  at  520  eV.  The  energy  and  force
convergence  requirements  were  established  at  10−5 eV  and
0.05  eV·Å−1,  respectively.  A  gamma  centered  4  ×  4  ×  4 k-point
mesh  was  chosen  to  describe  the  Brillouin  zone.  For  Hubbard’s
correction, a Ueff value of 3.9 eV was set for Mn.

P = I2R

Fuel  cells  with  BCZY  proton-conducting  electrolytes  were
constructed to test the performance of LiMO as a cathode for H-
SOFCs.  A  co-pressing  approach  was  used  to  generate  anode-
supported half cells with a BCZY electrolyte layer produced on the
NiO+BCZY  anode  substrate.  The  NiO+BCZY/BCZY  green
bilayers  were  co-sintered  at  1350  °C  for  6  h  to  densify  the
supporting BCZY electrolyte. The cathode ink was made of LiMO
powder, ethyl cellulose, and terpineol at a weight ratio of 10 : 1 : 10.
The ethyl cellulose in the cathode ink was used as the pore former.
The  LiMO  cathode  slurry  was  then  placed  on  the  dense  BCZY
electrolyte,  which  was  fired  alongside  the  half-cell  to  build  the
whole cell. Two alternative co-firing systems were utilized. One is
typical high-temperature co-firing in a muffle furnace, which takes
several  hours  to  complete.  The  other  method  is  to  use  Joule
heating to co-fire the cathode with the half-cell, which results in co-
firing in a few seconds [37]. Joule heating is the process by which
electrical  energy  is  converted  into  heat  when  an  electric  current
flows  through  a  conductor  with  resistance.  This  phenomenon
occurs  because  of  collisions  between  the  flowing  electrons  and
atoms  or  molecules  in  the  material,  which  causes  energy  loss  in
the form of heat. The heat generated is proportional to the square
of current and resistance of the material: , where P is the
heat  generated; I is  the  current; R is  the  resistance.  Joule  heating
can  achieve  fast  heating  because  the  electrical  energy  is  directly
converted into heat in the material with minimal delay. When the
current is stopped, heat generation stops, and the material begins
to  cool  instantly.  In  this  study,  a  Joule  heating  equipment  (CIS-
JH3.3-P)  was  purchased from Hefei In-situ Technology Co.,  Ltd.
The system schematic is shown in Fig. 1. The graphite plate served
as a sample holder during the Joule heating procedure. The entire
Joule  heating  process  was  carried  out  under  vacuum  to  avoid
oxidation  of  the  graphite  plate  holder.  The  voltage  utilized  for
Joule heating was modified to maintain the current at 150 A. The
temperature  of  the  sample  was  detected  with  an  infrared
thermometer.  Following  the  Joule  heating  technique,  the  entire
cell  was heated at 500 °C for 2 h in a standard muffle furnace to
remove  any  organic  compounds  and  carbon  that  could  not  be
eliminated during Joule heating. To investigate the possibility of a
cathode/electrolyte  interfacial  reaction,  a  cross-section  of  the

 

Fig. 1    Schematic of Joule heating system for fuel cell fabrication.
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cathode/electrolyte  interface  was  observed  by  scanning  electron
microscopy  (SEM;  Phenom  XL,  Thermo  Scientific  ).  An  energy
dispersive  spectrometer  (EDS;  FAST  SDD  123,  AMPTEK)
coupled  with  the  Phenom  elemental  identification  system  was
used  to  investigate  the  element  distribution  at  the  interface
following  co-firing.  The  fuel  cells  were  made  of  NiO+BCZY
anodes  (approximately  0.5  mm  thick),  BCZY  electrolytes
(approximately 14 μm thick), and LiMO cathodes (approximately
35  μm  thick).  Ag  paste  was  used  as  a  current  collector  for  the
cathode.  The  performance  of  fuel  cells  with  LiMO  cathodes
manufactured  under  various  conditions  was  assessed  under  fuel
cell  operating conditions.  Wet H2 was employed as  fuel,  whereas
static  air  was  used  as  an  oxidant.  The  fuel  cell  output  was
measured  using  an  electrochemical  workstation  (SquidStat  Plus,
Admiral Instrument) via linear sweep voltammetry. The scan rate
was  set  at  10  mV·s−1.  Electrochemical  impedance  spectroscopy
(EIS)  was  employed  to  analyze  the  resistance  of  the  cell  under
open-circuit  voltage  conditions  with  a  frequency  range  from
1  MHz  to  0.1  Hz,  and  the  alternating  current  (AC)  excitation
amplitude was set at 10 mV.

3    Results and discussion
Figure  2(a)  depicts  the  XRD  pattern  of  the  as-prepared  LiMO
material.  The  LiMO  exhibits  a  pure  phase  with  no  identifiable
impurities,  which  is  consistent  with  the  standard  LiMO  in  the

3̄

2̄ 1̄ 1̄ 1̄ 1̄ 2̄ 2̄

database. Figure  2(b)  shows  the  Rietveld  refinement  of  the  XRD
data used to acquire crystal structure information for LiMO. The
LiMO  is  attributed  to  a  cubic  structure  with  the  space  group
Pm m. Based on the reliable parameters of χ2 = 1.19, Rp = 3.61%,
and Rwp = 4.82%, the lattice parameters are a = b = c = 8.41 Å. The
high-resolution TEM (HR-TEM) images in Fig. 2(c) also provide
the  crystal  structure  information  of  LiMO,  according  to  the
interplanar spacings of 4.21, 4.86, 4.86, and 2.97 Å corresponding
to  the  crystallographic  planes  of  (00 ),  (11 ),  ( ),  and  ( 0),
respectively, and the lattice parameters are calculated to be a = b =
c =  8.42  Å,  which  is  consistent  with  the  refinement  results.
Notably,  although  no  extra  Li  was  employed  to  compensate  for
any  Li  evaporation,  pure-phase  LiMO  was  still  achieved,  which
was probably due to the relatively low calcination temperature of
800 °C.

The  suitability  of  LiMO  as  a  cathode  for  H-SOFCs  was  next
explored using DFT simulations. Figure 3(a) depicts the calculated
structure of LiMO. The computed lattice value, a = b = c = 8.45 Å,
aligns  with  the  XRD  analysis  results. Figure  3(b)  depicts  the
potential oxygen reduction reaction (ORR) of LiMO as measured
by the distance between the O p-band center and the Fermi level.
The  distance  between  the  O  p-band  center  and  the  Fermi  level
highlights the difficulty of adding and removing electrons between
the O p-band center and the Fermi level,  which are fundamental
steps  in  O  addition  and  removal  that  influence  many  important
features  of  ORR.  As a  result,  this  distance value is  considered an

 

Fig. 2    (a) XRD, (b) Rietveld refinement, and (c) HR-TEM images with diffraction spots for LiMO.

Avoiding undesirable cathode/electrolyte interfacial reactions for proton-conducting solid oxide fuel cells by Joule heating 9221040-3

https://doi.org/10.26599/JAC.2025.9221040
 

https://doi.org/10.26599/JAC.2025.9221040


appropriate  descriptor  for  the  ORR  activity  of  oxide  cathodes  in
SOFCs [38]. The distance is 2.52 eV, which is comparable to that
of  Sr-doped  LaCoO3 [38],  a  highly  active  cathode  for  traditional
SOFCs,  showing  that  LiMO  oxide  may  have  adequate  ORR
activity as a prospective SOFC cathode. According to reports, the
cathode process for H-SOFCs involves the participation of oxygen
ions,  protons,  and  electrons  [23].  Better  oxygen  addition  and
removal  abilities  imply  greater  oxygen-ion  migration  abilities,
which  improve  cathode  performance  even  in  H-SOFCs.  The
conductivity  of  LiMO was  further  investigated  using  a  DC four-
probe  method,  and  the  results  are  presented  in Fig.  3(c).  The
conductivity  of  LiMO  is  not  as  high  as  that  of  some  oxide
cathodes,  but  it  still  reaches  a  few  S·cm−1 at  intermediate
temperatures,  making it  suitable  as  a  cathode for  SOFCs [39].  In
addition,  the  thickness  of  the  cathode  is  only  approximately
35  μm,  as  shown  in  Fig.  S1  in  the  Electronic  Supplementary
Material (ESM), which makes the overall resistance of the cathode
layer  small.  The  foregoing  results  show  that  the  LiMO  material
has adequate conductivity and possible ORR activity, which meets
the general criteria for a cathode in SOFCs. However, protonation
is crucial for the specific design of cathodes for H-SOFCs since a
cathode with enough protonation can increase the reaction active
area  [40,41],  improving  cathode  performance.  Therefore,  the
possible protonation of LiMO is studied.

H2O+V··
o +Ox

o → 2OH·

Ehydra = E2OH − Edefect − EH2O E2OH

Edefect

EH2O

Protonation occurs in oxides due to the interaction of Vo and
H2O, which can be expressed as [42].
As a result, the protonation ability is determined by its hydration.
The  hydration  energy  (Ehydra)  is  calculated  according  to

,  where  is  the  energy  of  the
crystal with two additional protons;  is the total energy of the
defective bulk;  is the energy of a single water molecule. The
Ehydra of  LiMO  is  predicted  to  be −0.24  eV,  indicating  that
hydration is beneficial in LiMO. After proton defects are formed,
fast  proton  mobility  is  highly  desirable.  As  a  result,  the  proton
migration  in  LiMO  is  simulated.  Proton  migration  in  oxides
involves  two  steps:  rotating  and  hopping  [43],  as  shown  in
Fig.  4(a).  The  proton  rotates  within  the  oxygen  atom  before
hopping  to  the  adjacent  oxygen  atom,  initiating  the  proton
transportation  process.  The  energy  barriers  for  the  rotating  and
hopping  steps  in  LiMO  are  0.14  and  0.81  eV,  respectively,
indicating  that  the  hopping  step  is  the  potential  limiting  step  in
proton  migration  in  LiMO,  which  is  consistent  with  Ref.  [43].
Although  the  DFT  calculation  is  based  on  the  energies  at  the
ground state,  it  is  still  useful  for predicting the properties at  high

temperatures. At elevated temperatures, the properties of a system
are  governed  by  statistical  mechanics.  The  ground-state  energy
forms  the  baseline  for  calculating  the  free  energy  at  high
temperatures.  In  addition,  some  materials  retain  their  structural
and electronic features determined at the ground state over a wide
temperature  range,  making  DFT  predictions  reasonable  even  at
elevated  temperatures.  Therefore,  many  studies  use  DFT
calculations  to  predict  the  properties  of  key  SOFC  materials
[21,27,38]. The energy barrier for proton hopping is similar to that
reported  for  several  perovskite  cathodes  with  proton  conduction
[44,45], indicating the possibility of proton migration in LiMO. In
contrast,  the  degree  of  oxygen  migration  in  LiMO  is  poor,  as
evidenced  by  the  DFT  calculations  of  oxygen  migration.  The
energy  barrier  for  oxygen  transportation  is  4.47  eV,  which  is
substantially  higher than that  for  proton transport,  implying that
proton migration is more advantageous than oxygen migration in
LiMO.  The  hydration  of  LiMO  and  the  proton  diffusion  in  the
material  are  further  studied  experimentally  using  TG  and
electrical conductivity relaxation (ECR) measurements. The LiMO
powder was first treated at 800 °C for 2 h to remove the adsorbed
H2O  from  the  material.  The  LiMO  material  was  then  treated
under  both  dry  and  moist  air  conditions,  and  the  weight  was
measured  using  the  TG  method,  as  shown  in Fig.  4(b).  Weight
gain  can  be  observed  in  both  atmospheres.  As  the  temperature
decreases, LiMO adsorbs O2 in dry air, resulting in an increase in
weight.  However,  the  weight  rise  in  a  wet  atmosphere  is  clearly
greater  than  that  in  dry  air  condition,  indicating  the  hydration
behavior  of  LiMO  in  a  wet  environment  [34].  The  apparent
hydration  ability  of  LiMO  is  consistent  with  its  low Ehydra,
indicating  that  hydration  in  LiMO  is  favorable.  The  ability  of
proton  diffusion  is  explored  experimentally  using  ECR
measurements. Figure 4(c) depicts the ECR curve of LiMO in an
atmosphere  that  transitions  from  dry  to  moist  air.  Owing  to  the
introduction  of  H2O  into  the  atmosphere,  the  development  of
proton  defects  can  alter  the  conductivity  of  a  material,  and  the
time  required  to  establish  a  new  conductivity  equilibrium
represents  the  proton  diffusion  capacity  [46].  The  relaxation
period  is  approximately  650  s,  which  is  faster  than  that  of  many
previously  reported  H-SOFC  cathodes  [47,48],  implying  faster
proton  diffusion  kinetics.  Fitting  the  ECR  curve  yielded DH and
KH values  of  1.02×10−4 cm2·s−1 and  1.43×10−3 cm·s−1,  respectively.
The apparent proton diffusion ability of  LiMO is  consistent with
the  relatively  low Erot and Ehop values  determined  by  the  DFT
technique.  According to the studies mentioned above,  LiMO not

 

Fig. 3    (a) Calculated structure, (b) O projected density of states (p-DOS), and (c) conductivity of LiMO.
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only has  good conductivity  and prospective  ORR ability  but  also
has  protonation  and  proton  migration  abilities,  which  make  it
very promising for H-SOFC applications.

Therefore,  the  LiMO  cathode  is  constructed  on  BCZY
electrolyte-based  half-cells.  During  the  cathode  fabrication
process, LiMO is deposited on the electrolyte surface and must be
co-fired  with  the  half-cell,  as  shown  in Fig.  5.  The  co-firing
procedure involves two methods: conventional sintering and Joule
heating.  The conventional sintering technique has a slow heating
rate, reaching only a few °C·min−1. In addition, the entire cell must
be held at  a  high temperature for  a  few hours to provide a  good
connection  between  the  cathode  and  electrolyte.  As  a  result,  the
whole cathode fabrication procedure typically  takes a  few to tens
of  hours.  In  comparison,  employing  Joule  heating  reduces  the
entire  cathode  production  process  to  tens  of  seconds.  The  Joule
heating method allows for exceptionally fast heating and cooling,
and  the  sample  is  only  kept  at  high  temperatures  for  very  short
time.

Therefore, co-firing can be completed in significantly less time
than the time of  conventional  sintering,  which may have various
effects  on  the  cathode/electrolyte  interfaces. Figure  6(a)  depicts  a
SEM  cross-sectional  image  of  the  cell  with  a  typically  sintered
LiMO  cathode.  After  co-firing  at  800  °C  for  2  h,  LiMO  is
connected  to  the  electrolyte,  resulting  in  the  typical  tri-layer
structure of the fuel cell. However, an obvious interfacial reaction
could be detected at the LiMO cathode/BCZY electrolyte contact,
implying that a reaction between LiMO and BCZY occurs during
the co-firing procedure when the conventional sintering technique
is  used. Figure  6(b)  depicts  the  XRD  patterns  of  LiMO+BCZY
composite powder before and after co-firing at 800 °C for 2 h in a
typical  high-temperature  furnace.  In  addition  to  the  peaks
corresponding  to  LiMO  and  BCZY,  several  additional  peaks,
primarily  associated  with  BaMnO3,  appear.  This  finding
demonstrates  that  there  is  a  reation  between  LiMO  and  BCZY
following  co-firing  using  the  conventional  sintering  process.  The

elemental  mapping  results,  given  in Fig.  6(c),  illustrate  that  the
interfacial  reaction  causes  elemental  diffusion  at  the  interface.  A
portion of Ba element migrates from the BCZY electrolyte layer to
LiMO cathode layer, creating a Ba-rich layer in the LiMO cathode.
Because  of  Ba  migration,  an  obvious  layer  of  Ba  deficit  and  Ce

 

Fig. 4    (a) Schematic for proton migration in oxides; (b) TG curves for LiMO in dry and wet air conditions; (c) ECR curve of LiMO in the atmosphere abruptly changing
from dry to wet air.

 

Fig. 5    Sintering profile for fabrication of LiMO cathode on BCZY-based half-
cells by using conventional sintering and Joule heating.

Avoiding undesirable cathode/electrolyte interfacial reactions for proton-conducting solid oxide fuel cells by Joule heating 9221040-5

https://doi.org/10.26599/JAC.2025.9221040
 

https://doi.org/10.26599/JAC.2025.9221040


accumulation can be detected in the BCZY electrolyte. All suggests
that  the  conventional  co-firing  approach  generates  an  interfacial
reaction between the LiMO cathode and BCZY electrolyte.

In  contrast  to  the  obvious  interfacial  reaction  induced  by
conventional  sintering,  Joule  heating  can  prevent  unwanted
reactions  at  the  interface.  Unlike  a  conventional  co-firing
operation, which takes a few hours, the Joule heating method can
reach  high  temperatures  in  just  a  few  seconds  and  complete  co-
firing in a fairly short time. In this investigation, the cathode and
half-cell  were  co-fired at  high temperatures  for  only  10 s.  Owing
to the short duration of the entire co-firing process, the interfacial
reaction may be diminished. Figures 7(a) and 7(b) depict the SEM
images  of  the  cross-sectional  view  for  LiMO  cathode  co-fired  at
800  °C  via  Joule  heating.  The  cathode  adheres  to  the  electrolyte,
but  there  are  tiny  gaps  between  the  cathode  and  electrolyte,
indicating  that  the  cathode  and  electrolyte  are  not  in  excellent
contact.  The TEC of  LiMO is  measured to be 12.25×10−6 °C−1,  as
indicated in Fig. S2 in the ESM. The value is similar to that of the
BCZY  proton-conducting  electrolyte,  which  is  11.09×10−6 °C−1

[41],  suggesting  that  the  LiMO  material  has  good  thermal
expansion compatibility with the BCZY electrolyte. Therefore, the
poor contact between LiMO cathode and BCZY illustrated above
is  due  to  an  insufficient  co-firing  temperature  rather  than  a
thermal mismatch. Figure 7(c) shows that increasing the co-firing
temperature  to  850  °C  causes  the  LiMO  cathode  layer  to  attach
tightly  to  the  electrolyte  without  any  gaps.  More  crucially,  no
discernible  interlayers  can  be  seen  at  the  cathode/electrolyte
interface.  Joule  heating  has  the  advantage  of  shortening  the  co-
firing  time,  hence  minimizing  the  interfacial  reaction  between
LiMO  and  BCZY.  To  further  demonstrate  the  chemical
compatibility  of  LiMO  and  BCZY,  the  LiMO+BCZY  composite

powder  was  co-fired  with  Joule  heating,  using  the  same  thermal
treatment  process  as  the  cathode  layer  at  850  °C. Figure  7(d)
depicts the XRD analysis results of the composite powder’s phase
composition before and after treatment. The phases of LiMO and
BCZY remain unaltered following co-firing using Joule heating, as
opposed  to  the  conventional  co-firing  process,  which  produces
obvious  new  phases.  The  elemental  mapping  results  in Fig.  7(e)
also  reveal  that  there  is  no  interfacial  element  diffusion.  There  is
no evidence of Ba diffusion from the electrolyte layer to the LiMO
cathode layer, although this is the case with conventional sintering
process-prepared fuel cells. All of these findings support the use of
Joule  heating  to  overcome  the  interfacial  reactivity  problem
between  LiMO  and  BCZY  during  high-temperature  co-firing
operation.  Moreover,  the  cathode  and  electrolyte  can  maintain
good  contact.  One  can  wonder  if  the  traditional  sintering
procedure  with  a  very  short  dwell  time  can  achieve  the  same
result.  For  comparison,  the  LiMO  cathode  was  co-fired  with  the
half-cell  at  850  °C  for  10  s  via  the  conventional  sintering
procedure,  and  Fig.  S3  in  the  ESM  shows  a  cross-section  of  the
cell.  The  LiMO  cathode  is  poorly  connected  to  the  electrolyte
membrane,  indicating  that  short  dwelling  time  is  insufficient  for
connecting  the  cathode  to  the  electrolyte  using  the  conventional
sintering  procedure.  This  could  also  explain  why  a  few  hours  of
dwelling time is typically needed to co-sinter the cathode and half-
cell using the conventional sintering strategy.

Given  that  the  Joule  heating  approach  solves  the  interfacial
reaction problem, it  is  worthwhile  to  explore the performance of
LiMO  as  a  cathode  for  H-SOFCs. Figure  8(a)  depicts  the
performance  of  the  fuel  cell  utilizing  the  LiMO built  up through
Joule  heating.  The  peak  power  density  (PPD)  of  the  cell  is  567,
982,  and  1425  mW·cm−2 at  600,  650,  and  700  °C,  respectively.

 

Fig. 6    (a) Cross-sectional view of cell with LiMO cathode fabricated by the conventional sintering method; (b) XRD patterns of LiMO+BCZY before and after co-firing;
(c) cross-sectional view of LiMO cathode/BCZY electrolyte interface and its corresponding elemental mapping.
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Good  performance  is  expected  because  LiMO  has  exhibited
significant protonation, proton diffusion ability, and conductivity,
all  of  which  are  important  criteria  for  H-SOFC  cathodes.  The
LiMO material has not been employed in SOFCs for a long time,
most  likely  because  of  its  reactivity  with  proton-conducting
electrolytes during the co-firing production process. To investigate
the effect of the interfacial reaction on fuel cell performance, a fuel
cell with a LiMO cathode manufactured using the conventional co-
firing  method  is  evaluated  under  fuel  cell  operating  conditions,
and the  results  are  presented in Fig.  8(b).  The  PPD of  the  cell  is
275, 482, and 789 mW·cm−2 at 600, 650, and 700 °C, respectively,
which is much lower than that of the cell with the LiMO cathode
formed  via  Joule  heating.  The  decreased  performance  is  most
likely due to interfacial interactions, which cause the production of
some  undesired  phases,  compromising  the  good  performance  of
LiMO  cathode.  The  traditional  sintering  procedure  produces  a
substantial  amount  of  BaMnO3 phase  at  the  cathode/electrolyte
interface. It has been reported that single-phase BaMnO3 cathodes
for  H-SOFCs  perform  poorly  and  have  low  conductivity  [49].
BaMnO3 is  frequently  utilized  in  conjunction  with  a  highly
conductive  cathode.  Given  the  relatively  low  conductivity  of

LiMO described in this study, the creation of additional BaMnO3
could have a detrimental  effect  on the cathode.  Furthermore,  the
reaction  between  LiMO  and  BCZY  causes  the  creation  of
BaMnO3,  implying that some Mn element in LiMO merges with
Ba,  resulting in Mn deficit  in LiMO. The loss  of  transition metal
Mn  in  LiMO  may  further  reduce  its  conductivity  and  catalytic
activity. Figure 8(c) depicts the EIS plots of fuel cells with a LiMO
cathode fabricated using conventional firing and Joule heating. At
700 °C, the ohmic resistance (Ro) of the cells manufactured using
conventional  firing  and  Joule  heating  is  0.165  and  0.152  Ω·cm2,
respectively,  with  only  a  minor  variation.  Under  identical  testing
conditions,  conventional  firing  and  Joule  heating  yield
polarization  resistance  (Rp)  values  of  0.179  and  0.043  Ω·cm2,
respectively. The interlayer generated by the LiMO and BCZY two-
phase  reactions  is  clearly  unwanted,  as  it  reduces  the  cathode
catalytic activity and hence increases the Rp and overall resistance
of the cell. As a result, the LiMO cathode co-fired using the Joule
heating  approach  produces  more  fuel  cell  output  than  the  same
cathode  fabricated  using  the  conventional  sintering  method,  as
illustrated in Fig. 8(d).  Additionally,  the performance of fuel cells
using Joule heating-prepared LiMO cathodes is comparable to or

 

Fig. 7    Cross-sectional view of (a) cell and (b) cathode/electrolyte interface with LiMO cathode fabricated by Joule heating at 800 °C for 10 s. (c) Cross-sectional view of
cell with LiMO cathode fabricated by Joule heating at 850 °C for 10 s. (d) XRD patterns for LiMO+BCZY before and after co-firing with Joule heating. (e) Cross-sectional
view of LiMO cathode/BCZY electrolyte interface fabricated by Joule heating and its corresponding elemental mapping.
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even  better  than  that  of  many  perovskite  cathodes  for  H-SOFCs
[46,50−56],  as  shown  in Fig.  8(e),  indicating  the  benefit  of
adopting  a  LiMO  cathode.  The  protonation  and  manufacturing
practicality  of  LiMO,  which  is  inherited  from  Li-ion  batteries,
make  it  a  suitable  cathode  contender  for  future  H-SOFC
applications. Although the current performance of lithiated oxide
cathodes is  still  inferior  to that  of  some recently  developed high-
performing  perovskite  cathodes  [17,34,57,58],  the  high
performance  of  perovskite  cathodes  is  the  result  of  extensive
research  into  microstructure  and  composition  optimization.
Compared with the long history of employing perovskite cathodes
in  H-SOFCs  [59,60],  the  use  of  lithiated  oxide  cathodes  in
H-SOFCs is new, offering possibilities for further advancement.

Because  of  the  possibility  of  Li  evaporation  [32],  one  may  be
concerned  with  the  stability  of  LiMO  at  operating  temperatures.
To test  this,  the LiMO powder was calcined at  600 °C for 100 h,
and  XRD  was  used  to  evaluate  the  powder’s  phase  composition
before and after long-term calcination, as shown in Fig. S4 in the
ESM.  After  100  h  of  thermal  treatment  at  600  °C,  the  LiMO
powder shows no signs of new phase formation. Furthermore, no
noticeable peak shift can be observed between the LiMO powder
before  and  after  thermal  treatment,  indicating  that  the  LiMO
phase is stable at the H-SOFC working temperature. Furthermore,
the  LiMO  cathode  has  demonstrated  good  operational  stability

under  fuel  cell  working  conditions. Figure  9(a)  depicts  the  long-
term  stability  test  for  a  fuel  cell  with  a  LiMO  cathode  made  by
Joule heating. The voltage of the cell remains steady for more than
150 h with a constant current density of 200 mA·cm−2, suggesting
that the fuel cell performs well under working conditions. The EIS
plots of the cell before and after the long-term stability test are also
exhibited in the figure,  indicating that  there is  no increase in the
resistance of the cell, which could be the reason for the good long-
term  stability.  Although  no  interfacial  diffusion  was  identified
between the LiMO cathode and BCZY electrolyte after co-firing at
850  °C  by  Joule  heating,  one  would  ask  if  interfacial  diffusion
could occur at the working temperature over time. As a result, the
elemental  distribution  is  identified  at  the  LiMO  cathode/BCZY
electrolyte interface after 100 h of co-firing at 600 °C, as illustrated
in Fig.  9(b).  There is no obvious elemental diffusion between the
LiMO  cathode  and  BCZY  electrolyte,  implying  that  LiMO  and
BCZY are compatible at the operating temperature of fuel cell.

In addition to the interfacial elemental distribution, the possible
long-term  reaction  between  LiMO  and  BCZY  at  H-SOFC
working  temperatures  was  studied  via  XRD.  The  LiMO  and
BCZY composite powders were co-fired at 600 °C for 100 h, and
XRD  was  used  to  examine  the  phase  of  the  powder  before  and
after co-firing. The results shown in Fig. S5(a) in the ESM indicate
that the main phases of LiMO and BCZY remain, but some minor

 

Fig. 8    Performance of fuel cells using LiMO cathode prepared by (a) Joule heating and (b) conventional sintering. (c) EIS plots of two cells tested at 700 °C. (d) PPD
comparison between Joule heating and conventional heating-prepared fuel cells. (e) Performance comparison of current LiMO cell with other H-SOFCs using perovskite-
based cathodes.
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peaks  appear,  suggesting  that  some  minor  reactions  occur
between  LiMO  and  BCZY  at  600  °C  for  100  h.  In  contrast,  the
reaction is more profound if the LiMO+BCZY composite powder
is co-fired at a high temperature (700 °C) for 100 h. Figure S5(b)
in  the  ESM  shows  the  XRD  patterns  of  the  LiMO+BCZY
composite powder before and after co-firing at 700 °C for 100 h.
Apparent  new  peaks  appear,  and  the  degree  of  the  reaction  is
much greater than that of the sample co-fired at 600 °C, indicating
that  the  reaction  between  LiMO  and  BCZY  is  accelerated  with
increasing  temperature.  A  strong  reaction  between  LiMO  and
BCZY  is  confirmed  after  co-firing  at  700  °C  for  100  h,  and  the
reaction  is  minor  when the  temperature  is  reduced  to  600  °C.  It
seems that the working temperature of 600 °C might be sufficient
for LiMO, but the working temperature of 700 °C is high enough
to  cause  interfacial  reactions.  However,  we  further  checked  the
long-term  operational  stability  of  the  cell  even  at  700  °C  and
found  that  the  cell  worked  stably  for  50  h  without  evident
degradation,  as  shown  in  Fig.  S6  in  the  ESM.  This  result
contradicts the XRD analysis, implying that there are other factors
that should be considered.

Notably,  the  above  chemical  compatibility  test  was  performed
for  LiMO  and  BCZY  powders.  In  a  real  fuel  cell,  the  LiMO
cathode  powder  layer  is  in  contact  with  the  dense  BCZY
electrolyte  membrane.  Compared  with  the  powder  form,  the
dense  membrane  is  less  reactive  [61].  Therefore,  examining  the
chemical  compatibility  between  the  LiMO  cathode  powder  and
the dense BCZY electrolyte is necessary. To achieve this goal, the
LiMO  cathode  slurry  was  painted  on  the  surface  of  the  dense
BCZY electrolyte membrane, which was then co-fired at 600 and
700 °C for 100 h,  respectively.  After co-firing,  the LiMO cathode
layer  was  removed  from  the  dense  BCZY  electrolyte  membrane,

and the cathode powder was collected. XRD was used to examine
the phase of the LiMO cathode powder and the BCZY electrolyte
membrane  after  co-firing.  Figure  S7(a)  in  the  ESM  shows  the
XRD patterns of LiMO powder and BCZY electrolyte membrane
before  and  after  co-firing  at  600  °C.  Unlike  the  slight  reaction
detected between LiMO and BCZY powders, as mentioned above,
no  extra  peak  can  be  observed  between  the  LiMO  powder  and
BCZY electrolyte  membrane after  co-firing.  In  addition,  no peak
shift  in  the  XRD  patterns  further  confirms  their  good  chemical
compatibility.  Similar  results  are  obtained  for  the  LiMO  powder
and  BCZY  electrolyte  membrane  after  co-firing  at  700  °C,  as
shown  in  Fig.  S7(b)  in  the  ESM.  Although  their  powder  forms
have reacted, the dense BCZY electrolyte membrane is more inert
than  the  powder  towards  the  two-phase  reaction,  making  the
phases of LiMO cathode powder and BCZY electrolyte membrane
remain  unchanged  even  after  high-temperature  firing.  In  other
words,  the  slow  reaction  kinetics  between  the  LiMO  cathode
powder  and  BCZY  electrolyte  membrane  allow  both  phases  to
remain  relatively  stable  even  after  co-firing  for  a  long  period.
However, considering the very minor reaction between LiMO and
BCZY,  even  in  the  powder  form  at  600  °C,  it  might  be  more
reasonable  to  keep  the  application  of  LiMO  for  H-SOFCs  at
approximately 600 °C instead of at higher temperatures.

It  can be concluded that using the Joule heating approach can
solve  the  LiMO/BCZY  interfacial  reaction  problem  during  the
cathode  co-firing  operation,  allowing  the  catalytic  activity  of
LiMO to be fully  utilized as  a  cathode for H-SOFCs,  resulting in
high  fuel  cell  performance.  Furthermore,  there  is  no  discernible
interfacial  diffusion  between  LiMO  and  BCZY  at  the  H-SOFC
working  temperature,  which  is  much  lower  than  the  co-firing
fabrication  temperature,  allowing  the  fuel  cell  with  the  LiMO

 

Fig. 9    (a) Long-term stability of cell with Joule heating-prepared LiMO cathode tested at 600 °C; (b) cross-sectional view of LiMO cathode/BCZY electrolyte interface
after treatment at 600 °C for 100 h.
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cathode  to  demonstrate  good  operational  stability.  When
combined with the Joule heating method, LiMO shows significant
potential  as  a  high-performance  cathode,  providing  additional
material  options  for  H-SOFCs.  Aside  from  Joule  heating,
microwave  sintering  is  a  fast-sintering  approach  that  can  reduce
interfacial  reactions  but  at  slower  heating  and  cooling  rates  [62].
Furthermore,  cathode  production  using  electrochemical
polarization avoids high-temperature sintering while maintaining
the ideal cathode morphology [63,64]. These strategies, along with
the Joule heating presented in this paper, provide fascinating ways
to  avoid/mitigate  unwanted  interfacial  interactions  in  the  cell
fabrication process.

4    Conclusions
LiMO, which has  never  been employed in H-SOFCs before,  was
discovered  in  this  work  to  have  good  protonation  ability  and
proton  diffusion  rates,  indicating  that  it  has  high  potential  as  a
cathode  for  H-SOFCs.  However,  using  the  traditional  sintering
process during the cathode fabrication procedure does not prevent
interfacial  reactivity  and  elemental  diffusion  between  the  LiMO
cathode  and  electrolyte,  resulting  in  poor  LiMO  cathode
performance in H-SOFCs. In contrast, the Joule heating approach
can  prevent  undesired  interfacial  reactions.  Although  a  similar
high co-firing temperature was used, Joule heating allowed for co-
firing in a matter of seconds. Because of the short heating period,
no reaction between the LiMO cathode and BCZY electrolyte can
be  observed,  allowing  the  LiMO  cathode  to  be  used  in  high-
performance  H-SOFCs.  The  LiMO  cathode  outperforms  many
well-known perovskite cathodes in H-SOFCs. Aside from the high
fuel  cell  output,  LiMO  demonstrates  good  operational  stability
under fuel cell working conditions, allowing the cell to operate for
150 h without discernible degradation. Furthermore, no interfacial
elemental  diffusion  in  cathode/electrolyte  is  observed  at  the
H-SOFC  working  temperature  for  an  extended  period,  implying
that  Joule  heating  rejuvenates  the  LiMO  material  in  H-SOFCs,
potentially expanding the application of this traditional material in
more areas.
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