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Abstract: Obtaining high-performance cathodes is critical for protonic ceramic fuel cells (PCFCs), as cathode performance
significantly impacts fuel cell performance. A full understanding of the interactions among the diverse properties of cathode
materials would benefit cathode design. In this study, PrBaFe2O6−δ (PBF) was doped with various dopants, including cobalt
(Co),  Ni,  Cu,  Zn,  and  Mn.  Experiments  and  first-principles  calculations  are  used  to  study  the  key  properties  of  dopant-
modified  PrBaFe2O6−δ,  including  oxygen  vacancy  (VO)  creation,  hydration  ability,  proton  mobility,  and  oxygen  reduction
reaction  (ORR)  activity.  There  is  no  perfect  dopant  that  can  improve every  property  to  its  full  potential.  Instead,  different
dopants can impact different properties of the material. Co-dopant has the best cathode performance since it balances the
material’s  instinctive  properties,  even  though  it  does  not  provide  a  significant  advantage  in  the  formation  of  VO.  PCFC
utilizing Co-doped PrBaFe2O6−δ cathode has a high performance of 1680 mW·cm−2 at 700 °C, which is greater than that of
the  other  dopant-tailored  PrBaFe2O6−δ cathodes  reported  in  this  study  and  is  one  of  the  largest  ever  recorded  for
PrBaFe2O6−δ-based  cathodes  for  PCFCs.  Co-doped  PrBaFe2O6−δ cathode  is  further  demonstrated  to  be  robust,  with
excellent operational stability. This study not only provides a potential cathode candidate for PCFCs but also suggests an
intriguing approach to cathode design by carefully examining and balancing different vital properties of the material.
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1    Introduction
Sustainable  materials  and  technologies  have  provided  promising
solutions  to  current  energy  and  environmental  problems  [1,2],
and  different  technologies  have  been  developed  in  recent  years
[3−5].  Solid  oxide  fuel  cells  (SOFCs)  have  drawn  considerable
attention  since  they  function  as  devices  that  effectively  convert
chemical energy into electrical energy [6]. The high temperatures
used in conventional SOFC operation have led to problems such
as  difficulties  in  selecting  sealing  materials,  short  lifetimes,  and
high costs [7−9]. To enable the widespread application of SOFCs,
lowering  the  operating  temperatures  of  SOFCs  to  intermediate
ranges  (500–700  °C)  is  necessary  [10,11].  Because  the  electrolyte
used in protonic ceramic fuel cells (PCFCs) is a proton-conduct-
ing oxide [12], which typically has higher conductivity and lower
activation  energy  than  conventional  oxygen-ion  conducting
electrolytes  used  in  oxygen-ion  conducting  SOFCs  (O-SOFCs)
[13,14], PCFCs perform better at lower temperatures to maintain
appreciable  power  output  [15].  Thus,  PCFCs  play  a  vital  role  in
devices  that  operate  at  intermediate  temperatures  [16−20],  and
PCFCs are also known as proton-conducting SOFCs (H-SOFCs)
[21,22].  In  contrast,  the  slow  oxygen  reduction  reaction  (ORR)
activity  of  cathodes  at  low  temperatures  results  in  increased
polarization  resistance  at  lower  temperatures,  influencing  the
performance of PCFCs at intermediate temperatures [23]. Therefore,

many  studies  have  focused  on  creating  cathode  materials  with
high catalytic activity at intermediate temperatures [24−28].

Among  the  different  cathode  materials,  double  perovskites,
ReBaM2O6−δ (where  M  is  the  transition  metal,  and  Re  is  the
element in lanthanides), have garnered much attention since they
have  a  highly  ordered  layer  structure  created  along c-axis  by
[BaO]–[MO2]–[ReO]–[MO2]–[BaO]  [29].  This  unique  structure
of  double  perovskites,  which  results  from  the  large  ionic  radius
difference  between  Re  and  Ba,  allows  them  to  perform  well  in
surface  exchange  and  rapid  oxygen  diffusion  rates.  This  feature
leads to high electronic conductivity and mixed ionic conductivity
over  a  broad  range  of  oxygen  pressures  [30].  Additionally,  a
number  of  results  suggest  that  some  double  perovskite  materials
possess  proton conductivity,  making them appropriate for use as
cathode materials in PCFCs [31]. Cobalt (Co)-based PrBaCo2O6−δ
in ReBaM2O6−δ family has good catalytic activity and has received
considerable attention [32].  However,  its  high thermal expansion
coefficient (TEC) usually leads to dehiscence between the cathode
and electrolyte,  resulting in poor operational  stability of  fuel  cells
[7]. In addition, a number of issues, including Co evaporation and
the  high  price  of  Co,  should  be  addressed  before  its  practical
application [33]. In contrast,  PrBaFe2O6−δ (PBF), which is known
for its high chemical stability, low cost, good catalytic activity, and
Co-free composition [34], provides another possible alternative as
a cathode material for PCFCs.

However,  Fe-based  perovskite  materials  usually  exhibit  lower
catalytic  activity  than  Co-based  perovskite  materials  do  [35,36].
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Therefore, numerous methods have been implemented to increase
the  catalytic  activity  of  PrBaFe2O6−δ to  meet  the  need  for  PCFC
cathode applications.  Doping PrBaFe2O6−δ with various elements,
such as Mo, Nb, W, Ga, Ta, Cu, and Zn, has been proven to be an
effective way to improve fuel  cell  performance [30,37−42].  These
studies  do,  however,  attribute  the  enhanced  performance  to
different  factors.  An  increased  oxygen  vacancy  (VO)  content  is
credited  by  some  research  for  improved  performance  [43],
whereas  the  optimal  conductivity  of  oxygen  or  protons  is
suggested  by  others  as  a  significant  contributing  factor  [44].  It  is
not  rational  to  attribute  the  improved  cathode  performance  to
only  one  or  two  factors.  In  reality,  a  variety  of  features  may
influence cathode performance. The effects of transition metals on
the inherent characteristics of PrBaFe2O6−δ and their influence on
PCFC  cathode  performance  have  not  been  thoroughly
investigated.  To  determine  the  importance  of  these  related
parameters  in  PCFC  cathode  applications,  PrBaFe2O6−δ is  doped
with representative transition metals, namely, Co, Ni, Cu, Zn, and
Mn,  to  examine  the  effects  of  various  dopants  on  key  cathode
material  parameters  and  how  these  parameters  affect  the
electrochemical performance of the cathode materials, providing a
viable path for the rational design of PrBaFe2O6−δ-based cathodes
for PCFCs.

2    Materials and methods
Using  stoichiometric  ratios  of  the  starting  reagents  Pr(NO3)3,
Ba(NO3)2,  and  Fe(NO3)3,  the  parent  material  PrBaFe2O6−δ was
synthesized via the traditional sol‒gel  method [45].  The purity of
the  starting  reagents  was  determined  with  an  analytic  reagent,
which was commercially available from Aladdin Reagent Co., Ltd.,
China. The starting reagents were mixed in a water solution, and
citric acid was added. The molar ratio between the citric acid and
metal  cations  was  1.5  :  1.  After  the  metal  nitrates  and  citric  acid
were dissolved, NH4OH solution was slowly added until the pH of
the  solution  reached  ~8.  Then,  the  solution  was  heated  until  it
became viscous and finally flamed. The resulting precursors were
then  calcined  in  a  furnace  at  1000  °C  for  3  h.  PBFCo,  PBFNi,
PBFCu,  PBFZn,  and PBFMn are  the  names given to  the  Co,  Ni,
Cu,  Zn,  and  Mn-doped  PrBaFe2O6−δ materials  that  were
synthesized  via  the  same  method.  These  materials  were  made
in  a  stoichiometric  ratio  according  to  PrBaFe1.8Co0.2O6−δ,
PrBaFe1.8Ni0.2O6−δ,  PrBaFe1.8Cu0.2O6−δ,  PrBaFe1.8Zn0.2O6−δ,  and
PrBaFe1.8Mn0.2O6−δ,  with  certain  proportions  of  Co(NO3)2,
Ni(NO3)2,  Cu(NO3)2,  Zn(NO3)2,  and  Mn(NO3)2 added,
respectively, during the synthesis process. X-ray diffraction (XRD)
was  used  to  characterize  the  materials  after  calcination  to
determine phase purity. The protonation ability of these materials
was  investigated  via  thermogravimetry  (TG)  method.  After  the
samples were treated with dry air at 400 to 800 °C to remove the
absorbed  water,  they  were  cooled  to  400  °C  in  a  wet  air
atmosphere. The weight changes that were measured throughout
this  procedure  provided  information  regarding  the  water
absorption capacity  of  the samples.  The surface proton exchange
coefficient  and  bulk  diffusion  coefficient  were  measured  via  the
electrical  conductivity  relaxation  (ECR)  method  by  changing  the
environment of dense bars made of samples from dry to wet air.
The  bars  for  ECR  measurements  were  prepared  via  a  pressing
method, and the green bars were sintered at high temperatures to
obtain  dense  bars.  The  sintering  temperatures  for  PBF,  PBFMn,
PBFNi, PBFCo, and PBFCu bars were 1300, 1350, 1350, 1325, and
1300 °C, respectively.

With the exception of the cathode materials used in the single-

cell,  PCFC  performance  of  the  series  of  cathode  materials  was
assessed  via  the  identical  single-cell  structure  of  NiO–BaCe0.7
Zr0.1Y0.2O3−δ (BCZY) (anode)|BCZY electrolyte|cathode materials.
Through the use of co-pressing and co-sintering procedures, half-
cells  were  produced  with  an  anode  and  a  dense  electrolyte
membrane. The weight ratio between NiO and BCZY is 3 : 2. No
extra binder was used to prepare the anode. The pressures applied
to  the  anode  substrate  and  the  bilayer  were  30  and  45  MPa,
respectively.  The  sintering  temperature  for  the  half-cell-by-layer
process  was  1350  °C.  To  reduce  Ba  evaporation,  a  powder  bath
was used.  The cathode was then placed on the electrolyte side of
the  half-cell  to  create  a  single  cell,  followed  by  co-sintering  at
900  °C for  10  min to  produce  the  final  complete  cell  needed for
the  fuel  cell  tests.  Using  an  electrochemical  workstation,  the  fuel
cells  were  tested  under  working  conditions  in  which  the  anode
chamber was fed wet H2, and the cathode was exposed to air.

Using the  projected augmented wave  (PAW) method and the
generalized  gradient  approximation  (GGA)  with  Perdew–
Burke–Ernzerhof  (PBE)  mode  implemented  in  the  Vienna ab
initio simulation  package  (VASP)  [46],  density  functional  theory
(DFT)  calculations  were  performed  to  reveal  the  intrinsic
properties  of  the  materials.  The  criteria  used  for  structural
optimization were Hell‒Meyer‒Fynman force value of 0.05 eV·Å−1

per  atom,  cutoff  energy  of  520  eV,  and  energy  convergence  of
10−5 eV  per  atom.  (001)  surface  was  used  for  the  surface
calculations.  The thickness of  the vacuum layer was 15 Å. When
performing  the  surface  calculations,  the  bottom  four  layers  were
fixed,  and the  top  two layers  were  relaxed.  Hubbard’s  correction
was  employed,  with  the  effective U parameters  (Ueff)  of  5.3,  3.9,
6.2, 0, and 3.32 eV for Fe, Mn, Ni, Cu, and Co, respectively.

3    Results and discussions

pm3̄m

XRD  patterns  of  PBF,  PBFMn,  PBFNi,  PBFCo,  PBFCu,  and
PBFZn  are  presented  in Fig.  1(a).  Since  no  extra  XRD  peak  is
visible,  it  is  evident  that  Cu,  Co,  Ni,  and  Mn  doped  PBF  was
effectively synthesized without any secondary phase. With respect
to  PBFZn,  the  magnified  XRD  pattern  from  20°  to  40°  shows  a
noticeable  additional  peak  at  ~33°  associated  with  the  secondary
phase, indicating the failure of full incorporation of Zn into PBF.
In addition to the phase purity, there is a noticeable peak shift in
XRD patterns for Cu, Co, Ni, and Mn doped PBF compared with
undoped PBF, suggesting a change in the lattice parameters with
different  dopants.  XRD  rietveld  refinement  is  used  for  PBF,
PBFMn,  PBFNi,  PBFCo,  and  PBFCu  to  gain  insight  into  the
fluctuations in the lattice parameters reflected by the movement of
XRD  peaks  and  to  obtain  crystal  structure  information.  Every
material  is  refined  in  the  crystallization  of  a  cubic  system  with  a
space group of ,  as indicated by the diffraction refinement
patterns  displayed  in Fig.  1(b).  The  lattice  parameters  for  PBF,
PBFMn,  PBFNi,  PBFCo,  and  PBFCu  are a = b = c =  3.99,  3.96,
3.94,  3.93,  and  3.91  Å,  respectively,  taking  into  account  the
reliability  indicated by  the  reduced chi-square  (χ2)  values  of  1.01,
1.07,  1.31,  1.33,  and 1.23.  The  difference  in  ionic  radius  between
Fe ions and doped transition metal elements, as well as the cation
ionic  valence  changes  caused  by  doping,  in  turn,  leads  to
variations  in  the  lattice  parameters.  In  addition  to  the
experimental  results,  the  crystal  structure  of  these  materials  was
also  calculated  via  DFT  calculations,  as  shown  in Fig.  1(c).  The
calculated  lattice  parameters  for  PBF,  PBFMn,  PBFNi,  PBFCo,
and  PBFCu  are a = b = c =  4.00,  3.97,  3.95,  3.93,  and  3.92  Å,
respectively. The lattice parameters obtained by the calculation are
similar  to  those  obtained  by  refinement,  demonstrating  the
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reliability of the simulation and providing a solid basis for the next
intrinsic property simulations.

EVO = Edefect + EO2/2− Ebulk EVO

Edefect

EO2

Ebulk

EVO

Since  multiple  studies  have  demonstrated  that  the  presence  of
VO can  enhance  oxygen  ion  transport  [47,48],  VO has  drawn
much attention among all the factors impacting cathode material
performance.  Moreover,  it  is  recognized as  the  pre-factor  for  the
protonation  process  [49],  which  is  another  important  cathodic
performance evaluation metric. As a result, VO is acknowledged in
some  studies  as  one  of  the  most  important  factors  influencing
cathode performance [50,51]. In light of this, VO formation energy
is  evaluated  as  the  first  factor  considered  among  all  of  the
parameters.  The  calculation  of  VO formation  energy  is  based  on
the  aforementioned  crystal  structure  and  the  following  equation

 [52],  where  represents  VO
formation energy,  represents the energy of the bulk with an
oxygen  vacancy,  represents  the  energy  of  one  oxygen
molecule,  and  represents  the  energy of  the  perfect  bulk.  To
examine  the  impact  of  the  transition  metal  dopants,  the  oxygen
atoms at Fe–O–M (M = Fe, Mn, Co, Ni, and Cu for PBF, PBFMn,
PBFCo,  PBFNi,  and  PBFCu)  sites  are  selected  as  VO sites.  VO
locations and the associated computed results are shown in Fig. 2(a).
There are different Vo sites,  and different Vo sites are calculated.
The  site  shown  in Fig.  2(a)  has  the  lowest  energy,  which  means
that this site is the most stable and has the greatest possibility for
VO formation. Given that VO formation energy values are positive,
an energy barrier must be overcome for VO formation. In spite of
this,  PBFCu  has  the  lowest  VO formation  energy  of  0.02  eV
among all of the samples, which means that PBFCu can create VO
much  more  easily  because  there  is  a  smaller  energy  barrier  to
overcome  than  other  samples.  In  contrast,  for  PBFMn  is
0.94  eV,  which  is  greater  than  that  for  PBF,  implying  that  the
doping  strategy  is  not  always  advantageous  for  VO formation.
Notably,  employing  Ni  or  Co  as  a  dopant  can  also  enhance  VO

EVOformation even though their effects on  are not as significant
as those on PBFCu.

VO content  of  these  oxides  was  ascertained  through
experimental  investigations  employing  X-ray  photoelectron
spectroscopy (XPS) to validate the prediction of DFT calculations.
O 1s spectra of the surface of the samples, illustrated in Fig. 2(b),
can  be  fitted  to  four  distinct  peaks  [53],  which  are  identified  as
OH−/CO3

2− (hydroxyl  and/or  carbonate  species),  Olat (lattice
oxygen species), O2

2−/O− (highly oxidative oxygen species), and OH
(water  molecule  species  adsorbed  on  the  surface).  According  to
reports,  the  area  ratio  between  O2

2−/O− and  Olat can  be  used  to
determine  the  concentration  of  VO on  the  surface  [53,54].  PBF,
PBFMn,  PBFNi,  PBFCo,  and  PBFCu  have  ratios  of  0.52,  0.49,
0.60,  0.65,  and 0.67,  respectively.  PBFCu achieves  the highest  VO
concentration,  whereas  PBFMn  does  not  increase  VO content
compared  with  PBF.  Additionally,  despite  having  a  lower  VO
content  than  PBFCu  does,  PBFCo  and  PBFNi  yield  higher  VO
concentrations than PBF does. Cu, Ni, and Co dopants all increase
VO content,  with  Cu  dopant  exhibiting  the  most  pronounced
promotion, which is in agreement with DFT calculations. On the
other hand, VO formation is not enhanced by Mn dopant.

Ehydra = E2OH−
Edefect − EH2O Ehydra

E2OH

In  addition to  VO concentration,  the  incorporation of  protons
for  transportation  is  important,  as  this  feature  can  extend  the
active  area  of  the  cathode  for  PCFCs  [55,56].  Therefore,
protonation  is  another  important  factor  to  consider.  During  the
hydration  process,  the  water  molecules  split  into  two  species:  H
and OH. These species can then be associated with lattice oxygen
and  VO,  respectively  [57].  As  a  result,  the  hydration  ability  of  a
material  determines  its  protonation  ability  [31].  Thus,  the
mechanism  depicted  in Fig.  3(a)  and  the  following  equation  are
used  to  calculate  the  hydration  energy  of  PBF,  PBFMn,  PBFNi,
PBFCo,  and  PBFCu  via  DFT  simulation 

 [58],  in  which  represents  the  hydration
energy,  represents the energy of the bulk with two additional

 

Fig. 1    (a)  XRD patterns  of  PBF,  PBFMn,  PBFNi,  PBFCo,  PBFCu,  and PBFZn.  (b)  Rietveld  refinement  for  PBF,  PBFMn,  PBFNi,  PBFCo,  and PBFCu.  (c)  Crystal
structure of PrBaFe1.8(Fe/Co/Ni/Cu/Mn)0.2O6−δ.
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Edefect

EH2O

protons,  represents  the  energy  of  the  bulk  with  an  oxygen
vacancy,  and  represents  the  energy  of  one  water  molecule.
PBF,  PBFMn,  PBFNi,  PBFCo,  and  PBFCu  have  hydration

energies of 0.71, 0.68, 0.67, 0.46, and 0.9 eV, respectively. Notably,
although PBFCu produces more VO than the other samples do, it
has  the  highest  hydration  energy,  suggesting  that  protonation  in

 

Fig. 2    (a) VO locations and associated VO formation energy for PBF, PBFMn, PBFNi, PBFCo, and PBFCu. (b) O 1s curves from XPS characterization.
 

Fig. 3    (a) Scheme for hydration process and calculated hydration energy. (b) TG curves for PBF, PBFMn, PBFNi, PBFCo, and PBFCu tested in air, where water was
injected into the chamber at 800 °C. (c) Scheme for proton migration and calculated energy barriers. (d) ECR curves for PBF, PBFMn, PBFNi, PBFCo, and PBFCu
obtained by changing the environment from dry to wet air abruptly at 600 °C.
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PBFCu  is  a  more  challenging  process  than  in  other  oxides  and
that  the  easy  formation  of  VO is  not  always  beneficial  for
hydration. In contrast to PBF, PBFMn has lower hydration energy
but  a  higher  VO formation  energy,  implying  that  the  hard
production of VO does not always decrease the hydration capacity.
Notably, PBFCo has the lowest hydration energy value among all
the  oxides  under  investigation,  suggesting  that  protonation  takes
place  more  easily  with  the  utilization  of  Co  as  the  dopant  than
with  other  dopants.  The  protonation  ability  was  further
determined via TG measurements.  The samples were exposed to
dry air between 400 and 800 °C to remove the absorbed water. As
dehydration occurs quickly at high temperatures, the materials are
held at 800 °C to completely remove the adsorbed H2O. Then, wet
air  is  introduced  into  the  atmosphere,  and  the  materials  start  to
absorb  water.  The  weight  gain  in  this  process  is  regarded  as  the
degree  of  hydration,  which  indicates  the  material’s  capacity  for
protonation  [59].  PBFCo has  the  largest  weight  gain  of  0.49% at
400  °C,  as  shown  in Fig.  3(b),  with  the  lowest  hydration  energy
according to DFT calculations, indicating that PBFCo has the best
protonation ability compared with all of the samples in this study.
In contrast, PBFCu, which has the highest hydration energy, has a
lower  weight  gain  than  PBF,  PBFCu,  PBFNi,  and  PBFCo,
indicating that the experimental data from TG measurements and
DFT simulations are consistent.

Even  if  protonation  can  be  used  to  predict  possible  proton
conduction  behavior  in  oxides,  the  real  process  of  proton
conduction  is  complicated  and  cannot  be  simply  linked  to  the
degree of protonation. It has been reported that some oxides with
significant  protonation  do  not  always  have  good  proton
conduction [60]. Thus, investigating the proton mobility in oxides
in  more  detail  is  imperative.  Protons  move  across  oxides  by
rotating  and hopping from one oxygen atom to  an adjacent  one
inside the octahedron [57]. A proper concentration of the proton
defect  can be helpful  for  proton conduction,  while  excess  proton
defects  may cause interactions between these defects,  and proton
trapping, which is detrimental to the movement of protons, can be
detected  [20].  Therefore,  another  crucial  consideration  when
assessing the cathode materials for PCFCs is the energy barrier in
the  proton migration  process.  The  proton migration  mechanism
and the corresponding calculated results in Fig. 3(c) show that the
energy barrier in the rotation step is  significantly lower than that
in  the  hopping  step  for  all  samples,  which  suggests  that  the
hopping process is  the rate-limiting step in the proton migration
process.  The  hopping  energy  barrier  comparison  reveals  that
PBFCo, PBFNi, and PBFMn have lower energy barriers than PBF
does, whereas PBFCu has a higher energy barrier, indicating that
doping  with  Co,  Ni,  and  Mn  is  advantageous  for  proton

H2O+V··O +Ox
O → 2OH·

migration,  whereas  doping  with  Cu  deteriorates  PBF’s  ability  to
transport  protons  because  it  must  overcome  a  higher  energy
barrier  to  achieve  proton  mobility.  DFT  predictions  for  proton
mobility  are  verified  by  ECR  measurements,  which  provide
information  about  an  oxide’s  capacity  for  proton  diffusion  [61].
ECR  measurement  is  performed  by  swiftly  shifting  the
environment from dry to wet air. Proton defects appear when the
samples  are  exposed  to  the  environment  with  wet  air  abruptly,
according  to  the  reaction ,  thus
affecting  the  conductivity  of  the  material  [61].  Both  bulk  proton
diffusion and surface proton exchange can be reflected in the time
it  takes  to  achieve a  new conductivity  equilibrium after  a  change
in  the  environment.  Compared  with  PBF,  which  has  a  bulk
diffusion coefficient (DH) and surface proton exchange coefficient
(KH)  of  2.12×10−6 cm2·s−1 and 4.40×10−5 cm·s−1,  PBFCo has  higher
DH and KH values  of  1.12×10−5 cm2·s−1 and  1.38×10−4 cm·s−1,
respectively,  as  shown in Fig.  3(d). DH and KH values  for  PBFCo
are the highest among all the tested materials. Higher KH and DH
values are likewise displayed by PBFMn and PBFNi than by PBF,
which  is  in  line  with  DFT  calculations.  However,  PBFCu  has
lower KH and DH values than PBF does, indicating that PBF with
Cu  doping  has  reduced  proton  diffusion  abilities  and  surface
exchange  rates,  which  can  be  anticipated  given  the  high  proton
migration energy barrier indicated by DFT calculations.

4H+ +O2 →
2H2O

In  addition  to  the  abovementioned  VO formation  energy,
hydration  energy,  and  proton  migration  energy  barriers,  which
are  correlated  with  the  bulk  model  properties,  surface  properties
also play a critical role in the evaluation of cathode performance,
as a series of ORRs occur on the surface of the cathode materials
[62].  As  shown  in Fig.  4(a),  ORR  process  on  the  surface  of  the
PCFC cathode consists of the following steps [52]: On the surface
of the samples (*), O2 molecules and H+ adsorbed to form *OOH.
It then releases an H2O molecule by reacting with another H+. The
oxygen atom on the surface was left as *O. The remaining *O then
combines with another H+ to generate *OH, which combines with
H+ once more to release a second H2O molecule and leaves a bare
surface  for  the  subsequent  loop.  Consequently, 

 can be used to characterize the entire reaction. Gibbs free
energy  of  the  surface, *OOH, *O,  and *OH,  is  calculated.  The
results are shown in Fig. 4(b). As seen, only the energy formation
of *OOH step is uphill in comparison to the other steps’ downhill
orientation, indicating that the formation of *OOH is the potential-
limiting  step  of  ORR  in  this  material  system.  PBF,  PBFMn,
PBFNi, PBFCo, and PBFCu have energy barriers of 1.07, 1.1, 0.99,
0.88, and 1.18 eV, respectively. It can be concluded that compared
with  traditional  PBF,  Ni  or  Co  doping  can  lower  ORR  energy
barrier. In comparison, PBFCo has the lowest ORR energy barrier

 

Fig. 4    (a) ORR processes on surface of materials. (b) Gibbs free energy of different coordinates on surface of PBF, PBFMn, PBFNi, PBFCo, and PBFCu at 600 °C, and
corresponding energy barriers for ORR.
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value of all these materials, which means that ORR activity can be
enhanced more than that of the other materials by the use of Co
as  a  dopant.  Cu  and  Mn  doping  increases  ORR  energy  barrier,
which  makes  ORR  more  difficult  than  it  would  be  with  pristine
PBF.  In  contrast,  PBFCu  has  the  largest  ORR  energy  barrier,
suggesting that Cu dopant presents a greater obstacle to ORR than
other dopants do.

Although Cu doping increased VO formation energy greatly, its
impact on the hydration energy, proton migration energy barrier,
and  ORR  energy  barrier  was  unfavorable.  Proton  migration  and
hydration energy are positively impacted by Mn doping, whereas
VO formation  energy  and  ORR  energy  barriers  are  negatively
impacted. Both Ni and Co doping are optimized across the board
but  with  a  less  pronounced  improvement  in  VO formation  than
Cu doping. If one were to compare Co and Ni dopants, Co would
seem  to  be  a  better  option  for  the  cathode  of  PCFCs  than  Ni
would be because it  can improve these parameters more than Ni
can.  Consequently,  it  can  be  concluded  that  no  single  dopant
element  can  achieve  the  best  performance  for  every  parameter.
The  performance  of  the  cathode  materials  is  the  result  of
interactions  between  different  factors,  and  the  weight  of  these
factors  in  the  final  performance  needs  further  investigation.  To
determine  the  influence  of  the  dopant  on  the  cathode
performance  and  the  corresponding  fuel  cell  performance,  the

electrochemical  performance  of  PCFCs  using  PBF,  PBFMn,
PBFNi, PBFCo, and PBFCu as cathodes was evaluated.

I–V curves  and  a  comparison  of  the  peak  power  densities  at
various temperatures are shown in Fig. 5. PBFCo exhibited higher
peak power densities of 724, 1075, and 1680 mW·cm−2 at 600, 650,
and 700 °C, respectively, than did the fuel cell  with PBF cathode,
which  reached  386,  568,  and  1036  mW·cm−2 at  600,  650,  and
700  °C,  respectively.  The  results  show  that  using  Co  dopant  to
tailor  PBF  is  an  effective  tactic  to  improve  the  performance  of
conventional PBF cathodes. In addition to the performance being
greater  than  that  of  the  other  PBF-based  cathodes  tested  in  this
study,  it  is  also  greater  than  that  of  most  Fe-based  double
perovskite  cathode  materials  in  PCFCs,  as  listed  in Table  1
[44,59,61,63−68].  In  contrast,  PBFNi  has  power  densities  of  541,
879,  and  1430  mW·cm−2 at  600,  650,  and  700  °C,  respectively.
These values are lower than those of PBFCo but higher than those
of  the  other  samples.  This  difference  can  be  attributed  to  Ni
doping,  which  results  in  better  performance  in  terms  of  various
properties, but the extent to which it improves is lower than that
of  PBFCo.  The  power  densities  for  PBFCu  are  319,  501,  and
921  mW·cm−2 at  600,  650,  and  700  °C,  respectively.  While  Cu
doping  approach  can  significantly  increase  VO content,  the  fuel
cell  output  is  lower  than  that  of  PBF,  suggesting  that  even  a
significant  improvement  in  one  property  might  not  be  sufficient

 

Fig. 5    I‒V curves of fuel cells with PBF, PBFMn, PBFNi, PBFCo, and PBFCu as cathodes and comparisons of peak power densities at 600, 650, and 700 °C.

 

Table 1    Comparison of PCFCs’ performance with Fe-based double perovskite materials as cathode at 700 °C

Cathode material Electrolyte Power density (mW·cm−2) Ref.
GdBaFe2O5+δ BCZY 417 [63]

PrBaCuFeO5+δ BCZY 445 [64]
NdBaFe1.9Mn0.1O5+δ + BCZY BCZY 453 [65]

Pr0.5Ba0.25Sr0.25FeO3−δ + Sm0.2Ce0.8O2−δ BCZY 456 [66]
SrEu2Fe1.8Co0.2O7−δ BCZY 562 [67]

Sr2Fe1.5Mo0.4Zr0.1O6−δ BaZr0.1Ce0.7Y0.1Yb0.1O3 790 [61]
Sr2Fe1.5Mo0.25Sc0.25O6−δ BCZY 1258 [68]

Pr0.5Ba0.5 (Co0.7Fe0.275W0.025)O3−δ BCZY 1100 [44]
PrBa0.9K0.1Fe1.9Zn0.1O5+δ BCZY 1400 [59]

PrBaFe1.8Co0.2O6−δ BCZY 1680 This study
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to improve the performance of the cathode material, provided that
other properties deteriorate. The power densities of 443, 766, and
1270 mW·cm−2 at 600, 650, and 700 °C for PBFMn are higher than
the fuel cell that used the pristine PBF as the cathode. The above
studies  have  shown  that  while  Mn  doping  approach  results  in
poorer  VO formation  energy  and  higher  ORR  energy  barriers,  it
results  in  better  hydration  ability  and  proton  migration  than
pristine  PBF.  Thus,  the  superior  fuel  cell  performance  with
PBFMn cathode over the fuel  cell  with PBF cathode implies  that
proton migration barriers and hydration energy may play a more
dominant  role  in  the  cathode  performance  for  PCFCs.  In  other
words,  the  electrochemical  performance  of  PCFC  cathode
materials  is  influenced  more  by  parameters  related  to  proton
conductivity,  and  improvements  in  VO and  ORR  can  further
increase  the  performance,  as  in  the  case  of  PBFCo  and  PBFNi
cathodes.

Notably, several studies have shown better fuel cell performance
than  this  study.  A  recent  study  indicated  that  improved  catalytic
activity  at  the  interface  of  nanocomposite  cathodes  can  improve
the  cathode  activity  and  thus  increase  the  fuel  cell  output  [69].
Furthermore, the performance of fuel cells is influenced not only
by the cathode performance but also by the interfacial conditions.
The optimization of the interfacial conditions can promote PCFC
performance [70]. In addition, the testing conditions may improve
cell  performance.  For  example,  the  use  of  pure  O2 instead  of  air
can  facilitate  charge  diffusion  and  O2 adsorption  at  the  cathode,
thus  improving  the  performance  of  the  cathode  and  fuel  cell.
Additionally,  the  current  study  focuses  on  the  use  of  transition
metal elements as dopants, which are usually used at the B site in
ABO3 perovskites. However, some dopants can be used at A site,
which can also  improve  the  performance  of  cathodes  for  PCFCs
[59].  A  site  doping  might  also  be  an  effective  strategy  to  further
promote  the  performance  of  PBF-based  cathodes,  deserving
further investigation.

Electrochemical  impedance  spectroscopy  (EIS)  measurements
were used to explore the resistance of the fuel cells, and the results
are  displayed  in Fig.  6(a).  EIS  tests  were  performed  under  open

circuit  voltage  (OCV)  conditions  with  a  frequency  range  from
1  MHz  to  0.1  Hz.  Since  all  of  the  cells  use  the  same  anode  and
electrolytes with similar thicknesses, it is not surprising to see that
the ohmic resistance of the cells is quite close. The capacitance of
EIS arc in the high-frequency range is on the order of 10−5 F·cm−2,
which  is  a  typical  response  for  the  electrode.  The  value  is  much
larger than that for the grain boundary,  which is  on the order of
10−9 F·cm−2. Therefore, arc shown in EIS data is from the electrode
instead  of  the  electrolyte.  The  different  polarization  resistances
corresponding  to  0.130,  0.092,  0.070,  0.047,  and  0.149  Ω·cm2 are
the  primary  reasons  for  the  differences  in  the  total  resistances  of
0.23, 0.192, 0.167, 0.143, and 0.25 Ω·cm2 for PBF, PBFMn, PBFNi,
PBFCo,  and  PBFCu  cells,  respectively,  as  shown  in Fig.  6(b),
which is associated with the power output of the full fuel cell.  As
shown in Fig. 6(c), scanning electron microscopy (SEM) images of
the cross-sections of the fuel cells and the corresponding cathode
materials  indicate  that  all  of  the  fuel  cells  and  cathode  materials
have similar microstructures with the same electrolyte thickness of
15  μm,  ruling  out  the  possibility  that  the  structure  affects  the
performance  of  the  cells  and  suggesting  that  the  variation  in
power density is due to the inherent characteristics of the cathode
materials caused by the use of various dopants.

The  thermal  expansion  behaviors  of  PBF-based  materials
studied  in  this  study  are  further  investigated,  and  the  results  are
shown in Fig. 7. One can see that there is no significant change in
TEC values for PBF after doping with various transition metals. In
the  temperature  range from room temperature  to  ~600 °C,  TEC
value  is  ~15×10−6 °C−1 for  all  the  tested  materials.  In  the
temperature  range  from  ~600  to  1000  °C,  TEC  value  becomes
larger  for  all  the  samples  than  in  the  low-temperature  range.
Comparatively,  Mn  and  Cu  doping  decreases  TEC,  whereas  Ni
increases TEC. TEC of PBFCo is very close to that of PBF, being
15.94×10−6 °C−1 in the low-temperature range and 24.95×10−6 °C−1

in the high-temperature range, suggesting that a small amount of
Co doping does not evidently affect TEC of PBF material.

When  the  abovementioned  parameters  are  compared,  PBFCo
has the highest performance, indicating that it has great potential

 

Fig. 6    (a)  EIS  plots  tested  at  700  °C  for  fuel  cells  with  PBF,  PBFMn,  PBFNi,  PBFCo,  and  PBFCu  as  cathodes,  (b)  comparison  of  resistance  values  at  700  °C,
and (c) corresponding cross-sectional SEM images of fuel cells.
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as a cathode material for the development of PCFCs. In addition
to  the  electrochemical  performance,  the  stability  of  the  material
should  be  examined.  Considering  that  air  containing  some  CO2
and H2O is produced at the cathode side of PCFCs, the stability of
PBFCo  in  CO2 and  H2O  is  tested,  and  the  results  are  shown  in
Fig.  8.  PBFCo  was  treated  in  an  atmosphere  containing  CO2 or

H2O  at  600  °C,  and  XRD  was  used  to  examine  the  phase
composition  of  the  powder  after  the  test.  The  phase  of  PBFCo
remains  unchanged  after  CO2 and  H2O  treatment,  suggesting
good stability.

Operational  stability  is  another  crucial  concern  that  must  be
addressed  for  PCFC  cathode  materials  to  be  used  in  practical

 

Fig. 7    TEC curves for (a) PBF, (b) PBFMn, (c) PBFNi, (d) PBFCo, and (e) PBFCu.

 

Fig. 8    XRD patterns for PBFCo before and after treatment in (a) 10% CO2 and (b) 30% H2O-containing atmospheres for 10 h.
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applications  [71,72].  Consequently,  under  operating  conditions,
the  stability  of  the  fuel  cell  when  PBFCo  is  used  as  the  cathode
material  is  assessed.  From  the  long-term  stability  test  results
shown in Fig. 9(a), the output voltage is maintained at ~0.85 V at
600  °C  for  more  than  150  h  without  any  discernible  attenuation
when  a  constant  current  density  of  400  mA·cm−2 is  applied,
indicating good operational stability of the cell. The phase stability
between PBFCo cathode and BCZY electrolyte  was examined by
co-firing PBFCo + BCZY composite powder at 900 °C. XRD was
used  to  examine  the  phase  of  the  powder  before  and  after  co-

firing, and the results are shown in Fig.  9(b).  No extra peaks can
be observed, suggesting good phase stability between PBFCo and
BCZY at least up to 900 °C. Following the long-term stability test,
the  structure  and  morphology  of  the  fuel  cell  cross-section  are
investigated,  and  the  corresponding  SEM  images  in Fig.  9(c)
reveal  no  structural  collapse  or  electrolyte  or  cathode  stripping,
indicating the structural stability of the fuel cell with PBFCo as the
cathode.  The  high  fuel  cell  performance  and  good  long-term
stability  prove  that  PBFCo  is  a  robust  and  suitable  cathode  for
PCFCs.

 
 

Fig. 9    (a) Long-term stability of fuel cell with PBFCo as cathode tested at a current density of 400 mA·cm−2 at 600 °C, (b) XRD patterns for PBFCo + BCZY before and
after co-firing, and (c) cross-sectional SEM images of fuel cell after long-term stability test.
 

4    Conclusions
In this study, the double perovskite material PBF was chosen as a
case  study  to  evaluate  the  effects  of  various  dopants  on  the
material  properties  and  their  consequent  impact  on  the  cathode
performance  of  PCFCs.  Cu,  Co,  Ni,  Mn,  and  Zn  dopants  were
utilized  to  modify  PBF.  It  was  discovered  that  different  dopants
may alter material properties in different ways and that no dopant
could improve all  the attributes to their  full  potential.  Zn doping
resulted  in  impurities.  Cu  dopant,  while  significantly  enhancing
VO,  degraded  other  properties.  Mn  dopant,  which  has  poor
performance  in  ORR  and  VO,  improved  hydration  and  proton
migration.  In  comparison,  Ni  and  Co  were  better  alternatives
since they improved VO,  ORR, hydration,  and proton migration,
although the improvement in VO was not as significant as that of
Cu-doped material. The use of Co dopant appeared to be a more
appropriate  option  because  it  improved  all  the  properties  more
than Ni dopant did, resulting in a good balance of multiple critical
properties.  The electrochemical  investigations of fuel  cells  proved
that  PBFCo  was  an  effective  and  robust  cathode  candidate  for
PCFCs,  with  high  fuel  cell  output  and  excellent  operational
stability,  outperforming  other  PBF-based  cathodes  in  this  study.
The  current  study  provided  a  promising  cathode  and,  more
importantly, proposed a reasonable approach to constructing high-
performance  cathodes  for  PCFCs  by  balancing  different
properties.
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