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Abstract: Designing  high-performance cathodes  is  crucial  for  proton-conducting  solid  oxide  fuel  cells  (H-SOFCs),  as  the
cathode  heavily  influences  cell  performance.  Although  manganate  cathodes  exhibit  superior  stability  and  thermal
compatibility,  their  poor  cathode  performance  at  intermediate  temperatures  renders  them  unsuitable  for  H-SOFC
applications. To address this issue, Sc is utilized as a dopant to modify the traditional La0.5Sr0.5MnO3 cathode at the La site.
Although the solubility of Sc at the La site is restricted to 2.5%, this modest quantity of Sc doping can improve the material's
oxygen  and  proton  transport  capabilities,  hence  improving  cathode  and  fuel  cell  performance.  Furthermore,  when  the
doping  concentration  exceeds  2.5%,  the  secondary  phase  ScMnO3 forms in  situ,  resulting  in  La0.475Sc0.025Sr0.5MnO3
(LScSM)+ScMnO3 nanocomposites.  Although the  secondary  phase  is  often  considered  undesirable,  the  high  protonation
capacity  of  ScMnO3 can  compensate  for  the  low proton  diffusion  ability  of  LScSM.  These  two  phases  complement  each
other  to  provide  high-performance  cathodes.  The  nominal  La0.4Sc0.1Sr0.5MnO3 is  the  optimal  composition,  which  takes
advantage  of  the  excellent  electronic  conductivity  and  fast  oxygen  diffusion  rates  of  LScSM,  as  well  as  the  good  proton
diffusion  capacity  of  ScMnO3,  to  produce  a  high  fuel  cell  output  of  1529  mW·cm−2 at  700  °C.  Furthermore,  the  fuel  cell
exhibited good operational stability under working conditions, indicating that La0.4Sc0.1Sr0.5MnO3 is a viable cathode choice
for H-SOFCs.

Keywords: LaMnO3; ScMnO3; cathode; proton conductor; solid oxide fuel cells (SOCFs)

 
1    Introduction
The  development  of  sustainable  technology  is  needed  to  address
the  current  energy  and  environmental  challenges  worldwide
[1−5]. Different technologies have been presented in recent years
[6−10],  and fuel  cells  have drawn great  interest  because they can
efficiently  transform  chemical  energy  into  electricity  while
generating few pollutants  [11,12].  Throughout  the  history  of  fuel
cell research, various fuel cell types have been proposed, with two
kinds receiving the greatest attention. One type consists of proton
exchange membrane fuel cells (PEMFCs) [13], whereas the other
consists  of  solid  oxide  fuel  cells  (SOCFs)  [14].  Compared  with
PEMFCs,  which  employ  polymer  electrolytes  and  noble  metal
electrodes, SOFCs use ceramic oxides as the primary components
[15,16],  avoiding  the  use  of  expensive  electrodes  and  liquid
leakage,  which  has  received  significant  attention  [17−19].
However,  the  working  temperature  of  traditional  SOFCs  is  high
(over  800  °C),  causing  numerous  issues  [20].  As  a  result,  one  of
the most important tasks in the SOFC community is to lower the
working temperature [21,22].

To  respond  to  this  call,  proton-conducting  SOFCs  (HSOFCs)
have  been  proposed  [23,24].  Unlike  traditional  SOFCs,  which
employ oxygen-ion conducting electrolytes, H-SOFCs use proton-

conducting electrolytes [25,26]. Because proton conductors have a
lower  activation  energy  than  do  oxygen  ion  conductors  [27,28],
the use of proton-conducting electrolytes allows SOFCs to operate
at  lower  temperatures.  Indeed,  some  oxygen-ion  conducting
SOFCs  (O-SOFCs)  still  perform  better  than  H-SOFCs  do.
However,  the  low  activation  energy  of  proton-conducting
electrolytes makes the operation of H-SOFCs at low temperatures
favorable. The performance of a fuel cell is influenced not only by
its electrolyte but also by its electrodes. Compared with O-SOFCs,
which  have  a  long  history,  the  development  of  H-SOFCs  has
flourished only recently. The search for and design of compatible
materials are still ongoing, and some excellent cathodes have been
proposed [29,30], greatly increasing the performance of H-SOFCs,
which  makes  them  sufficiently  competent  compared  with
O-SOFCs.  Currently,  research  on  H-SOFCs  has  become  a  hot
topic in the field [31,32].  However,  a  lower working temperature
results  in  sluggish cathode kinetics,  resulting in high polarization
resistance and affecting fuel cell  performance [33,34].  As a result,
the  H-SOFC  community  has  prioritized  the  development  of
appropriate cathode materials [35,36].

Various  materials  have  been  proposed  over  the  last  few
decades,  and  some  deliver  excellent  performance  [37,38].  The
protonation ability,  which can increase  the  cathode reaction area
and thus improve the cathode performance, is highly desirable for
H-SOFC cathodes  [39].  Because  of  the  peculiar  cathode  reaction
mechanism  of  H-SOFCs,  the  cathodes  should  be  explicitly
designed  for  this  application.  The  development  of  new  cathode
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materials  is  prompted  by  the  fact  that  existing  cathodes  typically
lack  protonation  capability,  rendering  cathodes  unsuitable  for
H-SOFC applications [40]. However, some classic materials, such
as  Sr-doped  LaMnO3,  have  shown  promise  in  practical
applications  because  of  their  high  chemical  stability,  thermal
compatibility, and long-term stability [41]. It is fair to expect that
the  performance  of  traditional  cathodes  for  H-SOFCs  can
improve if  protonation is  incorporated.  Wu et  al.  [42]  employed
Zn  to  dope  a  La0.5Sr0.5MnO3 cathode,  allowing  for  better
protonation  and  increased  cathode  and  fuel-cell  efficiency.
Dai et  al.  [43]  employed Sc  to  partially  substitute  for  Mn,  which
increased  the  catalytic  activity  of  La0.5Sr0.5MnO3.  All  of  these
studies  demonstrate  that  the  performance  of  standard
La0.5Sr0.5MnO3 cathodes  can  be  improved  to  meet  the  needs  of
H-SOFCs if proper tactics are used.

Notably, earlier research has focused mostly on B-site doping of
ABO3 perovskite  for  the  La0.5Sr0.5MnO3 cathode,  whereas  the
A-site doping has received less attention. Certain dopants, such as
Sc,  can  be  employed  at  both  the  A  and  B  sites  [44].  Therefore,
investigating  the  effect  of  A-site  doping  on  the  performance  of
La0.5Sr0.5MnO3 cathodes for H-SOFCs is interesting. In the present
study, Sc was utilized as a dopant at the A site to partially replace
La  in  La0.5Sr0.5MnO3.  The  solubility  of  Sc  in  La0.5Sr0.5MnO3,  the
formation  of  the  secondary  phase,  and  their  impact  on  the
cathode and fuel cell performance were investigated.

2    Materials and methods
La0.5−xScxSr0.5MnO3−δ (x = 0.025, 0.05, 0.1, and 0.2) was synthesized
via  a  sol–gel  technique,  with  preparation  details  available
elsewhere [45].  Metal nitrates were used as the starting materials,
and they were mixed via a stochiometric ratio in a water solution.
Citric acid was used as the complexing agent, and the molar ratio
of  citric  acid  was  1.5  times  greater  that  of  the  cations.  Then,
ammonium  solution  was  used  to  adjust  the  pH  value  to
approximately  8,  followed  by  evaporation  of  the  water  under
stirring. The solution became viscous and started to burn, leading
to the formation of ashes. The precursors were heated at 1000 °C
for  3  h  to  produce  the  target  material.  For  comparison,
conventional  La0.5Sr0.5MnO3 (LSM) without  Sc  doping was  made
via  the  same  method.  X-ray  diffraction  (XRD)  was  used  to
determine  the  phase  composition  of  the  produced  materials.
Transmission electron microscopy (TEM) was used to investigate
the  morphology  and  structure  of  the  material.  The  elemental
distribution of the material was determined via the TEM mapping
method.  ECR  measurements  were  performed  to  investigate  the
oxygen  and  proton  diffusion  capacities  of  the  materials.  Dense
bars were prepared for the measurements,  and the conductivities
of  the  materials  were  measured  with  a  digital  meter  via  the  DC
four-probe method. By altering the testing environment from air
to  50%  air,  the  conductivity  of  the  material  changed,  and  the
relaxation  time  reflected  the  degree  of  oxygen  diffusion  and
surface  exchange  rates.  Similarly,  changing  the  testing
environment from dry to humified air allowed the relaxation time
to  reflect  the  rates  of  proton  diffusion  and  surface  exchange.  To
gain  insight  into  the  material  properties,  first-principles
calculations  using  the  DFT  approach  were  performed  [46].  The
VASP program was utilized. The cutoff energy was set to 520 eV,
with a 4 × 4 × 4 k-point mesh. The Ueff value of 3.9 eV was applied
to  Mn.  Additional  computation  specifications  can  be  found  in
previous studies [47].

Fuel  cells  with  the  BaCe0.7Zr0.1Y0.2O3−δ (BCZY)  proton-
conducting  electrolyte  were  used  to  test  the  performance  of  the

La0.5−xScxSr0.5MnO3−δ cathodes  in  H-SOFCs.  The  proton
conductor  BCZY  was  produced  via  the  sol‒gel  process.  The
NiO+BCZY anode powder was prepared by mechanically mixing
NiO and BCZY at  a  weight  ratio  of  3  :  2  in  an ethanol  solution.
Then, the solution was dried in an oven to evaporate the ethanol,
forming  the  anode  powder.  The  anode  powder  was  pressed  to
form an anode substrate. The BCZY electrolyte powder was then
pressed onto the anode substrate, which was cosintered at 1350 °C
for 6 h to fabricate the half-cell. The La0.5−x ScxSr0.5MnO3−δ cathode
slurries,  which were made of the cathode powder, ethyl cellulose,
and terpineol at a weight ratio of 10 : 1 : 10, were painted on the
electrolyte surface and co-fired at 900 °C for 10 min, resulting in
full  cells.  Ag  paste  was  employed  as  a  current  collector  at  the
cathode side for all the cells. As the anode was a Ni-based cermet,
which is quite conductive, no current collector was applied to the
anode.  Silver  adhesive  paste  was  used  as  the  sealing  material,
which was dried at 150 °C for 2 h before fuel cell testing. The cells
were  tested  with  wet  H2 as  the  fuel.  The I‒V and  power  density
curves  were  recorded  via  an  electrochemical  workstation.
Electrochemical impedance spectroscopy (EIS) was used to study
the  cell  resistances  under  open  circuit  voltage  (OCV)  conditions
with  a  frequency  range  from  1  MHz  to  0.1  Hz.  The
microstructures of the fuel cells were studied by scanning electron
microscopy (SEM).

3    Results and discussion
Figure 1(a) displays the XRD patterns of La0.5−xScxSr0.5MnO3−δ (x =
0.025, 0.05, 0.1, and 0.2). La0.5−xScxSr0.5MnO3−δ with x = 0.025, 0.05,
0.1, and 0.2 are named LScSM, LSc5SM, LSc10SM, and LSc20SM,
respectively.  The  Sc  element  can  be  doped  at  the  La  or  Sr  sites
[44].  If  Sc  is  doped  at  the  Sr  site,  the  oxygen  vacancy  in  the
material  could be reduced,  considering the higher  valence of  Sc3+

than of Sr2+,  which might not be good for the catalytic activity of
the cathode. Therefore, Sc was selected to be doped at the La site
for this  study.  With x = 0.025,  a  pure-phase LScSM material  can
be  obtained.  In  contrast,  samples  with x =  0.05,  0.1,  and  0.2
present  an  apparent  secondary  phase  identified  as  ScMnO3.
Moreover,  the diffraction peak positions of  the samples with x =
0.05,  0.1,  and  0.2  at  approximately  32.8°  do  not  shift  relative  to
those  of  the  pure-phase  LScSM,  implying  that  more  Sc  cations
cannot  be  fully  incorporated  into  the  LSM  lattice  and  that  the
Sc-doping  concentration  at  the  A  site  is  restricted  to  0.025.  The
amount  of  the  ScMnO3 phase  increases  as  the  Sc  doping
concentration  increases. Figure  1(b)  displays  the  elemental
distribution of LSc10SM. Aside from a homogeneous distribution
of  La,  Sc,  Sr,  and  Mn  in  some  particles,  some  particles  exhibit
obvious accumulations of  Sc and Mn, implying the formation of
LScSM and ScMnO3 composites.  The  XRD results  further  prove
that the secondary phase is ScMnO3.

XRD  Rietveld  refinements  were  used  to  investigate  the  crystal
structure of the samples. The refinement patterns shown in Fig. 2
reveal that the samples are well fitted with reliability index factors
of χ2 =  1.47,  1.21,  1.43,  1.15,  1.26,  and  1.28  for  LSM,
La0.5−xScxSr0.5MnO3−δ (x =  0.025,  0.05,  0.1  and 0.2),  and ScMnO3,
respectively.  The  crystal  structure  of  LSM/LSScM  is  cubic  in  the
Pm-3m space  group,  whereas  ScMnO3 has  a  hexagonal  crystal
structure in the P63cm space group. The lattice parameters for the
LSM and LScSM are a = b = c = 3.835 and 3.816 Å, respectively.
Sc doping reduces the lattice parameters of the unit cell, which can
be  attributed  to  the  smaller  ionic  radius  of  Sc  than  that  of  La.
Moreover, the lattice parameters for LScSM acquired in LSc5SM,
LSc10SM, and LSc20SM are similar to those of pure LScSM, as are
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Fig. 1    (a) XRD patterns for ScMnO3, LSM, LScSM, LSc5SM, LSc10SM, and LSc20SM. The standard lines for LSM and ScMnO3 have been added as references. (b) TEM
elemental mapping of LSc10SM.

 

Fig. 2    XRD Rietveld refinements for LSM, ScMnO3, LScSM, LSc5SM, LSc10SM, and LSc20SM.
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the  lattice  parameters  for  ScMnO3 produced  in  LSc5SM,
LSc10SM,  and  LSc20SM.  The  weight  ratios  of  LScSM  and
ScMnO3 in  LSc5SM,  LSc10SM,  and  LSc20SM  are  98.64%  to
1.36%,  95.25%  to  4.75%,  and  86.35%  to  13.65%,  respectively,  as
indicated in Table 1. The weight concentration obtained from the
refinement  results  is  consistent  with  the  ratio  of  LScSM  and
ScMnO3 calculated  according  to  the  stoichiometric  ratio.  This
result  implies  that  with  increasing  concentrations  of  Sc  in  the
La0.5−xScxSr0.5MnO3−δ system  (x =  0.05,  0.1,  and  0.2),  the  phase
structure  maintained  LScSM  and  ScMnO3, with  no  further
incorporation of Sc into LScSM.

1̄0̄1 01̄1

102̄ 1̄02̄ 004̄

The high-resolution TEM (HRTEM) images in Fig. 3 provide a
further  demonstration  of  the  results  of  the  aforementioned
refinement.  The  cubic  structure  in  LSM,  LScSM,  and  LSc10SM
shows  the  crystallographic  planes  of  (110),  ( ),  and  ( )  with
spacings  of  2.715,  2.696,  and  2.694  Å,  respectively,  and  the
calculated  lattice  parameters  are  3.840,  3.813,  and  3.810  Å,
respectively.  Moreover,  ScMnO3 in  LSc10SM  has  a  hexagonal
structure  with crystallographic  planes  of  ( ),  ( ),  and ( ).
The corresponding spacings are 3.748, 3.748, and 2.795 Å, and the
calculated lattice parameters are a = b = 5.832 Å and c = 11.178 Å.
The  HRTEM  crystal  structure  and  lattice  parameters  agree  with
the XRD results.

Evo
Evo = Edefect+

1
2EO2 − Eperfect Edefect

EO2 Eperfect

Evo
Evo

Nonetheless,  a  modest  concentration  of  Sc  (x =  0.025)  can  be
incorporated into the LSM lattice. Therefore, investigating how Sc
in the lattice affects the performance of the LSM cathode would be
interesting. Before analyzing the pure-phase LScSM cathode for H-
SOFCs,  DFT  calculations  were  performed  to  evaluate  the
material's  atomic  characteristics. Figures  4(a)  and 4(b)  illustrate
the  computed  structure  of  the  pure-phase  LScSM,  as  well  as  the
structure  of  the  conventional  LSM.  Because  the  oxygen  vacancy
(Vo)  is  critical  for  cathodes,  the  Vo  formation  energies  ( )  for
LSM  and  LScSM  are  determined  according  to 

 [48],  in  which  is  the  total  energy  of  the
defective  bulk,  is  the  energy  of  O2,  and  is  the  total
energy  of  the  stoichiometric  bulk.  The  calculated  findings  show
that  for LSM is 2.14 eV, whereas it is decreased to 0.59 eV for
LScSM.  The  lower  indicates  a  reduced  energy  barrier  to
overcome,  implying  that  doping  Sc  into  LSM  can  facilitate  Vo
production  and  potentially  benefit  the  cathode  reaction.  X-ray
photoelectron  spectroscopy  (XPS)  confirmed  that  Sc  doping
improved Vo formation in LSM. Figures 4(c) and 4(d) depict the
XPS O 1s curves of LSM and LScSM. The ratio of oxygen species
associated with oxygen vacancies (O2

2–/O–) to lattice oxygen (Olat)
has  been  shown  to  represent  the  material  surface  (Vo)  [49,50].
The  ratios  for  LSM  and  LScSM  are  0.55  and  0.65,  respectively,
demonstrating that LSM has a higher Vo with Sc doping, which is
consistent with the DFT calculations.

H2O+V··
o + Ox

o → 2OH·

Ehydration = E2OH − Edefect − EH2O E2OH

Edefect

EH2O

The protonation ability is particularly desirable for the cathode
of  H-SOFCs.  Hence,  the  protonation  ability  of  LSM  with  and
without  Sc  doping  was  studied.  In  the  presence  of  H2O,  H2O
molecules  can be  incorporated into the  lattice,  producing proton
defects  according  to .  Therefore,  the
hydration  ability  is  used  to  evaluate  the  protonation  of  the
material.  The  hydration  energy  (Ehydration)  can  be  calculated
according to  [51], in which 
is  the  energy  of  the  crystal  with  two  additional  protons,  is
the total energy of the defective bulk, and  is the energy of an
H2O molecule. Ehydration of LSM and LScSM are determined to be
0.19  and −0.02  eV,  respectively.  The  inclusion  of  Sc  in  LSM
considerably  reduces  its Ehydration,  making  the  hydration  process
more favorable. Furthermore, research on the oxygen and proton
diffusion  properties  suggests  that  Sc  doping  may  be  beneficial.
Figure  5(a)  depicts  the  ECR  curves  of  LSM  and  LScSM  in  an
environment  that  transitions  from  air  to  50%  oxygen.  The
material conductivity varies as the oxygen partial pressure changes
but  eventually  achieves  a  new  equilibrium.  The  shorter  the
relaxation time is,  the greater  the oxygen diffusion ability  is  [52].
The  relaxation  time  for  LScSM  is  shorter  than  that  of  LSM,
indicating  that  LSM  with  Sc-doping  has  enhanced  oxygen
diffusion  kinetics.  Fitting  the  ECR  curves  yields  the  oxygen
diffusion  coefficient  (Do)  and  surface  exchange  coefficient  (ko)
values, as shown in Fig. 5(b). Both ko and Do values of LScSM are
greater  than  those  of  LSM,  indicating  that  LScSM  has  higher
oxygen diffusion and surface exchange rates than the Sc-free LSM
does.  Additionally,  doping  Sc  into  LSM  improves  the  proton
diffusion kinetics. Figures 5(c) and 5(d) depict the ECR curves of
LSM  and  LScSM  in  a  humidified  atmosphere.  When  H2O  is
added  to  the  atmosphere,  the  conductivity  changes  due  to  the
exchange of  charge carriers,  assuming that  the material  possesses
protonation  capacity  [53].  No  conductivity  change  is  found  for
LSM under such conditions, implying that no protonation occurs
for  LSM,  which  is  consistent  with  Ref.  [54].  In  contrast,  LScSM
exhibits  a  change  in  conductivity,  showing  that  protonation
occurs there. This result is consistent with the low Ehydration value of
LScSM.  However,  the  relaxation  period  of  approximately  4000  s
suggests  that  the  proton  diffusion  rates  are  low.  The  proton

 

Table 1    Lattice  parameters  and  weight  ratios  between  LSM/LScSM  and
ScMnO3 in ScMnO3, LSM, LScSM, LSc5SM, LSc10SM, and LSc20SM

Lattice parameter (Å)
wt% of LSM/

LScSM
wt% of

ScMnO3
LSM/LScSM ScMnO3

a = b = c a = b c
LSM 3.835 — — 100% —

ScMnO3 — 5.831 11.178 — 100%
LScSM 3.816 — — 100% —

LSc5SM 3.814 5.833 11.181 98.64% 1.36%
LSc10SM 3.815 5.830 11.175 95.25% 4.75%
LSc20SM 3.815 5.828 11.177 86.35% 13.65%

 

Fig. 3    HRTEM  images  of  (a)  LSM,  (b)  LScSM,  (c)  LScM,  and  (d)  ScMnO3

phases in LSc10SM.
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diffusion coefficient (DH) and surface exchange coefficient (kH) of
LScSM are 5.38×10−6 and 2.11×10−4 cm∙S−1,  respectively.  Although

LScSM  has  a  low  proton  diffusion  rate,  it  is  significantly  better
than standard LSM, which has no proton diffusion.

 

Fig. 4    Structures of (a) LSM and (b) LScSM. XPS O 1s curves for (c) LSM and (d) LScSM.

 

Fig. 5    (a) ECR curves for LSM and LScSM tested at 600 °C by changing atmosphere from air to 50% O2. (b) ko and Do values for LSM and LScSM. ECR curves for
(c) LSM and (d) LScSM tested at 600 °C by chaning atmosphere from dry to wet air. Humidity of wet air is approximately 3%.
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It  is  reasonable  to  expect  LScSM  to  outperform  the  standard
LSM for H-SOFCs because of its superior Vo, increased hydration
potential, and faster oxygen and proton diffusion rates. Figures 6(a)
and 6(b) illustrate the fuel cell performance of H-SOFCs with pure-
phase LSM and LScSM cathodes. The peak power density (PPD)
of  the  LSM  cell  is  303,  488,  and  693  mW∙cm−2 at  600,  650,  and
700 °C, respectively. The comparatively low performance of LSM
cell demonstrates that using a conventional LSM is not an optimal
strategy  for  H-SOFCs.  In  contrast,  using  the  LScSM  cathode
improved the fuel cell performance to 511, 708, and 930 mW∙cm−2

at 600, 650, and 700 °C, respectively, for the same cell,  indicating
that  the  LScSM  cathode  may  alleviate  the  low  performance  of
LSM. The EIS measurements show the resistances of both cells, as
illustrated  in Figs.  6(c)  and 6(d).  The  ohmic  resistances  (Ro)  of
LSM  and  LScSM  cells  are  similar,  measuring  0.129  and  0.127
Ω∙cm2,  respectively.  The  very  close Ro is  expected  because  both
cells employ the same half-cells with the same electrolyte thickness
and  have  similar  structures,  as  illustrated  in Figs.  6(e)  and 6(f).
Some pores can be observed at the electrolytes, but these pores are
close pores that are not connected, which cannot provide channels
for gas diffusion and, therefore, cannot lead to gas leakage. OCVs
for the LSM cell  are 1.03,  1.01,  and 1 V at  600,  650,  and 700 °C,
respectively, whereas OCVs for the LScSM cell are 1.04, 1.01, and
1 V at 600, 650, and 700 °C, respectively. These values are similar
to  the  OCV  values  reported  for  H-SOFCs  [17,39,40],  suggesting
that  the  close  pores  do  not  significantly  decrease  OCV.  In
contrast,  the  polarization  resistance  (Rp),  which  reveals  electrode
responses,  varies  between  these  two  cells.  The  LSM  and  LScSM
cells have Rp values of 0.12 and 0.084 Ω∙cm2, respectively. As both
cells  have  the  same  Ni+BCZY  anode,  the  difference  in Rp is
primarily  due  to  the  cathode.  As  a  result,  the  increased  cell
performance  is  mostly  due  to  the  superior  performance  of  the

LScSM  cathode  compared  with  that  of  the  conventional  LSM
cathode.  However,  it  should  be  emphasized  that  while  the  pure-
phase  LScSM  cathode  can  increase  performance,  the  fuel  cell
performance remains lower than that of many reported cathodes
[55,56], suggesting the need for further modification.

Considering the La0.5−xScxSr0.5MnO3−δ (x = 0.025, 0.05, 0.1, and
0.2) material system, the aforementioned phase study reveals that
the secondary phase ScMnO3 emerges when x > 0.025, resulting in
the ScMnO3+LScSM composite. Although attaining a pure phase
material  is  normally  the  goal,  several  recent  studies  have  shown
that the formation of a second phase due to a solubility limit is not
necessarily  detrimental  to  cathode  performance  [57].  The  new
phase  generated in  situ can  aid  in  the  cathode  reaction  if  it  has
adequate  catalytic  activity  [58,59].  As  a  result,  it  would  be  very
interesting  to  evaluate  whether  the  secondary  phase  ScMnO3
exhibited  sufficient  cathode  catalytic  activity  in  this  study.  DFT
calculations  were  utilized  to  investigate Evo and Ehydration of
ScMnO3. The predicted Evo and Ehydration values are 3.04 and −0.17 eV,
respectively.  The  relatively  high Evo value  suggests  that  the  Vo
production  is  not  viable  in  ScMnO3.  In  contrast, Ehydration is  low,
implying that ScMnO3 has excellent hydration properties.

Experimental tests are conducted to demonstrate the prediction
based on DFT calculations. Figure 7(a) shows the XPS O 1s curve
for  ScMnO3.  The  proportion  of  oxygen species  linked  to  oxygen
vacancies and lattice oxygen is 0.47, which is lower than not only
LScSM but also traditional LSM, implying that the Vo content in
ScMnO3 is  lower  than that  in  pure-phase  LScSM and traditional
LSM. Figures  7(b)  and 7(c)  present  the  results  of  the  ECR
measurements  used  to  evaluate  the  diffusion  of  oxygen  and
protons.  The  relaxation  time  for  ScMnO3 in  an  environment
changed  from  air  to  50%  O2 is  approximately  2000  s,  which  is
much  longer  than  the  relaxation  time  for  LSM  and  LScSM,

 

Fig. 6    Performance of H-SOFCs using (a) LSM and (b) LScSM cathodes.  EIS plots of (c) LSM and (d) LScSM cells tested at 700 °C. SEM images of (e) LSM and
(f) LScSM cells after testing.
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implying  much  slower  oxygen  diffusion  and  surface  exchange
kinetics  for  ScMnO3,  with Do and Ko values  of  1.76×10−5 and
2.47×10−4 cm∙S−1,  respectively.  In  contrast,  proton  diffusion  and
surface  exchange  are  rapid,  as  indicated  by  the  short  relaxation
time caused by the introduction of water into the atmosphere. The
DH and kH values  of  ScMnO3 are  9.98×10−5 and 1.08×10−3 cm∙S−1,
respectively,  which  are  significantly  greater  than  those  of  LScSM
under  the  same  conditions.  These  findings  are  somewhat
compatible  with  the  previous  experimental  and  DFT  calculation
results.  Given  its  low Ehydration value  and  rapid  proton  diffusion
rate,  ScMnO3 appears  to  be  a  promising  candidate  for  H-SOFC
applications.  Therefore,  the performance of  H-SOFCs employing
the ScMnO3 cathode was examined.

Figure  8(a)  depicts  the  performance  of  H-SOFC  with  the
ScMnO3 cathode. PPD of the cell was determined to be 491, 695,
and 902 mW∙cm−2 at 600, 650, and 700 °C, respectively. Although
the  performance  is  not  poor,  ScMnO3 does  not  compare
adequately  to  other  high-performance  cathodes  when  it  is
employed  alone  [60−62].  The  resistance  of  the  ScMnO3 cell  was
evaluated  via  EIS,  as  shown  in Fig.  8(b),  and  the  results  indicate
that Ro is 0.14, and Rp is 0.099 Ω∙cm2 at 700 °C. The relatively low
performance  is  likely  due  to  the  low  Vo  content  and  sluggish
oxygen  diffusion  kinetics,  resulting  in  a  relatively  large Rp.
However, some research suggests that the cathode could perform
well  in  H-SOFCs  even  if  its  oxygen  diffusion  is  low,  assuming
excellent  protonation.  It  is  known  from  the  reaction  mechanism
of  H-SOFCs  that  the  proton  passes  through  the  electrolyte  and
reaches the cathode side [63]. If the cathode material has sufficient

protonation, the proton can continue to move in the cathode and
then react with O2 at the cathode surface. In this case, the cathode
reaction active area can be extended to the entire cathode surface
even if  the cathode has  poor oxygen diffusion ability  [64].  Given
the  low Ehydration and  high  proton  diffusion  kinetics  of  ScMnO3,
other  parameters  may  influence  the  cathode  performance  in
addition  to  the  Vo  content  and  oxygen  transport  kinetics.
Notably, Ro of the ScMnO3 cell  is greater than those of LSM and
LScSM  cells,  suggesting  that  cathode  conduction  may  be  poor.
Figure 8(c) depicts the electrical conductivity of ScMnO3 together
with  LScSM.  At  intermediate  temperatures,  the  conductivity  of
ScMnO3 is  measured  to  be  around  1×10−2 S∙cm−1,  which  is
significantly  lower  than  the  conductivity  necessary  for  SOFC
electrodes  [65].  The  comparatively  poor  cathode  performance  of
ScMnO3 could  also  be  due  to  its  extremely  low  conductivity.  In
contrast, the LScSM exhibited large conductivities at intermediate
temperatures,  reaching  a  few  hundred  S∙cm−1.  A  cross-sectional
view  of  the  ScMnO3 cell  is  shown  in Fig.  8(d).  This  cell  has
microstructures similar to those of the other cells in this study.

Notably,  while  the  performances  of  the  LScSM  and  ScMnO3
cells  are  comparable,  they  are  influenced  by  distinct  factors.
LScSM has a large Vo content, fast oxygen diffusion kinetics, and
high  conductivity,  but  its  hydration  ability  and  proton  diffusion
kinetics are lower than those of ScMnO3. Compared with LScSM,
ScMnO3 has  a  poorer  Vo  content,  slower  oxygen  transport
kinetics,  and  lower  conductivity.  However,  its  good  protonation
and  proton  diffusion  abilities  can  compensate  for  the
disadvantages  of  LScSM.  As  a  result,  combining  LScSM  and

 

Fig. 7    (a) XPS O 1s curve for ScMnO3. ECR curves tested at 600 °C for ScMnO3 in atmosphere changed with (b) partial pressure of oxygen and (c) partial pressure
of water.                 

 

Fig. 8    (a) Fuel cell performance and (b) EIS plot for ScMnO3 cell. (c) Conductivity of ScMnO3 and LScSM. (d) SEM image of ScMnO3 cell after testing.
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ScMnO3 by leveraging their respective benefits is feasible, making
the  evaluation  of  the  performance  of  LSc5SM,  LSc10SM,  and
LSc20SM, which are composites of LScSM+ScMnO3, fascinating.

Figures  9(a)–9(c)  depict  the  performance  of  H-SOFCs  with
LSc5SM, LSc10SM, and LSc20SM cathodes.  The LSc5SM cell  has
PPDs  of  608,  919,  and  1255  mW∙cm-2 at  600,  650,  and  700  °C,
respectively.  The  performance  is  superior  to  that  of  cells
employing  the  LScSM  or  ScMnO3 cathode  alone,  demonstrating
that  the  synergistic  effect  of  LScSM  and  ScMnO3 improves  cell
performance.  The  performance  of  the  LSc10SM  cell  is  further
enhanced with PPDs of 732, 1117, and 1529 mW∙cm−2 at 600, 650,
and  700  °C,  respectively,  indicating  that  good  protonation  and
proton  diffusion  abilities  continue  to  increase  the  cathode
performance  when  the  Sc-doping  concentration  approaches
10  mol%.  However,  the  performance  of  LSc20SM  has  not
increased  further.  PPDs  of  the  LSc20SM  cell  are  538,  821,  and
1156  mW∙cm−2 at  600,  650,  and  700  °C,  respectively,  which  are
lower  than  those  of  the  LS10SM  cell,  suggesting  that  an
overabundance of ScMnO3 degrades the overall cell performance.
Figures  9(d)–9(f)  show  SEM  images  of  the  LSc5SM,  LSc10SM,

and  LSc20SM  cells  following  testing.  All  three  cells  have  similar
microstructures,  indicating  that  the  differences  in  performance
cannot  be  attributed  mainly  to  microstructure  concerns.  Cell
resistance was further investigated. Figures 9(g)–9(i) show the EIS
plots  for  the  cells  with  the  LSc5SM,  LSc10SM,  and  LSc20SM
cathodes.  The Ro values  are  0.126,  0.123,  and  0.128  Ω∙cm2 for
LSc5SM,  LSc10SM,  and  LSc20SM,  respectively.  Notably, Ro is
similar  in  all  three  cells.  Although  ScMnO3 has  relatively  poor
electronic  conductivity,  the  high  conductivity  of  LScSM  can
partially  compensate  for  it  when the  LScSM+ScMnO3 composite
cathode  is  established,  so  the  low  electronic  conductivity  of
ScMnO3 has  little  effect  on  the Ro of  the  cells.  The Rp values  for
LSc5SM,  LSc10SM,  and  LSc20SM  differ  significantly,
corresponding  to  values  of  0.058,  0.045,  and 0.065  Ω∙cm2,
respectively.  The  use  of  an  LScSM+ScMnO3 composite  cathode
results  in  lower Rp values  than  those  of  a  pure-phase  LScSM  or
ScMnO3. However, the variable LScSM and ScMnO3 ratios in the
composite  cathode  considerably  impact  the  cathode  activity  and
thus Rp.

Figure  10 shows  SEM  images  of  the  cathode/electrolyte
 

Fig. 9    Fuel cell performance, microstructures, and EIS plots tested at 700 °C for H-SOFCs with LSc5SM, LSc10SM, and LSc20SM cathodes.
 

Fig. 10    Cathode/electrolyte interface and cathode microstructure of H-SOFCs with LSc5SM, LSc10SM, and LSc20SM cathodes.
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interface  and  the  cathode  for  H-SOFCs  using  the  LSc5SM,
LSc10SM,  and  LSc20SM  cathodes.  One  can  see  that  the  cathode
layer  connects  well  to  the  electrolyte  layer  even  after  fuel  cell
testing. The different ratios of LScSM and ScMnO3 do not seem to
influence the good thermal compatibility between the cathode and
the  electrolyte,  probably  because  of  the  matchable  thermal
expansion of the manganate cathodes with the electrolytes [66]. In
addition,  the  LSc5SM,  LSc10SM,  and  LSc20SM  cathodes  exhibit
similar microstructures, suggesting that the different Rp values are
due  to  the  different  cathode  catalytic  activities  rather  than
microstructure issues.

Figure  11 depicts  the  cathode  reactions  of  LSc5SM,  LSc10SM,
and  LSc20SM.  Although  all  three  materials  are  composed  of
LScSM+ScMnO3,  the  reactions  vary  due  to  the  varying  LScSM
and  ScMnO3 ratios.  Because  the  ScMnO3 phase  is  small  in
LSc5SM,  the  majority  of  the  reactions  occur  at  the  LScSM  site.
Since proton diffusion in LScSM is slow, the presence of ScMnO3
can  aid  in  proton  diffusion  throughout  the  cathode,  hence
resolving  the  bottleneck  problem.  When  the  ScMnO3
concentration is low, it has no effect on the overall conductivity or
oxygen  diffusion  ability  of  the  cathode,  resulting  in  better
performance.  By  increasing  the  Sc  doping  level  in  LSc10SM,  the
amount  of  produced  ScMnO3 increases  in  the  LScSM+ScMnO3
composite,  which,  in  theory,  increases  the  degree  of  cathode
proton  diffusion  but  decreases  the  conductivity  and  oxygen
transport  ability.  The  preceding  electrochemical  measurements
show  that  the  performance  of  the  LS10SM  cathode  remains
greater  than  that  of  the  LS5SM  cathode,  demonstrating  that  an

increase in proton diffusion is preferable and may compensate for
the  loss  of  conductivity  and  oxygen  diffusion  ability.  However,
when the Sc-doping level is increased to 20 mol%, more ScMnO3
is  generated  for  LSc20SM,  reducing  the  local  conductivity  and
oxygen  diffusion  capacity  of  the  cathode  while  improving  the
proton  transport  ability.  The  enhanced  proton  transport  cannot
fully  compensate  for  the  decreased  conductivity  and  oxygen
diffusion capacity, resulting in reduced cathode catalytic activity. It
can  be  concluded  that  a  suitable  amount  of  ScMnO3 in  the
LScSM+ScMnO3 composite  can  increase  cathode  performance,
but too much ScMnO3 has a detrimental influence.

In  addition  to  outstanding  cell  output  performance,  the  good
stability  of  the  fuel  cell  is  desirable.  Therefore,  the  chemical
stability  of  the  cathode  material  was  examined.  As  LSc10SM
consists of LScSM and ScMnO3, the chemical stabilities of LScSM,
ScMnO3,  and  LSc10SM in  CO2 and  H2O are  examined,  and  the
results are shown in Fig. 12. The LScSM, ScMnO3,  and LSc10SM
powders  were  treated  in  a  10%  CO2-containing  atmosphere  or
30% H2O-containing atmosphere, and XRD was used to examine
the phase of the powders before and after the treatments. No extra
phase  can  be  detected  for  any  of  the  three  materials  after
treatment,  suggesting  good  stability  of  LScSM,  ScMnO3,  and
LSc10SM in CO2 and H2O.

Additionally, the chemical compatibility between the LSc10SM
cathode and the BCZY electrolyte material was examined, and the
results  revealed  good  chemical  compatibility  between  these  two
materials.  The  LSc10SM  powder  was  co-fired  together  with  the
BCZY  electrolyte  powder  at  900  °C,  which  was  the  cathode

 

Fig. 11    Scheme for cathode reactions of (a) LSc5SM, (b) LSc10SM, and (c) LSc20SM.
 

Fig. 12    XRD patterns for (a) LScSM, (b) ScMnO3, and (c) LSc10SM before and after treatment in 10% CO2 at 600 °C for 10 h. XRD patterns for (d) LScSM, (e) ScMnO3,
and (f) LSc10SM before and after treatment in 30% H2O at 600 °C for 10 h.
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fabrication  temperature.  XRD  was  used  to  examine  the  phase  of
the  composite  powder  before  and  after  co-firing,  and  the  results
are  shown  in Fig.  13(a).  No  extra  peak  can  be  observed  for  the
powder  after  co-firing,  suggesting  that  there  is  no  reaction
between  LSc10SM  and  BCZY  at  the  cathode  co-firing
temperature. A further examination was carried out to determine
the  long-term  chemical  compatibility  between  LSc10SM  and
BCZY  at  the  H-SOFC  working  temperature.  The
LSc10SM+BCZY  composite  powder  was  heated  at  the  fuel  cell
working  temperature  (600  °C)  for  100  h,  and  XRD  was  used  to
examine  the  possible  phase  change  after  co-firing.  The  result  is
shown in Fig. 13(b), and one can see that the LSc10SM and BCZY
structures  remain  unchanged.  Furthermore,  no  new  phase  was
observed, indicating that no reaction occurred between LSc10SM
and  BCZY  even  after  100  h  of  treatment  at  600  °C.  This  result
further  confirms  the  good  chemical  compatibility  between
LSc10SM and BCZY in fuel cell applications. Because of the good
chemical  stability  and  compatibility  of  LSc10SM,  it  is  reasonable
to predict that the fuel cell with the LSc10SM cathode can exhibit

sufficient  stability  under  working  conditions.  The  operational
stability  of  the  fuel  cell  with  the  LSc10SM  cathode  was
subsequently  tested,  and  the  findings  are  shown  in Fig.  13(c).
There was no visible degradation in the cell after more than 100 h
of  continuous  operation  with  the  LSc10SM  cathode,  indicating
that  the  cell  was  stable  under  working  conditions.  The  superior
stability  and  outstanding  electrochemical  performance  make
LSc10SM an ideal  cathode for  H-SOFCs.  The Sc-doping strategy
has been recognized as  effective in several  studies  with the B site
doping in ABO3 perovskite oxides, which can improve the oxygen
reduction  reaction  (ORR)  ability  of  the  cathode  and  sometimes
can increase protonation. Although the doping of Sc at the A site
has rarely been reported,  the present study shows that doping Sc
at the A site can also be helpful for improving the performance of
traditional  LSM  cathodes,  which  may  be  employed  for  other
cathodes.  Additionally,  the  low solubility  of  Sc  at  the  A site  may
generate  a  secondary  phase,  which can be  used for  the  design of
nanocomposite cathodes for H-SOFCs.

 
 

Fig. 13    XRD patterns of LSc10SM+BCZY powder before and after co-firing at (a) 900 °C for 10 min and (b) 600 °C for 100 h. (c) Operational stability of the LSc10SM
cell tested at 600 °C with a constant current density (I) of 200 mA·cm−2.
 

4    Conclusions
In this study, Sc was employed as a dopant to modify classic LSMs
by  replacing  some  La  atoms.  The  solubility  of  Sc  in  LSM  was
limited  to  2.5%,  and  additional  doping  of  Sc  can  result  in  the
synthesis  of  ScMnO3 as  the  secondary  phase,  forming  the
LScSM+ScMnO3 composite  oxide.  Despite  the  low  Sc
concentration of LSM, the newly produced LScSM oxide showed
superior oxygen and proton transport capacities to those of LSM,
enabling  higher  performance  of  H-SOFCs  using  the  LScSM
cathode  than  those  using  the  LSM  cathode.  However,  the
performance  of  the  cell  using  the  pure-phase  LScSM  cathode
remains inferior to that of recently constructed high-performance
H-SOFC cathodes.  ScMnO3 was  the  secondary  phase  during  the
synthesis  of  La0.5−xScxSr0.5MnO3−δ when  the x value  was  greater
than  0.025,  but  it  showed  good  protonation.  Furthermore,  the

drawbacks  of  ScMnO3,  such  as  low  electronic  conductivity  and
slow  oxygen  diffusion  rates,  were  compensated  by  pure-phase
LScSM, whereas the slow proton diffusion kinetics of LScSM can
be  mitigated  with  ScMnO3,  making  the  LScSM+ScMnO3
composite  cathode  an  interesting  candidate  for  H-SOFCs.  The
LScSM+ScMnO3 composite  cathodes  demonstrated  an  apparent
synergistic  effect,  enhancing  fuel  cell  performance  and
outperforming  fuel  cells  employing  only  LScSM  or  ScMnO3
cathodes.  The LSc10SM cathode was discovered to have an ideal
composition,  with  the  ratio  of  LScSM  and  ScMnO3 effectively
balancing  electronic  conduction,  proton  diffusion,  and  oxygen
diffusion, resulting in a high fuel cell  output of 1529 mW∙cm−2 at
700 °C, along with excellent operational stability.
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