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ABSTRACT: Achieving  high  performance  in  solid  oxide  fuel
cells  (SOFCs)  under  low-temperature  operation  remains
hindered  by  the  lack  of  efficient  electrolytes  that  can
simultaneously  ensure  fast  ion  transport  and  negligible
electron  leakage.  Here,  we  introduce  a  ternary  multi-
heterojunction  composite  electrolyte  based  on  p-type  NiO,
n-type  Li0.25Sn0.75O2−δ  (LS),  and  Sm0.2Ce0.8O2−δ  (SDC)  to  testify
its  high-performance  capability  in  low-temperature  SOFCs.
The  unique  configuration  integrates  two  p–n  and  one  n–n
junctions,  which  can  promote  the  oxygen  ion  transport  while
eliminating  electronic  short-circuiting.  The  optimized
NLS–SDC 6:4 heterostructure (in mass ratio, and NLS stands
for the NiO–LS composite precusor prepared in molar ratio of
8:9)  achieves  a  record  of  an  ionic  conductivity  around
0.348 S·cm−1 and a peak power density (PPD) of 916 mW·cm−2 at 550 °C, and a long-term stability of over 280 h operation at
150 mA·cm−2.  Multi-scale characterizations coupled with the density functional theory analyses confirm that the interfacial
band alignment  and oxygen vacancy enrichment  synergistically  drive  the exceptional  ion  transport  properties.  This  study
highlights multi‐heterojunction engineering of simple oxides as a versatile and scalable strategy for next-generation SOFC
electrolytes,  with  broad  implications  for  solid  oxide  electrolysis,  solar  energy  conversion,  and  selective  ion-conducting
membranes.
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 1    Introduction
The rapid growth of global energy demand calls for sustainable and
efficient  energy  conversion  technologies.  Among  various
candidates,  proton  exchange  membrane  fuel  cells  (PEMFCs)  and
solid oxide fuel  cells  (SOFCs) have attracted wide attention due to
their  high  efficiency  and  environmental  compatibility  [1−3].

Conventional  SOFCs,  however,  typically  operate  at  800–1000  °C,
imposing stringent requirements on material  stability,  sealing,
and  system safety.  Reducing  the  operating  temperature  to  the
intermediate or low‐temperature regime (< 600 °C) is therefore
a  key  challenge  for  achieving  practical  deployment  of  SOFCs
[4, 5].  A  major  bottleneck  lies  in  developing  electrolytes  that
simultaneously  offer  high  ionic  conductivity,  low  electronic
leakage, and long‐term stability under these conditions.

The concept of  semiconductor heterojunction electrolytes  offers
a  promising  route  to  address  this  challenge  [6, 7].  Unlike
conventional  electronically  insulating  electrolytes,  these
systems exploit built‐in electric fields (BIEFs) at semiconductor
heterointerfaces  to  suppress  electron  transport  while
promoting ion mobility [6−11]. Several binary p–n heterojunction
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systems,  such  as  Sm0.2Ce0.8O2−δ (SDC)–La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF)
and  SDC–SrCo0.8Nb0.1Ta0.1O3−δ (SCNT),  have  been  demonstrated,
exhibiting  superior  ionic  conductivity  and  fuel  cell  performance
compared  with  traditional  yttrium-stabilized  zirconia  (YSZ)  and
SDC  at  reduced  temperatures  [7, 8].  However,  their  long ‐term
stability  remains  insufficient,  with  most  systems  showing
substantial  degradation  within ~  50  h  of  operation  [7, 9−11].
Moreover,  the  electric  field  strength  of  simple  binary
heterojunctions is often inadequate to fully block electronic leakage,
limiting further performance gains.

Multicomponent  semiconductor  heterostructures,  incorporating
more  than  two  phases,  can  generate  stronger  BIEFs  and  richer
interfacial  environments  than  binary  systems  [12, 13].  The
coexistence of multiple p–n and n–n junctions has the potential to
further suppress electronic conduction, reduce the activation energy
(Ea)  for  ion  transport,  and  stabilize  oxygen  vacancy  distributions.
The p–n heterointerface induces intense electron scattering,  which
effectively enhances the selectivity of ions conduction channels [14].

In this  study,  we report  a  ternary heterojunction composite
electrolyte  composed  of  p ‐type  NiO  and  n ‐type  Li0.25Sn0.75O2−δ

(LS)  and SDC. The choice of  materials  was guided by the need to
integrate a well-known p-type phase (NiO), an n-type phase with a
wide  bandgap for  strong band bending  (LS),  and an n-type  phase
known  for  its  excellent  ionic  conduction  (SDC).  The  multi-
heterojunction  system  integrates  two  p–n  interfaces  and  one  n–n
interface, where the n–n junction exerts a significant enhancement
effect on the p–n junctions. Specifically, the additional BIEF formed
at  the  n–n  interface  couples  with  the  electric  fields  at  the  p–n
interfaces. This coupling not only expands the effective range of the
space charge region but also optimizes the charge distribution at the
interfaces  through  synergistic  modulation  of  the  band  structure
[9, 15−17].  On  one  hand,  this  coupling  mechanism  enhances  the
ion  migration  capability;  on  the  other  hand,  the  superposition  of
band  bending  further  suppresses  electron  transport,  thereby
strengthening  electron  blocking.  Meanwhile,  the  multi-interface
configuration provides more abundant active sites for the formation
and  stabilization  of  oxygen  vacancies,  effectively  regulating  their
formation  energy  and  distribution  stability  [18−22].  As  a  result,
more efficient and stable ion transport channels are established (see
Scheme  1).  Density  functional  theory  (DFT)  calculations  and
spectroscopic  characterization  further  confirm  that  the  increased
oxygen  vacancies  and  decreased  formation  energy  of  oxygen
vacancy  enable  a  rapid  ion  transport  in  the  ternary  system.  This

work  establishes  multi-heterojunction  engineering  as  an  effective
strategy  for  developing  durable  electrolytes  for  low-temperature
SOFCs (LT-SOFCs).

 2    Results and discussion

 2.1    Structure and heterostructure interface
The  synthesis  methods  for  NiO–LS–SDC  (NLS)  and  NLS–SDC
composites  are  detailed  in  the  Electronic  Supplementary  Material
(ESM). Figures  1(a)−1(c) showcase  the  crystal  structures  of  the
ternary material system, LS, NiO, and SDC, which form the multi-
heterojunction  composite. Figure  1(d) reveals  the  characteristic
diffraction  peaks  of  both  LS  and  NiO  in  the  X-ray  diffraction
(XRD)  patterns  of  NLS  and  NLS–SDC.  Similarly,  the  diffraction

 

Figure 1    ((a)–(c))  The  crystal  structures  of  (a)  LS,  (b)  NiO,  and  (c)  SDC.  (d)
The XRD patterns of NiO, LS, NLS, SDC, and NLS–SDC 6:4. (e) Raman spectra
of NLS–SDC (8:2, 7:3, 6:4, and 5:5). (f) Field emission SEM image of NLS–SDC
6:4 surface and (g) the cross-sectional view of the cell after cell evaluation.

 

Scheme 1    Fuel cells with an NLS–SDC composite electrolyte and the operating mechanism of the triple heterojunction.
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patterns  of  LS–SDC and  NiO–SDC exhibit  characteristic  peaks  of
LS and NiO (Fig. S1(a) in the ESM). All  reflections are indexed to
the  tetragonal  rutile  structure  of  SnO2 (PDF#41-1445),  the  cubic
rock-salt  structure  of  NiO  (PDF#89-7130),  and  the  cubic  fluorite
structure of SDC (PDF#97-002-8792). Analyses of Figs. S1(b)–S1(e)
in  the  ESM  collectively  demonstrate  successful  Li  incorporation
into  the  SnO2 lattice  and  formation  of  a  stable  NLS–SDC.  The
material  maintains  robust  structural  integrity  and thermochemical
stability  at  the  operating temperatures  (450–550 °C).  These  results
confirm  that  Li  occupies  SnO2 lattice  sites,  but  note  unit  cells  in
NLS materials, establishing NLS as a dual-phase composite formed
by physical mixing of NiO and LS.

Figure  1(e) shows  the  Raman  spectra  of  SDC,  NLS,  and  their
composites  with  different  ratios  excited  by  a  532  nm  laser,
presenting  multiple  significant  characteristic  peaks.  These  peaks
correspond  to  the  symmetric  stretching  vibration  of  Ce–O–Ce
(465  cm−1)  [23],  Ni–O  vibration  (508  cm−1),  and  overlapping
vibration  signals  of  Li–O  and  Sn–O  (622  cm−1),  respectively.  No
other characteristic peaks appeared in the spectra, indicating that no
new  chemical  bonds  were  formed  in  the  composites.  As  the  SDC
content  increased,  the  peak  intensities  corresponding  to  the
overlapping  vibration  of  Li–O  and  Sn–O  are  gradually  weakened,
while  that  corresponding  to  the  Ce–O–Ce  vibration  gradually
strengthens,  confirming  the  coexistence  of  SDC  and  NLS  in  the
heterostructure. Figure S2 in the ESM demonstrates that the peaks
at 508, 585, and 633 cm−1 correspond to Li–O and Sn–O vibrations.
The  Raman  spectra  show  no  formation  of  new  chemical  bonds.
Combined  with  XRD  results,  all  data  confirm  excellent  chemical
stability in the NLS–SDC heterostructured composite material.

Figure  1(f) shows  the  scanning  electron  microscopy  (SEM)
image  of  the  NLS–SDC  6:4  composite  powder  material.  It  can  be
seen  that  the  powder  particles  are  uniformly  distributed,  with
particle  sizes  ranging from 20 to 150 nm. Figure 1(g) is  the cross-
sectional view of the cell after cell performance evaluation. It can be
clearly  seen  that  the  cross-section  of  the  cell  has  a  sandwich
structure  of  Ni-NCAL  (NCAL  stands  for  Ni0.8Co0.15Al0.05LiO2−δ,

cathode)–NLS–SDC  6:4  (electrolyte)–Ni-NCAL  (anode).  The
thickness  of  the  electrolyte  is  approximately  550  μm.  Figure  S3  in
the ESM shows the energy-dispersive X-ray spectroscopy (EDX) of
the main elements selected at the cell interface. The main elements
Li,  Ni,  Ce,  Sm,  Sn,  and  O  of  the  heterostructure  composite
electrolyte  are  uniformly  distributed  throughout  the  electrolyte
region without obvious agglomeration.

110

011

110

Experimental  results  indicate  that  the  microstructure  of
NLS–SDC  heterostructure  composites  plays  a  crucial  role  in  the
efficient  electrochemical  transport  of  ions.  To  determine  the
detailed  morphology  and  interface  distribution  of  the  samples,
microstructural  analysis  of  the  composites  was  performed  using
high-resolution  transmission  electron  microscopy  (TEM).
Figure  2(a) shows the  microstructure  of  LS  materials  on the  ( )
crystal plane and their corresponding fast Fourier transform (FFT)
patterns.  The spacings along the [110] and [111] crystal  directions
are  calculated  as  3.34  and  2.31  Å,  respectively.  While  for  NiO
materials  on  the  ( )  plane,  as  shown  in Fig.  2(b),  the  lattice
spacings  along the [111]  and [200]  crystal  directions are  identified
as  2.42  and  2.11  Å,  matching  the  literature  values  [24].  Similarly,
Fig. 2(c) shows the SDC materials on the ( ) plane, and the lattice
spacings along the [220] and [111] crystal  directions are estimated
as 1.91 and 3.12 Å, in good agreement with the reported data [14].
Figure 2(d) shows the heterojunction interface formed by the (110)
crystal  plane  of  LS  and  the  (200)  crystal  plane  of  NiO.  As  for  the
NLS–SDC composites, particles of LS, NiO, and SDC (three-phase
materials)  interact  with  each  other,  forming  well-distributed
heterointerfaces between particles,  as shown in Fig.  2(e).  Figure S4
in  the  ESM  shows  the  elemental  distribution  in  the  triple-phase
boundary  region,  where  each  element  is  predominantly  located
within  its  respective  grain  regions.  When  grains  of  different
materials  come  into  contact  to  form  heterointerfaces,  in  which
lattice mismatch induces localized lattice distortion accompanied by
alterations in lattice parameters. Such structural distortion perturbs
the  occupancy  stability  and  migration  behavior  of  oxygen  atoms
within the lattice, thereby facilitating the release of originally stable

 

Figure 2    ((a)–(c)) High-resolution TEM and the corresponding FFT images of (a) LS, (b) NiO, and (c) SDC. ((d) and (e)) Interfaces in the (d) NLS and (e) NLS–SDC
heterostructure, along with their corresponding lattice spacings.
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oxygen atoms from their lattice sites and promoting the formation
of  oxygen  vacancies  [25−27].  These  heterointerfaces  generate
multiple  different  types  of  heterojunctions,  which  eventually
contribute to the increase in ionic conductivity and the suppression
of  electronic  conductivity  of  the  material,  and  thereby  the
performance improvement of fuel cells, as discussed later.

 2.2    Fuel cell performance and electrochemical impedance
spectroscopy (EIS) evaluation
Different  from  traditional  heterojunction  electrolyte  fuel  cells,  this
study  adopted  a  three-phase  semiconductor  composite  electrolyte
material  for  LT-SOFC  investigation.  Current–voltage  (I–V)  and
current–power  density  (I–P)  tests  were  conducted  to  evaluate  the

electrochemical  performance  of  the  fuel  cells  using  various
individual  prepared  components  as  electrolytes. Figure  3(a)
presents  the I–V–P performance  of  fuel  cells  with  different
electrolyte  materials  measured  in  H2/air  atmosphere  at
temperatures ranging from 450 to 550 °C. The results demonstrate
that  the  NLS–SDC  6:4  composite  exhibits  superior  performance
compared  to  other  electrolytes.  Corresponding I–V and I–P
characteristics  for  fuel  cells  employing  NLS–SDC  (7:3  and  5:5),
NiO–SDC  6:4,  and  LS–SDC  6:4  as  electrolytes  under  identical
conditions can be found in Figs. S5(a)–S5(d) in the ESM.

The  peak  power  densities  (PPD)  for  fuel  cells  with  NiO–SDC
and  NLS  electrolytes  were  only  282  and  447  mW·cm−2 at  550  °C,
respectively. For the NiO–SDC composite electrolyte, the relatively

 

Figure 3    (a) I–V–P curves of fuel cells with different electrolytes, NLS–SDC 6:4, SDC, and NLS at varying temperatures (450–550 °C), with all tests conducted in a H2/air
atmosphere. (b) Electrochemical impedance spectra of NLS–SDC 6:4 and NLS within the working temperature range of 450–550 °C, along with those of NLS–SDC (5:5,
6:4, and 7:3) and NLS at 550 °C. (c) Temperature-dependent ionic conductivities and diffusion activation energies of NLS–SDC (5:5, 6:4, and 7:3) and NLS. (d) Long-term
operation stability test of the fuel cell with NLS–SDC heterostructure electrolyte at a constant current density of 150 mA·cm−2 under the operating temperature of 550 °C
in a H2/air environment.
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poor ionic conductivity and high diffusion activation energy at low
temperatures  (450–550  °C)  (Fig.  S6(b)  in  the  ESM)  are  the  main
drawbacks.  Furthermore,  the  electrolyte  material  was  not  well
sintered  when  applied  in  the  semiconductor  fuel  cell  evaluation,
and  the  non-dense  construction  would  increase  the  resistance  to
ionic conduction. While for NLS, the relatively low PPD is mainly
due  to  the  insufficient  ionic  conductivity  of  LS  and  the  stable
chemical  properties  of  NiO  semiconductor  oxides  [24, 25].
Additionally, the corresponding conduction and valence band (VB)
positions of LS and NiO semiconductors are close (see Section 2.5),
leading  to  poor  performance  of  fuel  cells  with  NLS  as  the
electrolyte.  However,  by  mixing  SDC  and  NLS  to  form  an
NLS–SDC ternary  composite  electrolyte,  the  fuel  cell  performance
was undoubtedly improved regardless of the ratio of NLS and SDC
in the composite electrolytes at all temperatures. Notably, fuel cells
with any composite material (except SDC) as the electrolyte exhibit
an open circuit voltage (OCV, VOC) higher than 1.0 V at 550 °C. A
high OCV indicates effective gas leakage suppression and electronic
short-circuiting,  which  is  a  prerequisite  for  efficient  fuel  cell
operation.  The  combination  of  high  OCV  and  superior  fuel  cell
performance confirms the feasibility of constructing semiconductor
heterojunctions as electrolytes.

By constructing heterojunction interfaces of NiO–LS, NiO–SDC,
and  LS–SDC,  directional  optimization  of  ion  transport  paths  is
achieved  [25, 26].  The  p–n  heterojunctions  suppress  electronic
conductivity through the space charge effect, fundamentally solving
the  electron  leakage  problem  of  traditional  electrolytes  [10, 27].
Meanwhile,  it  is  noteworthy  that  a  Schottky  junction  (SJ)  is
successfully  constructed  between  surface  metallic  Ni  and
semiconductor NLS–SDC (Fig.  S13 in the ESM and its  analysis  in
the ESM). Partial BIEF still  exists at the heterointerface, which can
still  block  electron  leakage.  This  is  evidenced  by  the  OCV  of  the
LS–SDC material remaining greater than 1 V at 550 °C (Fig. 3(a))
[27, 28].  Experiments  show  that  the  PPD  of  the  NLS–SDC  6:4
heterojunction electrolyte reaches 916 mW·cm−2 (H2/air) at 550 °C.

EIS uses the equivalent circuit model LRohm(Rgb//CPEgb)(Re//CPEe)
to quantify the impedance contributions in each frequency domain.
Herein, L represents  the  inductive  effect  in  the  high-frequency
region  (originating  from  wire  or  contact  impedance); Rohm is  the
bulk  Ohmic  resistance  (including  the  electrolyte  and  electrode
contributions);  and Rgb and Re correspond  to  the  grain  boundary
resistance  and  electrode  interface  charge  transfer  resistance,
respectively; constant phase element (CPE, ZCPE = (Q(jω)n)−1, 0.5 ≤ n ≤
1)  is  used  to  describe  the  non-ideal  capacitive  behavior  of  grain
boundaries  and  electrodes  [25, 29],  where ZCPE stands  for  the
complex  impedance  of  CPE, Q for  the  admittance  constant, ω for
the  angular  frequency, j for  the  imaginary  unit,  and n for  the
exponent describing the deviation of CPE from an ideal capacitive
behavior.  Detailed  fitting  parameters  are  shown  in  Table  S2  in
the ESM.

EIS  analysis  reveals  the  charge  transport  properties  and
composition  dependence  of  NLS  and  NLS–SDC  heterostructure
composites.  The  EIS  of  fuel  cells  with  different  ratios  and  NLS  as
electrolytes at 550 °C is shown in Fig. 3(b). Under the test condition
of  550  °C, Rohm of  NLS  is  about  0.318  Ω·cm2,  while  NLS–SDC
heterostructures  with  different  mass  ratios  show  significant
differences, 0.183, 0.140, and 0.267 Ω·cm2 for NLS–SDC at ratios of
5:5, 6:4, and 7:3, respectively. The overall electrical conductivity (σ)
can  be  derived  from Eq.  (1) [30].  Notably, Rohm of  NLS–SDC  6:4
reaches  the  minimum  value  with  its  conductivity  increased  to

0.714 S·cm−1, which is 127% higher than that of NLS (approximately
0.314  S·cm−1).  This  optimization  is  attributed  to  the  three-
dimensional  interpenetrating  conductive  network  formed  at  the
heterointerface. The overlapped energy band of NLS–SDC extends
the  effective  conduction  length  compared  to  NLS  materials.
Additionally,  as  provided by the DFT calculation later,  the ternary
multi-heterojunction configuration could lower the oxygen vacancy
formation  energy.  Both  effects  are  considered  beneficial  for
increasing  the  density  of  electrochemically  active  sites  to  promote
the oxygen ion transport through the electrolyte

σ = l
RohmS

(1)

where l is the thickness of the electrolyte and S is the effective area
of the electrolyte.

Further  analysis  of  the Rgb and Re reveals  that  both Rgb (about
0.131  Ω·cm2)  and Re (about  0.133  Ω·cm2)  of  NLS–SDC  6:4
are lower than those of other NLS–SDC composites and NLS (Rgb =
0.289 Ω·cm2, Re = 0.702 Ω·cm2).  Based on the above EIS spectrum
and  resistance  parameter  analysis,  it  is  known  that  NLS–SDC
heterojunction  single  cell  exhibits  optimal  ionic  conduction
characteristics  and  fuel  cell  output  performance  at  a  6:4
compositional ratio. Studies show that the composite effect of such
semiconductor  heterojunctions  enhances  ionic  conductivity
through  a  two-stage  mechanism.  First,  the  energy  band  offset
between  NLS  and  SDC  induces  the  recombination  of  interfacial
space charge layers,  alleviating the oxygen vacancy depletion effect
(such as the suppression of interfacial dopant segregation observed
by  Xia  and  co-workers  in  similar  systems)  [31].  Second,  the
LS–NiO–SDC  multiphase  interface  generates  structural  disorder
(the  increased  disorder  of  interfacial  oxygen  distribution  reported
by Lee et al.) [32], promoting the improvement of oxygen vacancy
mobility.  Although  the  interfacial  oxygen  aggregation  model
proposed  by  Zhu  et  al.  can  partially  explain  the  conduction
enhancement  [33, 34],  the  current  study  still  lacks  quantitative
characterization  of  interfacial  atomic  reconstruction  kinetics  and
lattice  strain  relaxation  in  the  NLS–SDC  system,  and  DFT
calculations  are  thereby  necessary  to  further  reveal  the
heterointerfacial–conductivity correlation mechanism.

σ ion

The  electrolyte  resistance  (Relectrolyte)  was  approximated  from  the
linear  region  of  the I–V polarization  curves,  in  which  the  Ohmic
polarization  in  electrolyte  dominates  in  most  electrochemical  cells
[14].  The  ionic  transport  properties  of  NLS–SDC heterostructures
were  systematically  evaluated  by  combining  the  absolute  cell
resistance (Eq. (2)) and ionic conductivity ( , Eq. (3)) [8, 28]

Relectrolyte =
Vohm

Iohm
(2)

σ ion =
l

RelectrolyteS
(3)

where Vohm and Iohm are the absolute voltage and current measured
during the cell performance evaluation, respectively.

As  shown  in Fig.  3(c) and  Figs.  S6(a)  and  S6(b)  in  the  ESM,
experiments  indicate  that  the  ionic  conductivity  of  NLS–SDC  6:4
reaches  0.348  S·cm−1 at  500  °C,  which  is  significantly  higher  than
that  of  other  composite  materials  and  SDC.  A  high  OCV  (VOC >
1.1 V) further verifies  the suppression effect  of  the heterostructure
on  electron  leakage,  indicating  that  ion  transport  dominates  the
electrochemical  behavior  [35, 36].  Lateral  comparison  shows  that
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the  ionic  conductivity  of  NLS–SDC  6:4  at  550  °C  is  much  higher
than  that  of  typical  electrolyte  materials,  gadolinium-doped  ceria
(GDC, 0.04 S·cm−1@700 °C), YSZ (0.13 S·cm−1@1000 °C), and GDC-
YSZ  composite  films  (0.01  S·cm−1@1000  °C),  confirming  its
technical advantages in intermediate and low-temperature fuel cells
[37].  The  high  ionic  conductivity  enhancement  of  NLS–SDC
heterostructures can be attributed to the dual optimization effect of
the  interfacial  conduction  mechanism.  On  one  hand,  the  three-
dimensional  percolation  network  formed  at  the  heterointerface
significantly  reduces  the  Ohmic  resistance  and  grain  boundary
resistance  [36].  On  the  other  hand,  the  oxygen  vacancy
concentration  gradient  in  the  interface  region  induces  a  low
activation energy ion transport path (Ea = 0.4 eV, see Fig. 3(c)). The
diffusion activation energy is evaluated by using Eq. (4) [37]

σ ionT= Ae−(Ea/k) (4)

where T is  the  absolute  temperature, A is  the  pre-exponential
component, and k is the Boltzmann constant.

Compared with other compositions, the high ionic conductivity
and low diffusion activation energy of the NLS–SDC 6:4 composite
jointly  indicate  that  the  multi-type  heterojunctions  (p–n–n)
demonstrate  enhanced  electron  blocking  and  facilitated  ion
transport.  This  result  confirms  that  the  multicomponent
semiconductor  heterojunction  composites  (containing  more  than
two  constituents)  benefit  from  their  diverse  heterojunction
interfaces. The remarkable cell performance of NLS–SDC serves as
compelling evidence for the validity of the proposed strategy in this
work (Table S3 in the ESM).

 2.3    Long-term operational stability
Heterostructure  electrolytes  constructed  based  on  p-type  and
n-type  semiconductor  materials  provide  a  new  technical  path  for
fuel  cell  design  through  the  strategy  of  precise  regulation  of
interfacial  energy  band  alignment.  Through  energy  band  gradient
regulation and interfacial polarization optimization, this design not
only  significantly  enhances  the  ionic  conduction  performance  of
electrolyte  materials  but  also  achieves  sustained  stability  of  power
output  and  long-term  operational  reliability  at  the  device  level.
Experimental  verification  shows  that  the  fuel  cell  device  with  the
Ag/Ni-NCAL/NLS–SDC/NCAL-Ni/Ag  composite  structure  can
maintain  a  stable  output  voltage  after  continuous  operation  for
more  than  250  h  under  constant  current  density  in  a  H2/air
environment  at  550  °C  (Fig.  3(d)),  with  a  maximum  duration  of
280  h.  The  long-term stability  test  results  for  the  cells  constructed
with  single  p–n  junction  heterostructures  based  on  binary
composite materials, such as NiO–SDC 6:4 and NiO–LS (NLS), are
presented in Figs. S5(e) and S5(f) in the ESM for comparison. The
NLS  composite  maintained  a  stable  output  voltage  for
approximately 56 h under constant current density operation. This
limited stability is primarily attributed to the absence of effective ion
transport  channels  as  provided  by  the  SDC  phase,  resulting  in
insufficient ion migration pathways.  The NiO–SDC 6:4 composite
exhibits  a  moderate  ionic  conductivity,  yet  the  small  band  offset
between  NiO  and  SDC  is  insufficient  to  suppress  significant
electronic  conduction.  Consequently,  both  the  peak  power  output
and  long-term  stability  of  the  full  cell  are  significantly  lower  than
those achieved with the ternary heterojunction composite material.
Despite the relatively fast but limited cell performance degradation
for  the  ternary  composite-electrolyte  cell,  its  overall  operational
stability  significantly  outperforms  those  of  the  traditional  biphasic
composite heterostructure electrolyte systems as reported so far.

The  rapid  voltage  drop  during  the  initial  test  phase  (0–18  h)  is
supposed  to  be  related  to  the  insufficient  thermal  equilibration  of
fuel  cell  components  and  incomplete  heterostructure  formation,
leading  to  elevated  overall  Ohmic  resistance,  since  the  cells  were
prepared  simply  from  the  mechanical  pressing  of  the  isolated
powders  without  extremely  high  temperature  sintering.  Once  the
heterostructure  reaches  macroscopic  stability  with  synchronized
polarization  stabilization,  the  voltage  degradation  decelerates.
Concurrently,  the  operating  temperature  was  significantly  lower
than the sintering temperature, which allows the gradual release of
mechanical  stress  from  cell  fabrication,  which  potentially  further
lowers the voltage drop rate. The slight voltage recovery after 130 h
could be attributed to the increased grain density in the composite
electrolyte under the prolonged operation at 550 °C. This, to some
extent,  improves  the  internal  ionic  conductivity  and  reduces  the
Ohmic  resistance,  triggering  transient  voltage  recovery  [38].
Experiments show that the NLS–SDC 6:4 composite electrolyte can
maintain  relatively  stable  performance  after  initial  adjustment
under operating conditions of 550 °C and 150 mA·cm−2, with good
long-term  operational  stability.  Although  the  voltage  drops
significantly  in  the  initial  stage,  it  can  still  remain  relatively  stable
afterward,  which  is  favorable  for  the  practical  applications  of  fuel
cells.  XRD analysis  (Fig.  S1(c)  in the ESM) revealed the formation
of impurity phases other than NiO, LS, and SDC in the electrolyte
after  long-term  cycling.  This  finding  provides  direct  evidence  of
deterioration at the electrolyte–electrode interface during prolonged
operation, accompanied by the precipitation of detrimental phases.
Such  an  interfacial  degradation  mechanism  severely  compromises
the  structure  and stability  of  the  heterogeneous  interface,  which  is
one of the reasons for the gradual performance decay of the full cell.
This  observation  is  in  agreement  with  a  mainstream factor  widely
recognized  in  Refs.  [39, 40].  However,  the  sophisticated
understanding  of  such  performance  degradation  still  requires
further investigation.

 2.4    Elemental and oxygen vacancy analysis
To  verify  the  high  ionic  conductivity  at  the  interface  in
heterostructures,  this  work  performed  X-ray  photoelectron
spectroscopy  (XPS)  analysis  to  investigate  the  chemical  states  of
quantum  number  distribution  in  the  prepared  materials.  Figure
S7(a) in the ESM shows the complete XPS spectra of NiO, LS, NLS,
SDC, and NLS–SDC 6:4. The key contributions and analyses of Ni,
Sn, Ce, and O are elaborated and described in detail in Fig. 4 [41].
As shown in Fig.  4(a),  the main peak positions of Ni-2p in all  Ni-
containing  samples  are  concentrated  in  the  range  of  855–870  eV,
indicating  that  Ni  in  the  three  materials  mainly  exists  in  the  +2
valence  state.  More  specifically,  Ni-2p3/2 and Ni-2p1/2 are  located at
852.7 and 871.5 eV, respectively (the peak spacing between Ni-2p3/2

and  Ni-2p1/2 is  about  19.7  eV,  consistent  with  spin-orbit  splitting
characteristics)  and  are  represented  by  two  partially  overlapping
peaks. Additionally, Ni-2p generally has two different valence states
as Ni2+ and Ni3+ [42],  which are well  fitted.  It  should be noted that
NiO  presents  the  strongest  satellite  peak  intensity,  demonstrating
the typical high-spin state characteristic of Ni2+ in NiO (d8 electron
configuration).  For  NLS  and  NLS–SDC,  it  is  found  that  the  peak
intensities  and  percentages  of  Ni2+ and  Ni3+ differ  in  each  sample,
and  the  overall  Ni-2p  peak  shifts  slightly  towards  a  higher  energy
level  when  compared  to  NiO.  The  formation  of  heterostructures
causes  changes  in  the  oxidation  state  of  Ni-2p  and  makes  Ni-2p
present  in  mixed  oxidation  states  (Ni2+ and  Ni3+).  Therefore,  the
oxidation  state  regulation  of  Ni-2p  (Ni2+ oxidized  to  Ni3+)  and  the
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construction  of  heterostructures  lead  to  the  alteration  of  the
electronic structure.  Similarly,  the XPS analysis of Sn, presented in
the  ESM,  also  demonstrates  the  electronic  structure  modifications
induced by the construction of heterostructures (Fig. 4).

The  sub-peaks  of  Ce-3d3/2 are  assigned  to  881.4,  887.7,  and
987.1  eV,  while  Ce-3d5/2 are  located  at  899.8,  906.8,  and  915.9  eV,
which  are  characteristic  spin-orbit  splitting  peaks  of  Ce  [43].
Generally,  Ce-3d has two different valence states,  such as Ce3+ and
Ce4+, and they are well fitted in the materials under study. It can be
clearly  seen  that  the  peak  intensities  and  percentages  of  Ce3+ and

Ce4+ differ  among  the  samples.  NLS–SDC materials  have  a  higher
proportion  of  Ce3+,  while  SDC  materials  are  dominated  by  Ce4+,
with  a  slight  binding  energy  shift  at  around  0.24  eV  towards  a
higher  energy  level.  This  indicates  that  heterostructure  formation
causes  changes  in  the  oxidation  state  of  Ce-3d  and  makes  Ce-3d
exist  in  mixed  oxidation  states  (Ce3+ and  Ce4+).  It  can  be  observed
that  the  formation  of  NiO–LS,  NiO–SDC,  and  LS–SDC  triple
heterostructures  results  in  the  peak  splitting  and initiates  the  peak
shift  of  Ce3+.  Higher  content  of  Ce3+ valence  state  induces  faster
charge exchange, facilitating ionic conduction.

 

Figure 4    The (a) Ni-2p, Sn-3d, and Ce-3d and (b) O-1s XPS spectra in SnO2, LS, NiO, NLS, SDC, and NLS–SDC. (c) EPR spectra of different materials. Lattice oxygen,
oxygen vacancies, and adsorbed hydroxyl groups are abbreviated as O1, O2, and O3.
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In addition, O-1s of each component (SnO2, LS, NiO, SDC, NLS
heterostructure, and NLS–SDC 6:4 multi-heterostructure) were also
evaluated. The three overlapping peaks of the O-1s spectra at their
respective  binding  energies  are  shown  in Fig.  4(b).  Generally,  the
ionic  conductivity  of  prepared  materials,  especially  electrolytes,
strongly depends on the amount of oxygen vacancies formed. It  is
generally reported that the lattice oxygen (LO) with a high XPS peak
is assigned to the binding energy range of 528–530 eV [44]. Hereby,
different oxygen species are indicated as LO (represented by O1) at a
binding energy of around 528.6 eV, the surface oxide defect peaks
(represented by O2) in the binding energy of 531–539 eV, and the
oxygen  species  adsorbed  on  oxygen  vacancies  as  well  as  hydroxyl
groups  (–OH)  (represented  by  O3)  in  the  binding  energy  of
530–532.8  eV.  The  elevated  oxygen  vacancy  concentration
corroborates the enhanced ionic conductivity in NLS–SDC.

Oxygen ion conduction in solid oxide materials typically occurs
via  a  vacancy-mediated  mechanism,  where  oxygen-deficient
materials provide diffusion pathways for enhanced ionic transport.
The  calculated  63%  oxygen  vacancy  content  indicates  elevated
oxygen  vacancy  concentration,  confirming  improved  ionic
conductivity  in  NLS–SDC  6:4.  Furthermore,  accumulated
chemisorbed  oxygen  at  NLS–SDC  interfaces  counteracts  oxygen
vacancy  depletion  [45].  Synergistic  coupling  of  these  dual  effects
augments  ionic  conductivity  in  NLS–SDC  composites.
Consequently,  rapid  ion  transport  within  the  heterostructures  is
facilitated by both surface oxygen defects and chemisorbed oxygen
formation.  The  optimal  composite  ratio  of  NLS–SDC  6:4  can  be
evidenced  by  the  O2 percentage  in  the  NLS–SDC  heterostructure
materials with other ratios (Figs. S7(c) and S7(d) in the ESM).

To  further  investigate  the  oxygen  vacancy  content  in  different
materials, electron paramagnetic resonance (EPR) spectroscopy was
performed, which provides a direct and highly sensitive method for
detecting defect structures characterized by unpaired electrons. The
EPR  signal  intensities  of  the  eight  materials  follow  the  order:
NLS–SDC (6:4 > 5:5 > 7:3) > SDC > NLS > LS > SnO2 > NiO. The
results  are  in  strong  agreement  with  the  oxygen  vacancy  analysis
obtained  from  XPS,  thereby  providing  mutually  consistent
evidence.  A  higher  oxygen  vacancy  concentration  can  lower  the
adsorption  energy  of  ions  at  the  heterointerface,  which  in  turn
reduces  the  migration  energy  barrier  and  facilitates  the  ion
transport.  Detailed  calculations  supporting  this  interpretation  are
presented in the following section.

 2.5    Computational investigation of heterojunctions
In this study, a series of DFT calculations was performed using an
advanced ab initio simulation  software  package.  To  handle
electronic  exchange  and  correlation  effects,  the  Perdew–
Burke–Ernzerhof  (PBE)  exchange-correlation  functional  based  on
the  generalized  gradient  approximation  (GGA)  was  chosen.  The
kinetic  energy  cutoff  was  set  to  450  eV  to  ensure  the  accuracy  of
energy  convergence.  All  computational  models  used  a
1 × 2 × 1 k-point mesh to sample the Brillouin zone to achieve the
desired computational precision. At the same time, an appropriate
vacuum region (e.g., 15 Å) was introduced in the Z-axis direction to
reduce  interactions  between  periodic  images.  The  convergence
threshold for electronic self-consistent calculations was strictly set to
10−5 eV, while the convergence criterion for ionic relaxation was set
to 0.02 eV·Å−1.

The  band  gap  values  obtained  by  the  hybrid  functional

calculations are 3.15 eV for NiO, 3.82 eV for LS, 3.60 eV for SnO2,
and  3.13  eV  for  SDC,  which  are  highly  consistent  with  the
experimental  results  of  ultraviolet–visible  (UV–Vis)  spectroscopy
(please  refer  to  the  analysis  and  Figs.  S8  and  S9  in  the  ESM  for
further details).

Optimized  structural  models  of  NiO  (200)–LS  (110),  NiO
(200)–SDC  (110),  and  NiO  (200)–LS  (110)–SDC  (110)
heterojunctions  were  constructed  using  a  generalized  lattice-
matching strategy.  The corresponding p–n heterojunction models,
based on the optimized crystal structures, are depicted in Figs. 5(a),
5(c), and 5(e), respectively.

A  BIEF  is  formed  at  the  heterointerfaces  due  to  the  electronic
property  differences  between  p-type  NiO  and  n-type  LS/SDC,  as
quantitatively  illustrated by  the  differential  charge  density  analysis.
The  resulting  atomic-scale  charge  redistribution  induces  a  local
electric  field  (LEF),  which  can  concurrently  modulate  charge
transport  and ion conduction,  enhance interfacial  redox reactivity,
and  promote  proton  migration  across  the  interface,  thereby
enabling synergistic electron and ion transport [30, 46, 47].

Differential charge density maps (Figs. 5(b), 5(d), and 5(f)) reveal
significant charge accumulation on the NiO side and depletion on
the LS and SDC sides.  Bader charge analysis  further quantifies the
net charge transfer: 0.90|e| from SDC to NiO in NiO–SDC, 3.08|e|
from  LS  to  NiO  in  NiO–LS,  and  4.12|e|  from  LS  to  NiO  in  the
ternary  NiO–LS–SDC  system.  According  to  the  references
[30, 46, 47],  the  LEF  generated  by  this  charge  redistribution  can
effectively reduce the ion migration barrier, and therefore promotes
the  ion  transport  along  the  grain  boundaries  and  via  oxygen
vacancies.

To  gain  deeper  insights  into  the  interfacial  ion  migration
behavior, this study tried to evaluate the oxygen vacancy formation
energy  and  ionic  migration  barrier  in  different  heterojunction
systems.  As  shown  in Fig.  5(g),  the  oxygen  vacancy  formation
energies on the NiO side in the NiO–LS and NiO–LS–SDC systems
were calculated to be 2.57 and 1.97 eV, respectively, as an example.
This  indicates  that  the  ternary  system  facilitates  the  formation  of
oxygen vacancies more readily. Bader charge analysis reveals more
pronounced  charge  transfer  in  the  p–n–n  heterostructure,
suggesting  significant  electron  redistribution  at  the  interface.  Such
enhanced  charge  transfer  is  supposed  to  be  highly  related  to  the
reduction of the oxygen vacancy formation energy.

Furthermore,  the  calculated  oxygen  ion  migration  barriers
(Figs.  5(h) and 5(i))  for  the  NiO–SDC  and  NiO–LS  systems  are
1.734  and  0.940  eV,  respectively,  indicating  superior  ionic
migration  kinetics  in  the  NiO–LS  system.  Differential  charge
density  analysis  combined  with  Bader  charge  calculations  shows
that  the  charge  redistribution  at  the  NiO–LS  interface  is
significantly greater than that at  the NiO–SDC interface,  reflecting
the possible formation of a stronger BIEF in the former. Along with
the  higher  concentration  of  oxygen  vacancies  evidenced  by  XPS
and  EPR  characterization,  and  the  calculated  decreased  oxygen
vacancy formation energy, these effects together lead to a lower ion
migration barrier in the NiO–LS system.

Based  on  these  findings,  it  can  be  inferred  that  in  the  ternary
NiO–LS–SDC  heterojunction,  the  synergistic  coupling  between
n–n  and  p–n  junctions  leads  to  enhanced  charge  transfer,  a
stronger  BIEF,  and  a  higher  concentration  of  oxygen  vacancies.
These  factors  are  expected  to  further  optimize  the  ion  migration
pathways and achieve an even lower migration barrier.
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Figure 5    (a) Side and top views, and (b) differential charge density map illustrating the structural and electronic characteristics of the NiO–SDC heterojunction; (c) side
and top views, and (d) differential charge density map displaying the features of the NiO–LS heterojunction; (e) side and top views, and (f) differential charge density map
presenting the configuration and charge distribution of the NiO–LS–SDC ternary heterojunction. Yellow and cyan regions represent charge accumulation and depletion.
Bader charge analysis indicates: In the NiO–SDC heterojunction, the charge transfer amounts are 0.90|e| from NiO to LS and 3.08|e| from NiO to SDC; whereas in the
ternary heterojunction,  the charge transfer from NiO to LS reaches 4.12|e|.  (g)  The calculated formation energy of  oxygen vacancy in NiO at  different heterostructure
composites.  Oxygen migration energy barriers at the heterointerfaces of (h) NiO–LS and (i) NiO–SDC. Ni,  Sn, Li,  Sm, Ce, and O elements are represented by yellow,
purple, green, gray, red, and blue spheres.
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 2.6    Energy  band  structure  regulation  through
heterojunction formation
Focusing  on  the  tunability  of  the  optical–electrical  properties  of
semiconductor materials based on the band alignment strategy via
interfacial  coupling,  this  work  designs  the  ternary  heterostructure
systems  (NiO–LS,  NiO–SDC,  and  LS–SDC)  to  deeply  reveal  the
microscopic  mechanism  of  band  engineering.  The  essence  of  this
work  lies  in  utilizing  the  interfacial  interaction  of  semiconductor
oxide  particles  with  different  conductive  types  to  directionally
induce  the  formation  of  higher  level  of  oxygen  vacancy  defects  in
the  heterojunction  system.  An  UV–Vis  absorption  spectroscopy
and an ultraviolet photoelectron spectroscopy (UPS) were adopted
to  evaluate  and  verify  the  band  regulation  mechanism.  By
accurately  determining the  band gap and valence  band maximum
(VBM, VBM)  position  of  each  component  material  (specific  values
are  shown  in Figs.  6(a) and 6(c)),  it  intuitively  demonstrates  the
band  alignment  characteristics  of  the  heterojunction  interface.
Specifically,  two  p–n  heterojunctions  and  one  n–n  heterojunction
were constructed using NiO, SDC, and LS, respectively (Fig. 6(b)).
A BIEF is formed through the interface band bending effect.

First, quantitative analysis of optical absorption properties based
on the  Tauc equation (Eq.  (5))  is  performed to  calculate  the  band
gaps  (Eg)  of  NiO,  SnO2,  LS,  and  SDC  from  optical  absorption
spectra [48, 49]

αhv= β0(hvEg)
n (5)

where α represents  the  absorption  coefficient, hν denotes  the

photon  energy,  and β0 is  the  energy-independent  constant.  The n
value  is  determined  by  the  semiconductor  type  (typically, n =  1/2
for direct bandgap, n = 2 for indirect bandgap).

UV–Vis  absorption  spectroscopy  analysis  shows  that  NiO  and
LS  monomers  exhibit  indirect  band  gap  characteristics  of  3.1  and
3.81 eV, respectively, with their absorption edges located at 400 and
320 nm. When the NiO–LS heterojunction is formed, the interface
electron  coupling  effect  causes  the  absorption  edge  to  red-shift  to
340  nm,  with  the  corresponding  band  gap  optimized  to  3.59  eV
(Fig.  6(c)).  Similarly,  the absorption edge of  the NLS–SDC system
adjusts from 340 nm (NLS) and 380 nm (SDC) of the monomers to
350 nm, with the band gap value changing to 3.33 eV accordingly
(Fig.  S10  in  the  ESM).  This  band  gap  narrowing  effect  originates
from  the  formation  of  intermediate  energy  levels  induced  by
interfacial  oxygen  vacancies,  which,  as  ladder  states  for  electron
transitions, significantly reduce the effective band gap width.

The VBM determined by XPS measurements  is  presented in  Fig.
S11  in  the  ESM,  as  discussed  in  the  corresponding  analysis  in  the
ESM.  In  addition,  the  maximum  value  of  the  valence  band  was
tested by UPS technology, as shown in the following Eq. (6) [50]

EVB = 21.2 eV− (Ecutoff −Eoffset) (6)

The equation  includes Ecutoff and Eoffset,  which  are  the  higher  and
lower  binding  energies  from  the  original  data  obtained  by  UPS
characterization, as shown in Fig. 5(c) and Fig. S12 in the ESM. The
UPS further reveals the evolution of the valence band structure. The
VBM of  NiO,  LS,  and  SDC  are  determined  to  be  7.08,  7.07,  and

 

Figure 6    (a)  Absorption  spectra  of  NiO,  LS,  and  SDC  obtained  via  ultraviolet–visible  spectroscopy  and  their  corresponding  bandgap  energies.  (b)  Energy  band
alignment diagrams of NiO–LS, NiO–SDC, and LS–SDC heterojunctions were constructed based on the bandgap energies and VBM of NiO, LS, and SDC. (c) Valence
band positions of NiO, LS, and SDC measured by UPS.
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7.40  eV,  respectively.  Combined  with  the  optical  band  gap
calculation,  the  conduction  band  minima  (CBM)  positions  are
obtained as 3.92, 3.27, and 4.20 eV. After heterojunction formation,
the  Fermi  level  is  leveled  even  at  the  interface,  causing  the  band
bending  and  forming  a  space  charge  region.  Its  barrier  height
effectively regulates the charge carrier transport behavior [32].

Upon  contact  between  p-type  NiO  and  n-type  LS/SDC,  the
difference in Fermi levels drives electron diffusion from the n-type
to the p-type region,  while  holes  migrate  in the opposite  direction
until  thermal  equilibrium  is  attained.  This  charge  redistribution
establishes  a  BIEF  directed  from  the  n-type  to  the  p-type  side,
whose  strength  seems  to  be  positively  correlated  with  the  oxygen
vacancy  concentration  [51, 52].  This  field  not  only  promotes  the
unidirectional  migration  of  ions  but  also  suppresses  the  electronic
conduction  pathways,  thereby  mitigating  short-circuit  effects.
Similarly,  when  n-type  LS  and  SDC  come  into  contact,  electrons
spontaneously  transfer  from  the  material  with  the  higher  Fermi
level  (LS)  to  that  with the  lower  Fermi level  (SDC),  leading to  the
formation  of  a  space  charge  region  near  the  interface  and
generating  a  strong,  unidirectional  BIEF  that  selectively  facilitates
the ion migration in the materials [53]. Notably, oxygen vacancies,
serving  as  active  sites  for  ionic  transport,  establish  a  positive
feedback loop between the vacancy concentration gradient and the
extent of band bending.

In  the  p–n–n  heterojunction  configuration,  the  introduction  of
an n–n junction can substantially  enhance the  functionality  of  the
conventional  p–n  junction.  The  structure  comprises  a  p-type
semiconductor  sequentially  integrated  with  two  n-type
semiconductors, where the n–n junction is formed between the n-
type  components  adjacent  to  the  p–n  interface  [54].  From  an
energy  band  perspective,  the  interfacial  charge  redistribution
induced by the n–n junction further tailors the band bending, and
thus  increases  the  BIEF  gradient  at  the  p–n  junction  interface.
Meanwhile, the BIEF originating from the n–n junction effectively
overlaps  with  that  of  the  p–n  junction,  yielding  a  synergistic
enhancement that reinforces the overall charge separation efficiency
of the heterostructure [55]. In comparison to a single p–n junction
electrolyte,  this  architecture  significantly  enhances  ionic
conductivity while suppressing electronic conduction.

The  intensified  interfacial  band  bending  reduces  the  energy
barrier for vacancy formation, while the accumulation of vacancies
further amplifies the LEF [30, 56]. This self-sustaining polarization
effect remarkably improves the ionic conductivity of the electrolyte
materials  for  fuel  cells,  offering  a  new  design  paradigm  for
developing high-performance SOFCs.

 3    Conclusions
In  summary,  this  study  demonstrates  that  multi-heterojunction
engineering based on simple oxides provides an effective strategy to
address the dual challenges of low ionic conductivity and potential
electronic  leakage  in  low-temperature  SOFC  electrolytes.  By
combining p-type nickel oxide (NiO) with n-type LS and samarium-
doped  ceria  (SDC),  the  ternary  NLS–SDC  composite  forms  two
p–n  junctions  and  one  n–n  interface,  which  effectively  facilitates
ion  transport  while  blocking  electron  conduction.  The  optimized
NLS–SDC 6:4  composite  exhibits  outstanding performance  at  550
°C:  a  PPD of  916 mW·cm−2,  an ionic  conductivity  of  0.348 S·cm−1,
and  stable  operation  for  over  280  h  at  150  mA·cm−2,  significantly
surpassing  the  conventional  single-phase  or  binary  systems.

Mechanistic  insights  derived  from  spectroscopic  characterization
and  DFT  calculations  reveal  that  interfacial  band  alignment  and
oxygen  vacancy  enrichment  act  synergistically  to  promote  the
oxygen  ion  transport  through  the  ternary  composite  electrolyte.
This  work  thus  establishes  a  conceptually  and  practically  viable
pathway  toward  durable,  high-performance  electrolytes  for
sustainable energy conversion.

 Electronic  Supplementary  Material: Supplementary  material  (the
experimental synthesis of NiO, LS, and their composites (NLS and
NLS–SDC), the construction of fuel cells with NCAL electrodes, the
comprehensive materials characterization (XRD, SEM-EDX, TEM-
EDX,  XPS,  Raman,  EIS,  and  UPS),  and  the  methodology  for  the
DFT + Hubbard correction term (U) calculations) is available in the
online  version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908331.
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