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ABSTRACT: Achieving fast ionic conductivity in the electrolyte at low operating
temperatures while maintaining the stable and high electrochemical performance of solid
oxide fuel cells (SOFCs) is challenging. Herein, we propose a new type of electrolyte
based on perovskite Sr0.5Pr0.5Fe0.4Ti0.6O3−δ for low-temperature SOFCs. The ionic
conducting behavior of the electrolyte is modulated using Mg doping, and three different
Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0, 0.1, and 0.2) samples are prepared. The synthesized
Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ (SPFMg0.2T) proved to be an optimal electrolyte material,
exhibiting a high ionic conductivity of 0.133 S cm−1 along with an attractive fuel cell
performance of 0.83 W cm−2 at 520 °C. We proved that a proper amount of Mg doping
(20%) contributes to the creation of an adequate number of oxygen vacancies, which
facilitates the fast transport of the oxide ions. Considering its rapid oxide ion transport,
the prepared SPFMg0.2T presented heterostructure characteristics in the form of an
insulating core and superionic conduction via surface layers. In addition, the effect of Mg
doping is intensively investigated to tune the band structure for the transport of charged species. Meanwhile, the concept of energy
band alignment is employed to interpret the working principle of the proposed electrolyte. Moreover, the density functional theory is
utilized to determine the perovskite structures of SrTiO3−δ and Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0, 0.1, and 0.2) and their electronic
states. Further, the SPFMg0.2T with 20% Mg doping exhibited low dissociation energy, which ensures the fast and high ionic
conduction in the electrolyte. Inclusively, Sr0.5Pr0.5Fe0.4Ti0.6O3−δ is a promising electrolyte for SOFCs, and its performance can be
efficiently boosted via Mg doping to modulate the energy band structure.
KEYWORDS: LT-SOFC, Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ electrolyte, Mg doping, high ionic conductivity, core−shell structure,
energy band alignment

1. INTRODUCTION
The fundamental obstacle in developing low-temperature solid
oxide fuel cells (LT-SOFCs) is a lack of access to sufficient ionic
conduction.1,2 The solid electrolyte is widely acknowledged to
play a critical role in implementing the fuel cell function in
SOFCs.1,2 For instance, 8% Y2O3-stabilized ZrO2 (YSZ) has
been utilized as a promising ionic conductor at temperatures
over 800 °C; however, the high operating temperature hinders
its practical application for the real SOFC technology.3 The high
operational temperatures (>800 °C) slow down the device
startup/shutdown cycle, increasing the material cost/degrada-
tion rate and thus degrading the fuel cell’s overall performance.
Nowadays, the decrease of the operating SOFC temperature is a
major challenge that, however, possesses a major drawback. A
substantial decrease in ionic conduction and an increase in
Ohmic losses due to the reduction of the operating temperature
are present.2 Various techniques have been adopted to address
these challenges, including new materials as alternative electro-

lytes and fabricating ultra-thin electrolytes with a small Ohmic
resistance by thin-film technologies.4−9 Nevertheless, adapting
the thin-film technology to existing materials incurs high costs
and negatively impacts stack fuel cell long-term stability.10 As a
result of this shortage, tremendous efforts have been made to
develop novel materials that overcome the aforementioned
challenges while simultaneously providing a high ionic
conduction (>0.1 S cm−1) at low temperatures (<600 °C).2,11

In the last few decades, the SOFC community has reported
perovskite semiconductors in the form of electrodes, for
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example, MNO3 (M = Ba, Sr, Ca, Sm, La, etc. and N = Ni, Mn,
Co, Fe, etc.), La0.3Sr0.7Fe0.7Ti0.3O3−δ (LSFT), and SrFeTiO3−δ-
based materials.12,13 Nevertheless, they have been scarcely
reported as an electrolyte material to replace the pure ionic
conducting electrolyte and integrate the ionic conduction
behavior into semiconducting cathode materials utilized in
SOFCs.14 Recently, the SOFC community reported semi-
conductors and their composites with high ionic conductivity
obtained at low operating temperatures, the so called LT-
SOFCs.15,16 The formation of the interfacial diffusion
phenomenon due to semiconductor cathodes and their
heterostructure has received tremendous attention; for example,
Mushtaq et al. recently reported (SrFe0.75Ti0.25O3−δ−
Sm0.25Ce0.75O2−δ) a semiconductor−ionic heterostructure ma-
terial with a considerable ionic conductivity of 0.1 S cm−1 and a
power density of 0.92 W cm−2) at 520 °C.14 Furthermore, the
LaFe0.65Ti0.35O3−δ−Ce0.8Sm0.05Ca0.15O2−δ heterostructure was
reported with an appreciable power density of 0.98 W cm−2 and
an ionic conductivity of 0.19 S cm−1 at 520 °C.16 In addition to
these studies, the p−n heterojunction of the SrFe0.2T0.8O3−δ−
ZnO electrolyte in the fuel cell device demonstrated a
substantial power density of 0.65 W cm−2. It endorsed the
reduction of electronic conduction with a significant ionic
conductivity of 0.21 S cm−1 at 520 °C due to the creation of the
p−n heterojunction.17 In the above studies, the interface played
a vital role in enhancing the ion conduction to improve the
electrochemical performance of the fuel cell device. Similarly, at
the epitaxial Y2O3/ZrO2/SrTiO3(YSZ/STO) heterostructure
interface.18 Compared to the simple planar YSZ structure, the
YSZ/STO heterostructure demonstrated an 8 times magnitude
enhancement in ionic conduction.

In addition, single-phase semiconductor electrolyte materials
are also demonstrated to be promising functional electrolytes for
LT-SOFCs. Recently, Zhou et al. reported a SmNiO3−δ (SNO)
perovskite semiconductor electrolyte with high proton con-
ductivity and a power density of 0.225 W cm−2 at 500 °C due to
the Mott transition effect in fuel cell conditions.19 Likewise, an
electronic dominant semiconductor LixCo0.5Al0.5O2 was utilized
as an electrolyte where LixCo0.5Al0.5O2 displayed an attractive
protonic conductivity of 0.1 S cm−1, and a power density of 0.18
W cm−2 was achieved by introducing protons (H+) into the
layered structure of LixCo0.5Al0.5O2 at 500 °C.20 Generally, it was
speculated that the fuel cell based on semiconductor electrolyte
materials is prone to suffer from short-circuit problems due to
the dominant electronic conduction. However, such materials
showed a competent electrolyte role via various mechanisms,
which are entirely different from conventional electrolytes’
working principle. For instance, the SNO electrolyte switched
from electronic to insulator in the fuel cell operating conditions
by virtue of the filling-controlled Mott transition to suppress its
electronic conduction.19 Chen et al. reported the super ionic
transport mechanism through the core−shell structure via
insulating La−SrTiO3−δ as an electrolyte with a high ionic
conductivity of 0.221 S cm−1 at 550 °C in fuel cell conditions.21

Furthermore, Dong et al. demonstrated a pure TiO2 semi-
conductor as an electrolyte in a fuel cell system employing the
energy band theory following the thumb rules. The purpose of
employing the energy band theory is that TiO2 can work
significantly as a functional electrolyte material and is reported in
fuel cell devices with a high open-circuit voltage (OCV) and
power density.22 Similarly, Rauf et al. have reported the
semiconductor Tm-doped SrCeO2−δ as an electrolyte in a fuel
cell device and successfully employed the same rules of energy

band theory with a higher OCV and power output.23 Moreover,
the interesting Schottky junction effect has also been reported in
semiconductor electrolyte fuel cells, which acted as a synergistic
junction to restrict the flow of electrons from the anode toward
the electrolyte and boost the ion conduction.24 At last, there is a
promising semiconductor perovskite SrFeO3−δ, which has been
rarely applied as an electrolyte; however, it possesses significant
ionic conduction and exhibits stable redox activity of doped
SrFeO3−δ. It can generate an enriched oxygen vacancy
concentration via B-site doping of Ti.13,25

Inspired by the above studies, the single-phase semi-
conductors deserve more attention for further development
and modification to explore their ionic conducting properties.
The insulating characteristics of SrTiO3−δ can be altered to a
metallic behavior through suitable doping, which enable them to
be utilized in solar cells, electronic devices, batteries, and fuel cell
applications.26 The basis material of SPFT, perovskite
SrFe1−xTixO3−δ (SFT), has been applied to the electrolyte of
SOFCs in the form of a semiconductor−ionic composite with
SDC, which exhibited attractive ionic conductivity and fuel cell
performance and indicated that SFT is a potential electrolyte.14

Moreover, considering the valuable characteristics introduced
by Pr doping at the A site enhances the creation of oxygen
vacancies.27 Therefore, we focus on Sr0.5Pr0.5Fe0.4Ti0.6O3−δ
(SPFT) to investigate its electrolyte functionality by enhancing
the oxygen vacancies. Furthermore, the ionic characteristics are
further modulated by the introduction of various concentrations
of Mg doping into the B site of Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x =
0, 0.1, and 0.2) to prepare three different samples with various
compositions, such as Sr0.5Pr0.5Fe0.4Ti0.6O3−δ (SPFT),
S r 0 . 5 P r 0 . 5 F e 0 . 3 M g 0 . 1 T i 0 . 6 O 3 − δ ( S P F M g 0 . 1 T ) , a n d
Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ (SPFMg0.2T). The modulation of
these compositions is illustrated by the energy band structure
and their crucial role in the transport of ions conduction and
stoppage of electronic transport. Importantly, the doping of Mg
ions at the B site of the perovskite semiconductor could generate
oxygen vacancies, which overall enhances the ionic conductivity
of SPFMg0.2T to a significant value of 0.133 S cm−1. Notably, the
formation of the core−shell structure has provided a new
mechanism for the oxide ion conduction at the surface layer of
the insulating core SPFMg0.2T behaving as a heterostructured
semiconductor core SPFMg0.2T with the superionic surface
layer. Furthermore, theoretical calculations are performed to
d e t e r m i n e t h e d e n s i t y o f s t a t e s ( D O S ) o f
Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0, 0.1, and 0.2) compositions
and to study the ground-state energy and the effect of Mg doping
into SPFT to demonstrate their facilitation in the formation of
oxygen vacancies. Based on all this mounting evidence, this
research is expected to aid in developing single-phase semi-
conductors for use in fuel cell technology based on energy band
engineering, as well as in understanding the working principle of
fuel cells with different charge carriers.

2. EXPERIMENTAL PART INCLUDING MATERIALS
SYNTHESIS AND METHODS
2.1. Materials Preparation and Characterizations. The hydro-

thermal technique assisted via the co-precipitation method is utilized to
prepare Sr0.5Pr0.5Fe0.4Ti0.6O3−δ and various Mg-doped compositions
Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0.1−0.2). Sr(NO3)2, Pr(NO3)2·
6H2O, Mg(NO3)2·6H2O, Fe(NO3)3·9H2O, and TiO2 from Sigma-
Aldrich (purity 99.99%) were used as precursors without further
purification. Ammonia (NH3), nitric acid (HNO3) (diluted 61%), and
NH3

.H2O were obtained from MACKLIN. Initially, the weighted
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amounts of Sr(NO3)2, Pr(NO3)2·6H2O, and Fe(NO3)3·9H2O were
added into deionized water under continuous stirring to prepare
Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ. In parallel, the weighted amount of TiO2
was dissolved in the appropriate volume of diluted nitric acid (HNO3)
to form nitrates of TiO2 under vigorous stirring for 6 h at 60 °C. The
obtained homogeneous solution of TiO2 nitrates was then put into the
preceding solution and constantly agitated, while the pH was adjusted
to 8.0 by using NH3·H2O. Moreover, the precipitating agent with a 1:2
ratio of metal cations and Na2CO3 was prepared in a solution. The
precipitating agent was then added to the aforesaid solution to produce
a bluish color, which was then transferred to the autoclave and put in the
vacuum furnace for 6 h at 180 °C. The autoclave was then removed and
allowed to cool at room temperature. The precipitate solution was then
filtered and rinsed with ethanol and deionized water before being dried
at 120 °C for 6 h. The well-dried materials were completely ground,
then sintered at 1000 °C for 5.5 h at 3 °C/min, and then finely ground
in an agate mortar. Electrochemical and physical characterizations were
also performed for the as-synthesized powder. Similarly, the parent
material SPFT and doped composition SPFMg0.1T were prepared via
the same procedure to be utilized for further applications.

The phase structure of the synthesized Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ
(x = 0, 0.1, and 0.2) powders was investigated via X-ray diffraction
(XRD, Germany, Bruker Corporation). MJAD 6.5 software was used to
perform all XRD data refinement analyses. The surface morphology,
particles distribution, and fuel cell device cross-sectional view of
Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0, 0.1, and 0.2) were illustrated via
field emission scanning electron microscopy (FE-SEM, MIRA3
TESCAN). Moreover, the microstructure of the various synthesized
compositions of Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0, 0.1, and 0.2)
powders was illustrated using a high resolution-transmission electron
microscopy (HR-TEM) instrument (JEOL JEM-2100F) operated
under an accelerating voltage of 200 kV. Energy-dispersive X-ray
spectroscopy (EDS) was used to study the individual elemental
mappings of the as-prepared materials, assisted by HR-TEM. X-ray
photoelectron spectroscopy (XPS) using Al Kα radiation was used to
investigate the developed materials’ surface charge transfer and
chemical condition. The obtained XPS raw data were analyzed using
CASA XPS software. In more detail, the energy structures of the parent
and various doped compositions were analyzed by employing the UV−
vis absorption spectroscopy (MIOSTECHPTY Ltd. UV3600 spec-
trometer) and ultraviolet photoelectron spectroscopy (UPS). UPS was
used to calculate the valence band maxima under the unfiltered He−I
(21.22 eV) gas discharge lamp and a total instrumental energy
resolution of 100 meV. Electron energy loss spectroscopy (EELS) was
employed to investigate the elemental mapping and the electron energy
l o s s o f t h e r e s p e c t i v e c o m p o n e n t s o f t h e t r e a t e d
Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ after fuel cell performance evaluation.
2.2. Device Fabrication. There are three main fuel cell device

fabrication components: anode, cathode, and electrolyte. As a result,
S O F C d e v i c e s w i t h v a r i e d c o m p o s i t i o n s b a s e d o n
Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0, 0.1, and 0.2) electrolytes were
manufactured using a dry pressing process. The symmetrical electrodes
were prepared using semiconductor NCAL-pasted Ni-foam (NCAL−
Ni). At the same time, NCAL has recently been described as a catalyst
capable of triple charge conduction (H+/O2−/e−) and strong catalytic
activity in the hydrogen oxidation reaction (HOR) and oxygen
reduction reaction (ORR).24 To prepare electrodes, a weighted amount
of Ni0.8Co0.15Al0.05LiO2 (NCAL) powder [commercially obtained from
Tianjin Bamo Company (TBC)] was mixed with the necessary volume
of terpinol (a dissolving medium) to make a slurry. The slurry was
painted on round-shaped nickel foam and desiccated at 120 °C for 0.45
h to form well-dried NCAL−Ni electrodes.

Furthermore, following the typical fuel cell device fabrication
procedure, the single cell of SPFMg0.2T powder was compacted
between the two sections of Ni−NCAL electrodes, distributed
homogeneously under the pressure of 250 MPa to form a single cell.
The cell’s configuration is Ni−NCAL/SPFMg0.2T/NCAL−Ni with the
active area, thickness of the cell, and electrolyte thickness values of 0.64
cm2, 1.5 mm, and 500 μm, respectively. The cell is then coated with a
silver paste as a current collector and also for gas sealing before being

installed into the testing jig. Furthermore, the use of Ni-foam aids in
ensuring the mechanical strength of the produced fuel cell device and
supporting the electrode’s porous structure. Similarly, the other cells
with different compositions were assembled with the same structure of
Ni−NCAL/SPFMg0.1T/NCAL−Ni and Ni−NCAL/SPFT/NCAL−
Ni in the same configuration for a comparative study. It should be noted
that prior to electrochemical characterizations in terms of operation and
performance measurement, each cell experienced online sintering at
600 °C for 1 h.

The single cell for gas chromatography−mass spectroscopy (GC−
MS) characterizations was sealed in an Al2O3 tube using a Pt past and
then Ceramabond 552-VFG sealant (Aremco) and heated to 650 °C.
2.3. Electrochemical Characterizations Tools. The electro-

chemical performance of the fuel cell device was evaluated in terms of
current and voltage (I−V) and current and power density (I−P)
characteristics. An electronic load IT8511 (ITECH Electrical Co., Ltd.,
China) was employed to record the data through software IT7000 at a
scan speed of 0.02 A s−1 under a current−voltage sweep in the
temperature range of 520−420 °C. The Gamry Reference 3000
electrochemical workstation (Gamry Instruments, USA) was used to
perform electrochemical impedance spectroscopy (EIS) with flowing
air (120−140 mL min−1) as an oxidant at the cathode during the
process. Dry hydrogen gas served as a fuel with a flow rate of 120−150
mL min−1 to study the impedance and electrical properties of various
components of fuel cell devices. Under OCV conditions, an AC voltage
with an amplitude of 10 mV and a frequency ranging from 0.1 to 105 Hz
were applied. ZSimpwin was utilized for fitting the raw data using an
appropriate equivalent circuit model to collect and simulate the raw
data.

The gas product was determined by GC−MS (performed using a
SCION GC−MS systems instrument of Bruker Corporation) in the
temperature conducting detector (TCD) mode, which was employed
to analyze the composition of the outlet gas measured at temperature
520 °C. A GC run was repeated every 10 min. The average value of
three measurements was taken as the gas volumetric concentration for
Faradaic efficiency calculation, and three average values are used for the
plot. The flow rate of H2 was 30 mL min−1, and open air was used. The
gas flow rate was determined using a flowmeter. The Faradaic efficiency
was calculated as follows

V v
I

FE
0.1315 ( ) (mol %)

(A)
100%H O

mL
min

Total
2

= × × ×

where v (vol %) is the concentration of H2O in the exhaust gas from the
electrochemical cell (GC−MS data). V (mL/min) is the gas flow rate
measured using a flow meter at the exit of the electrochemical cell at
room temperature and ambient pressure.
2.4. Theoretical Studies via First-Principles Calculations. The

density functional theory (DFT) and the first-principles calculations of
Sr0 . 5Pr0 . 5Fe0 . 6Ti0 . 4O3 −δ and Mg-doped Sr0 . 5Pr0 . 5FeTiO3 −δ
[Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0, 0.1, and 0.2)] perovskite oxides
were performed using the Vienna ab initio simulation package (VASP)
with the projector augmented wave (PAW) potential. The generalized
gradient approximation (GGA) using the Perdew−Burke−Ernzerhof
(PBE) function was used to model the exchange−correlation
interaction between electrons. The plane wave cutoff energy is set to
520 eV. A 2 × 2 × 2 k-point grid Brillouin zone of the structure was used
for calculations. All geometrical divisions were relaxed to the point
where the energy changes were less than 1 × 10−4 eV and the forces on
each ion were less than 0.01 eV/Å. The Hubbard-U term was added to
the DFT (GGA) energy functional to characterize the 3d and 4f orbital
structure of iron (Fe) and titanium (Ti). The values of Ueff = U−J were
set to 6.31 and 5.0 eV for Ti and Fe, respectively.28,29 The oxygen
vacancy formation energy of an oxygen vacancy was calculated from the
energy difference between the total energy contained by the VO- and the
sum of the total energy of the pristine and the chemical potential of an
oxygen atom in an O2 molecule. The difference between the total
energy stored by the VO- and the sum of the chemical potential of the
oxygen atom in an O2 molecule and the total energy of the pristine was
used to determine oxygen vacancy formation energy.
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3. RESULTS AND DISCUSSION
3.1. Structure and Morphology. XRD patterns of the as-

prepared Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (SPFT, x = 0, 0.1, and
0.2, i.e., SPFT, SPFMg0.1T, and SPFMg0.2T, respectively) and
the peak at the (110) plane in the small window are shown in
Figure 1a. SPFT possesses a cubic perovskite structure with the
space group Pm3̅m. Diffractions corresponds to (012), (110),
(111), (200), (210), (211), and (310) planes, respectively.14,17

No impurity phase or secondary diffraction was observed in the
XRD pattern. Thus, Mg was successfully doped (by
substitution) into the crystal lattice of SPFT without altering
its crystal structure. Nevertheless, a slight shift toward the lower
Bragg angle is observed, which is attributed to the lattice
expansion due to the bigger ionic radii of Mg2+ (0.72 Å)30 than
that of Fe (0.65 Å),31,32 as shown in a small window of Figure 1a.
Moreover, Figure 1a is included in the Supporting Information
as Figure S1 to clearly illustrate the small peak shift. Crystal size
was calculated using the Debye−Scherrer equation

D k
cos=

where ƛ is the incident X-ray wavelength, K is the constant factor
with a value of 0.89, β is the half-width of diffractions, and θ is the
most intense diffraction attributed to the (110) plane.

The distribution of particles and grain size was investigated by
employing TEM. Figure S2a−c shows representative TEM
images of the three as-prepared SPFT samples, displaying the
nanoscale particles. SPFT consists of irregularly shaped particles
with particle sizes ranging from nano- to micro-scale. In
SPFMg0.1T, agglomeration of the particles significantly
decreased compared to that in SPFT (Figure S2b). In
SPFMg0.2T, faceted and regular shapes with compacted
distribution and contacts can be observed in Figure S2c. The
microstructure of SPFT, SPFMg0.1T, and SPFMg0.2T was
further studied via HR-TEM, as depicted in Figure 1b−d. The
fringes with lattice spacing are identified and displayed in Figure
1b−d with values of 0.305, 0.31, and 0.32 nm and labeled in the
HR-TEM images, corresponding to the (111) planes of SPFM,
SPFMg0.1T, and SPFMg0.2T, respectively.

Overall, the surface morphology and distribution of particles
and their size differ for SPFT, SPFMg0.1T, and SPFMg0.2T

Figure 1. XRD patterns of powders (a); microstructure analysis at the (111) plane obtained by HR-TEM of Sr0.5Pr0.5Fe0.4Ti0.6O3−δ (b),
Sr0.5Pr0.5Fe0.3Mg0.1Ti0.6O3−δ (c), and Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ (d), SEM images for powders of Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0, 0.1, and 0.2)
respectively (e−g); and SEM cross-sectional view and interface formation of the fuel cell device with the structure Ni−NCAL/
Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ/NCAL−Ni (h,i).
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(Figure 1e−g). Increasing the Mg dopant concentration makes
the surface more uniform and decreases the particle size. This is
indeed beneficial for the overall electrochemical performance of
the fuel cell. SPFMg0.2T showed low agglomeration compared to
SPFT and SPFMg0.1T, which is possibly due to the purification
caused by the self-diffusion process as Mg doping resulted in
dispersion from the inside to the surface. As the Mg dopant
concentration increases, particle size adjusts, thus restraining the
agglomeration. In general, doping is of crucial importance in the
amendment of the electronic structure of the respective
material; therefore, these parameters can be controlled via the
modulation of the doping concentration.33 The 20% Mg doping
(SPFMg0.2T) resulted in the uniformity of the particles and
formed coherence and good adhesion, which is ideal for
establishing a network and transport pathway for the charge
carriers’ transport in the material used as an electrolyte for
SOFCs. As reported, small particles possess a large surface active
area to form massive contacts between the electrode and
electrolyte composite.34 Indeed, in SPFMg0.2T, the formation of
grains is limited. Moreover, the cross-sectional view SEM image
of the fuel cell device based on Ni−NCAL/SPFMg0.2T/Ni−
NCAL is displayed in Figure 1h, where a gas-tight electrolyte
layer without obvious cracks is sandwiched between the two
porous electrodes. However, the surface of the electrolyte layer
is shown to be rough due to the scissoring of the cell for SEM
analysis using a blade, which led to a rough surface appearance.
In addition, the interfaces of the electrolyte with both electrodes,
either at the anode or cathode, demonstrate the formation of fine
interfaces, as shown in Figure 1i. More importantly, the particle
distribution of the electrolyte layer of SPFMg0.2T within the cell
is shown in Figure S2d, which clearly illustrates that the
electrolyte will stop the crossover of the H2−O2 gases. Besides,

the relative density of sintered pellets of SPFT, SPFMg0.1T, and
SPFMg0.2T was calculated using the lattice volume from XRD
and Archimedes’ principle. It showed higher values of the
relative density of SPFMg0.2T (88%) than that of SPFMg0.1T
(81%) and SPFT (74%) sintered at LTs, respectively. This gives
the evidence that SPFMg0.2T possesses suitable gas tightness
and is prone to be employed as an electrolyte to avoid the H2−
O2 crossover during the fuel cell operation.

EDS was conducted to determine the elemental distribution
by considering their respective high-angle angular dark-field
(HAADF) image and their mixed color image, as shown in
Figure S3a,b. The corresponding elements such as Sr, Pr, Fe, Mg,
and Ti and the presence of oxygen content in the composition
are displayed in Figure S3c−h, which roughly confirms the
optimal composition of materials.
3.2. Chemical States Analysis. XPS was used to probe the

chemical and oxidation states of each element in their respective
compositions, where Figure S4 shows the complete survey
spectra of SPFT, SPFMg0.1T, and SPFMg0.2T with characteristic
peaks of Sr, Pr, Fe, Mg, Ti, and O, respectively. More detailed
characterization was conducted by Gaussian functions and the
Shirley background, as shown in Figure 2. Initially, the Sr 3d
spectrum can be deconvoluted into two spectra, which
correspond to the two characteristic peaks maintaining Sr
3d3/2 and Sr 3d5/2 at the binding energies (BEs) of 132.5 and
134.4 eV, respectively (Figure 2a). Figure 2b shows the
persistence of two Pr 3d distinctive peaks at the surface of
respective compositions, such as Pr4+ accredited to 3d5/2 at
931.6 eV and 3d3/2 at 949.2 eV.35 In more detail, Pr3+ can be
ascribed to the Pr 3d5/2 peak pairs at 933.3/928.4 eV and Pr
3d3/2 peak pairs at 950.1/947.2 eV. This suggests that Pr 3d has
3+ and 4+ oxidation states. Also, the regions of Pr3+ peaks are

Figure 2. XPS spectra of individual elements: Sr 3d (a); Pr 3d (b); Mg 1s (c); Ti 2p (d); Fe 2p (e); and O 1s (f) of Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ [x = 0,
0.1, and 0.2].
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substantially greater than those of Pr4+ peaks. As reported, the
reduction of higher-valence-state cations to lower-valence-state
cations can assist in the creation of oxygen vacancies along with
the increase of temperature.27,36−38 After Mg doping, the Mg 1s
BE peak (detected at 1303.4 eV) appeared and is assigned to
Mg2+, as shown in Figure 2c. An increase in the intensity and
widening of the peak was observed due to the successful doping
of Mg in SPFMg0.1T and SPFMg0.2T. Figure 2d shows the
investigated chemical state of Ti3+ by XPS measurement. Figure
2d represents the Ti3+ state where two prominent peaks of the
typical specimen spectra of Ti 2p appeared, that is, peaks
situated at 464.3 and 458.5 eV can be assigned to Ti 2p1/2 and Ti
2p3/2, respectively. In addition, two low-intensity peaks
appeared under each prominent peak at 465.4 eV for Ti 2p1/2
and 458.8 eV for Ti 2p3/2, corresponding to Ti4+. Thus, the

presence of different oxidation states of Ti 2p plays a vital role in
the enrichment of the oxygen vacancies in the proposed
materials.

Figure 2e shows the Fe 2p spectra, where Fe2+ 2p1/2 and Fe2+

2p3/2 are situated at 709.2 and 722 eV, respectively, and Fe3+

2p1/2 and Fe3+ 2p3/2 are situated at 710.963 and 725.1 eV,
respectively.39 In addition, the Fe4+ 2p1/2 and Fe4+ 2p3/2 peaks
are also associated with the BEs of 712.96 and 725.31 eV,
respectively, with a satellite peak at 717.9 eV.40 These findings
indicate that Fe 2p exists in three different oxidation states (Fe2+,
Fe3+, and Fe4+) at their respective BEs, as shown in Figure 2e,
and there are different percentages of Fe 2p oxidation states in
each material. Moreover, the Fe 2p peaks in SPFMg0.2T are
shifted to a lower BE, and a BE downshift of 0.75 ± 0.05 eV was
observed in SPFMg0.2T compared to that in SPFT. A slight shift

Figure 3. Electrochemical performance in terms of I−V and I−P curves for the Sr0.5Pr0.5Fe0.4Ti0.6O3−δ cell (a), Sr0.5Pr0.5Fe0.3Mg0.1Ti0.6O3−δ cell (b),
and Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ fuel cell (c) at an operating temperature of 520−420 °C; EIS spectra of Sr0.5Pr0.5Fe0.3Mg0.1Ti0.6O3−δ (d) and
Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ (e) at the temperature of 520−420 °C in the H2 and air environment; and total and ionic conductivities of
Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ and Sr0.5Pr0.5Fe0.3Mg0.1Ti0.6O3−δ at 420−520 °C (f).
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was observed with the increment of Mg doping and the average
valence state of Fe changing.41 As the result, the B-site
adjustment of cations via the partial substitution of Fe with
Mg leads to the formation of more oxygen vacancies. Moreover,
the existence of mixed oxidation states of Fe (Fe4+/Fe3+ and
Fe3+/Fe2+) play a crucial role in our materials’ overall
electrochemical performance.

At last, O 1s spectra are displayed in Figure 2f. After Mg
doping, the O 1s spectra of SPFMg0.1T and SPFMg0.2T are
widened and shifted toward a higher BE than that of SPFT. In
general, the ionic conduction of the material is significantly
affected by the content of oxygen vacancies, as reported
previously.42−44 For instance, Dong and Barr et al. attributed
the BE in the 528−529.5 eV range to the lattice O and highly
oxidant O in the materials.22,43 Similarly, the lattice oxygen can
be represented by peak Oβ at the BE of 529 eV. While the surface
oxide defects or surface oxygen species adsorbed on the oxygen
vacancies can be depicted by peak Oα at the surface, including
oxygen ions in the oxygen vacancy region and the intermediate
oxygen oxidation state related to the −OH functional group,
Ox− (0 < x < 2), at BEs of 530.2 and 531 eV, respectively.45

Therefore, in our case, it can be observed that with the increase
of Mg doping, a peak broadening occurred toward higher BE, as
shown in Figure 2f, where the surface-active oxygen is also
improved, causing the production of oxygen vacancies.46 After
the calculation, it was observed that the relative ratio value of Oα
and Oβ gradually increased from 1.11 to 1.24 for SPFT and
SPFMg0.2T, respectively. This indicates the increment of
chemisorbed oxygen species in SPFMg0.2T. Thus, the increment
of chemisorbed oxygen vacancies leads to increased ionic
conduction in the SPFMg0.2T electrolyte, where the chem-
isorbed oxygen vacancies can easily be liberated during
operational temperatures. The exposure of surface oxygen
vacancies leads to the transport of oxygen ions in the SPFMg0.2T
electrolyte. According to the literature, normally, the conduction
of oxygen ions in solid oxides takes place in forms of vacancy
diffusion,47 in which the oxygen vacancies are mostly created/
supplied by oxygen defects. In this regard, the oxygen defective
material can provide diffusion pathways to generate high ionic
conductivity. Therefore, the formation of surface oxygen defects
and chemisorbed oxygen species substantially assist in the fast
transport of oxygen ion conductions in the as-prepared
electrolyte materials.

Moreover, the O 1s spectra of the raw powder and the powder
scratched off the SPFMg0.2T electrolyte cell after the fuel cell
performance being presented in Figure S5a,b. The amount of the
oxygen vacancies and −OH functional group are dominant
compared to that in pure powder. Therefore, in a fuel cell
operation, high oxygen vacancies are responsible for high oxide
ion conductivity. Overall, the designed SPFMg0.2T electrolyte
possesses all the characteristics of an efficient fuel cell device,
that is, a high amount of oxygen vacancies that result in high
ionic conductivity.
3.3. Electrochemical Performance. The designed SPFT,

SPFMg0.1T, and SPFMg0.2T samples were assessed in the SOFC
operation to evaluate the feasibility of the prepared electrolyte
materials through the doping approach. Figure 3 presents the I−
V characteristics for the fuel cells using SPFT, SPFMg0.1T, and
SPFMg0.2T electrolytes at 420−520 °C along with the fuel cell
electrochemical performances after stabilizing the OCVs of the
cells. In Figure 3a, the fuel cell based on the SPFT electrolyte
yielded a power density of 0.482 W cm−2 with an OCV of 1.0 V
at 520 °C. An improved power density of 0.698 W cm−2 with a

higher OCV of 1.043 V at 520 °C was achieved using the
SPFMg0.1T electrolyte, as shown in Figure 3b. The performance
was further enhanced using the SPFMg0.2T electrolyte with the
power density of 0.83 W cm−2 at 520 °C, as shown in Figure 3c.
According to our experimental observation, the OCV of the
SPFMg0.2T fuel cell reached 1.06 V within 37 s after the supply
of H2/air. Both SPFMg0.1T and SPFMg0.2T SOFCs showed an
OCV of >1.04 V, thus ruling out the possibility of the cell short-
circuiting because the semiconductor was used as an electrolyte
layer. Nevertheless, the obtained OCV of SPFT decreased to
0.98 V with the lowering of the operating temperature to 420 °C,
which is due to the presence of certain electronic characteristics
in SPFT. Electronic conduction is known to be detrimental to
the fuel cell device, which causes the short-circuiting trouble.
However, the measurement found that the introduction of Mg
into SPFT can promote the fuel cell OCV, possibly due to the
charge compensation mechanism and energy band alignment
playing a crucial role in charge transport�discussed later in this
work.

More attractively, the enhanced electrochemical power
output is ascribed to the Mg doping; where the intermediate
concentration of Mg doping (20% of Mg in SPFMg0.2T) has
displayed better and stable fuel cell performance in terms of
power density and OCV as compared to a lower doping
concentration (10% of Mg in SPFMg0.1T). Furthermore, Figure
3c shows the peak power density of the optimal composition of
the SPFMg0.2T electrolyte evaluated in the fuel cell, and it can be
seen that the power density increases from 0.51 W cm−2 at 420
°C to 0.83 W cm−2 at 520 °C as a result of the thermally
activated ion transportation accompanied by high OCVs
maintained at levels above 1.06 V at each testing temperature.
However, the power output can also be restricted due to the high
thickness of the electrolyte (approx. 500 μm). The fuel cell
based on the SPFMg0.1T electrolyte demonstrated an inferior
performance compared to that of the SPFMg0.2T one, which
should be mainly due to the low concentration of Mg doping.
The possible reason can be the acceptable higher doping ratio
that leads to the creation of oxygen vacancies and consequently
improves the ionic conduction (this is supported by the XPS
data shown in Figure 2). Based on our side experiments (Figure
S6a−c), a further increase in the doping concentration to above
20% has substantially decreased the fuel cell electrochemical
performance. Briefly, the above analyses indicate that the
SPFMg0.2T electrolyte membrane offered the highest power
output and a stable and higher OCV, manifesting that it can be
used as a functional electrolyte in the LT-SOFCs. Besides, the
peak power densities of fuel cells show an upward trend with the
increase of Mg content in the electrolyte from 0 to 20%, where
the further increase of the Mg content (from 20 to 40%) in the
materials led to the decrease in the power output of the fuel cell,
as presented in Figure S6a−c. Furthermore, EIS was employed
to understand the in-depth electrical properties of the utilized
materials, as discussed below.

As reported herein, the obtained favorable power output of
0.83 W cm−2 for the SPFMg0.2T electrolyte in a fuel cell is a
competent and functional electrolyte for LT-SOFC uses.
Therefore, we further evaluated the prepared SPFMg0.2T
electrolyte at 520 °C. The fuel cell device based on the
SPFMg0.2T electrolyte displayed the operation for 140 h at 520
°C under a constant current density of 120 mA cm−2 after the
fuel cell device’s transient-state operating condition and it is
discussed later in detail. By integrating the optimized content of
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Mg into SPFT, the SPFMg0.2T system can be a successful and
functional electrolyte in terms of power output in LT-SOFCs.
3.4. Electrochemical Impedance Spectroscopy. The

EIS spectra were measured from 420 to 520 °C in a H2 and air
environment in the OCV condition, as shown in Figures S7a and
3d,e. As previously reported, the attained EIS curves define three
dominant processes, indicated by intersects at lower frequency
(LF), intermediate frequency (IF), and higher frequency (HF)
regions, representing the mass transfer resistance (R2), charge
transfer resistance (R1), and Ohmic resistance (Ro), respec-
tively.48,49 The extracted information from raw data via the
equivalent circuit LRoQR1QR2 are listed in Tables S1 and S2,
where L is the inductance, Ro is the Ohmic resistance, Q is the
constant-phase element (CPE) representing the non-ideal
capacitance, and Rp = R1 + R2 is the polarization resistance
involved in charge and mass transfer. The CPE is a capacitive
element with a frequency-independent negative phase between
current and voltage, which interpolates between a capacitor and
a resistor. The capacitance value for each process was obtained
using the equation

C
R Q

R
( ) n

i i
1/

i
=

×

The obtained C for (R1Q1) and (R2Q2) can be related to the
charge transfer and electrode polarization process, as reported
elsewhere;50 according to the obtained Ci, and the semicircles
denoted by (R1Q1) and (R2Q2) can be ascribed to the grain
boundary and electrode polarization processes, respectively.
Further, “n” is the depressed arcs and the calculated capacitance
values. However, it can be observed that the Ohmic resistance Ro
of SPFMg0.2T and polarization resistances (Rp) are lower than
that of SPFMg0.1T, enlisted in Tables S1 and S2. Nevertheless,
the Ro and Rp of the SPFT electrolyte are comparatively higher
than that of SPFMg0.1T and SPFMg0.2T. The above results
evidence that SPFMg0.2T has lowered Ohmic and polarization
resistance compared to that of SPFMg0.1T and SPFT, due to the
presence of the high amount of oxygen vacancies, which leads to
the enhancement of ionic conduction in SPFMg0.2T. In addition,
the introduction of Mg into SPFT demonstrated a reduction of
electrode polarization compared to that of SPFT, proposing the
high catalytic activity of the utilized electrodes. Particularly, the
lower charge transfer resistance of the SPFMg0.2T cell than that
of the SPFT cell can be attributed to the replacement of the Fe3+

ions by the lower valence Mg2+ ions. Therefore, the replacement
of Fe3+ via Mg2+ established a compensation of the oxidation
state, leading to the generation of Fe4+ (holes) ions (Fe3+ → Fe4+

+ Mg2+), which provides an effective path for the carrier
concentrations. Besides, the area-specific resistance of Mg-
doped SPFT was reduced. Moreover, the well-functioning
electrolyte SPFMg0.2T has a distinct contribution to the
enhancement of catalytic activity, which participates in the
electrode reaction and promotes the ORR and HOR activities at
the electrolyte/electrode interface regions. Besides, the oxide
ion conducting characteristics were also evaluated by analyzing
SPFMg0.2T as the electrolyte cell in air/air and H2/air
atmospheres, as shown in Figures S7b and 3e, respectively. It
can be seen that initially, the SPFMg0.2T-electrolyte-based fuel
cell exhibited large Ohmic and polarization resistances, but
when the environment was changed from air/air to H2/air for
the same cell and allowed for 0.5 h, both Ohmic and polarization
resistances reduced significantly in the H2/air atmosphere as
compared to that in the air one. Indeed, the exposure of

SPFMg0.2T to the H2/air atmosphere induced phase transition
to an ion-conducting phase. Thus, this provides the evidence
that this material possesses high ionic conductivity in the fuel
cell environment, which is favorable for the SOFC operation.

In this work, the EIS analysis performed in H2/air is used to
determine the total conductivity (σt), which is enhanced from
0.06 to 0.153 S cm−1 of the SPFMg0.2T fuel cell in the
temperature range of 420−520 °C, as shown in Figure 3f. In
addition, we utilized an unconventional method to calculate the
ionic conductivity of SPFMg0.1T and SPFMg0.2T. Figure 3f
shows how the Ohmic resistance was utilized to assess and
determine the ionic conductivity value based on the obtained
respective I−V polarization curves. The total Ohmic polar-
ization losses (ΔVohm) of the tested cells are replicated by
considering the linear section of the polarization curve of the fuel
cell curve at the low-intermediate current region, which is mainly
caused by the Ohmic resistance of the electrode and
electrolyte.51 The electronic resistance offered by the electrodes
in the form of NCAL/Ni-foam is insignificant compared to the
ionic resistance of the presented SPFMg0.2T electrolyte. The
total Ohmic resistance acquired from the polarization curve is
presumably equivalent to the ionic resistance provided by the
SPFMg0.2T electrolyte. As a result, the area-specific resistance
(RASR) of the SPFMg0.2T electrolyte is calculated via RASR =
ΔVohm/ΔIohm, where the ΔVohm represents the Ohmic polar-
ization losses and ΔIohm corresponds to the current drop,52

displayed by the slope of the I−V characteristics curve in the
Ohmic polarization part. From this, the ionic conductivity (σi)
of SPFMg0.1T and SPFMg0.2T electrolytes can be estimated
according to the following equation based on the I−V curves

L
R S

I L
V Si

ASR

ohm

ohm
=

×
= ×

×

where L and R are the thickness of the electrolyte layer and
resistance, respectively. S denotes the active area of the pellet.
The electrical conductivities display the ionic conductivities of
SPFMg0.1T and SPFMg0.2T and were determined from the
respective I−V curves shown in Figure 3b,c. Afterward, the
calculated ionic conductivities of SPFMg0.1T and SPFMg0.2T are
0.107−0.031 and 0.133−0.049 S cm−1 at 520−420 °C,
respectively, as presented in Figure 3f. The obtained ionic
conductivity of SPFMg0.2T is remarkable and higher than that of
the latest reported simplex and composite electrolytes, such as
SFT−SDC (0.1 S cm−1 at 520 °C), GDC and YSZ (5.8 × 10−3

and 1.1 × 10−3 S cm−1 at 500 °C, respectively), and SiC−ZnO
(0.12 S cm−1 at 550 °C).14,53,54 The high ionic conduction is
associated with the doping of Mg ions into SPFT, which leads to
the charge compensation mechanism, resulting in the creation of
higher oxygen vacancies. The XPS analysis also gives a hint for
the enhancement of oxygen vacancies. Similarly, the high ionic
conduction trend was observed with doping of Mg into
LiCoO2−δ and doped ceria;55 therefore, a similar mechanism is
followed here. The obtained ionic conductivity disclosed the
ability of Mg doping into SPFT as an electrolyte. Indeed, the
enhancements of ionic conduction and avoiding the short-
circuiting issue of the as-prepared materials have an enormous
contribution to energy band engineering. Therefore, we discuss
the impact of designing single-phase perovskite semiconductor
materials based on the energy band structure in detail.
3.5. Synergistic Effect ofMgDoping.To gain an in-depth

insights into the electron distribution state utilizing Mg doping,
the DOS for each orbital is calculated by the DFT to investigate
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the responsible reasons for the enhanced high ionic con-
ductivity. Figure 4a−d displays the optimized structures of
SrTiO3, SPFT, SPFMg0.1T, and SPFMg0.2T, respectively. After
Mg doping, the crystal structures for SPFT (Figure 4b−d) are
similar to that of pristine SrTiO3 with lattice distortion.
Meanwhile, the representative DOS values for pure SPFT (b),
SPFMg0.1T (c), and SPFMg0.2T (d) structures were calculated,
and it is observed that the DOS value gradually increased near
the Fermi level. This corresponds to enhanced chemical activity
for the absorption of oxygen ions, as depicted in Figure 4e−g.
Moreover, the DOS plots of SPFT reveal that Fe and Mg doping
could narrow band gaps between the valence and conduction
bands, corresponding to the gradually increased electron
concentration. Therefore, the electronic structure of SPFMg0.2T
was mainly analyzed (Figure 4h), which shows an energy gap of
approx. 1.69 eV. Long-distance oxygen vacancies in typical
structures, such as SrTiO3, prevent simultaneous occupancy of
two O2 sites. As a result, distinct O sites partially occupy O2

2−

and O1
2−, resulting in heterogeneous coordination of the d-

metal atoms (Fe and Ti). The formation of a random
distribution of dopants on octahedral sites in the average crystal
structure is indicated by the arrangement of oxygen vacancies on
two average oxygen sites. However, as shown in Figure 4i, the
vicinity and availability of the two oxygen sites suggest a
significant structural disorder of the oxide ions. The various
configurations will be randomly distributed along with the
structural layers, thus creating complex disordered arrange-
ments.

Therefore, oxygen vacancies with less diffusion energy would
help enhance oxygen ion and proton transportation and
mobility, which are already discussed in detail with the XPS

analysis, as shown in Figure 2e,f. It can be observed that there is a
change in the oxidation state of Fe 2p and O 1s spectra with the
Mg doping into SPFT. The analysis of the change in oxidation
states of Fe 2p involving the mixed oxidation states Fe (Fe4+/
Fe3+ and Fe3+/Fe2+) that tends toward a lower valence state
resulted in oxygen vacancies (depicted in Figure 2e).
Furthermore, the O 1s spectra extending toward a higher BE
demonstrated the higher content of surface oxygen species along
with the O−H group, specifically in SPFMg0.2T compared to
that in SPFT and SPFMg0.1T. Moreover, the comparison of O 1s
spectra of SPFMg0.2T of pure powder and the powder of
SPFMg0.2T (scratched from the cell after fuel cell operation)
illustrated the formation of high oxygen vacancies in the fuel cell
condition comparatively (depicted in Figure S5).

As the XPS analysis is one of the sensitive characterization
tools, it is used to analyze the surface properties of the materials
with the formation of oxygen vacancies, as shown in Figures 2
and S5. In addition, the HR-TEM results of the SPFMg0.2T
material as-prepared and after the fuel cell performance are
depicted in Figure 5a,b. The HR-TEM images suggest that there
is a possibility to form oxygen vacancies in SPFMg0.2T and the
oxygen vacancies are primarily present in the amorphous layer
formed at the surface of SPFMg0.2T after the fuel cell
performance. Figure 5a shows a rough sketch of the surface
layer formed, but after the fuel cell performance, there is a clear
amorphous layer formed (depicted in Figure 5b), as discussed
later via EELS results. Chen et al. reported the formation of the
amorphous layer at the La0.25Sr0.75TiO3 powder with a high
content of oxygen vacancies and physically characterized it as the
core−shell structure.21 Similarly, after the fuel cell performance,
a wide and clear amorphous layer formed with a high content of

Figure 4. Optimized structure of SrTiO3 (a); Sr0.5Pr0.5Fe0.4Ti0.6O3 (b); 10% Mg-doped Sr0.5Pr0.5Fe0.4Ti0.6O3 (c); and 20% Mg-doped
Sr0.5Pr0.5Fe0.4Ti0.6O3 (d) structures, respectively. Calculated partial DOS (PDOSs) for different orbitals for the optimized structures of
Sr0.5Pr0.5Fe0.4Ti0.6O3, 10% Mg-doped Sr0.5Pr0.5Fe0.4Ti0.6O3, and 20% Mg-doped Sr0.5Pr0.5Fe0.4Ti0.6O3 structures (e−g), respectively. Energy band
structure of 20% Mg-doped Sr0.5Pr0.5Fe0.4Ti0.6O3 structures by DFT calculations (h). Calculated relative diffusion energy for the oxygen ions at
different sites and structures such as SrTiO3 (Sr−O−Ti), Sr0.5Pr0.5TiO3 (Pr−O−Ti), Sr0.5Pr0.5Fe0.4Ti0.6O3 (Fe−O−Ti), 10% Mg-doped
Sr0.5Pr0.5Fe0.4Ti0.6O3 (Fe−O−Mg), and 20% Mg-doped Sr0.5Pr0.5Fe0.4Ti0.6O3 (Fe−O−Mg) structures, respectively (i).
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oxygen vacancies at the surface of inner bulk SPFMg0.2T led to
the core−shell structure and behaved with heterostructure
characteristics. The XPS (Figures 2 and S5) and HR-TEM
(Figure 5) analyses determined a possible high concentration of
surface oxygen vacancies created due to the amorphous layer
formed at the core of SPFMg0.2T powder. In addition, it can be
observed in EIS results (depicted in Figures 3e and S7b) that the
cell resistances decrease significantly upon the fuel cell
environment operation; besides, the surface oxygen vacancies
are increased significantly in SPFMg0.2T after the fuel cell
operation, as depicted in Figure S5b. As this effect can also be
understood as a large reduction in the designed cell resistance by
changing the air environment to the H2/air environment; see
Figures 3e and S7b.

Considering the in situ core−shell structure formation of
SPFMg0.2T, the higher connection among particles or surfaces
leads to the creation of a higher number of pathways for the
oxide ion conduction, as depicted in the schematic illustration in
Figure 5c. Recently, the important results have been reported
with a significantly higher ionic conductivity via the ionic
conduction by the formation of a heterostructure of CeO2/
CeO2−δ considering the core−shell structure.56 Likewise, there
is an ionic conductivity enhancement of oxide ion conduction by
forming a heterostructure composite of the ionic conductor and
a semiconductor.57,58 Thus, enhancing the ionic conductivity in

the core−shell structure based on CeO2/CeO2−δ is a prominent
example of this effect.56 Similarly, the same concept of the core−
shell structure is being found in SPFMg0.2T considering the
heterostructure characteristics maintained on the bulk
SPFMg0.2T and the oxide ion conduction in the amorphous
surface layer, filled by the large content of oxygen vacancy
defects. This caused the remarkable enhancement of oxide ion
conductivity in the optimized SPFMg0.2T. There are several
concrete shreds of evidence establishing and indicating that the
two-dimensional transition metal oxides at the interfaces are
entirely different from the interfaces of the typical and
conventional semiconductors,59 and also, the superconduction
phenomenon at the interface has gained significant attention.60

In this regard, the state-of-the-art LaAlO3/SrTiO3 (LAO/STO)
heterostructure was reported to illustrate the quasi-two-
dimensional (2D) superconduction, where the electronic
reconstruction in the 2D LAO/STO interface employed the
concept of a “polar catastrophe”.61,62 Similarly, the current
condition of SPFMg0.2T particles involves the core SPFMg0.2T
covered by an amorphous layer of SPFMg0.2T of approx. 2.4 nm
thickness. Thus, the core−shell structure formation, where there
is a correlation existing between the electron ions in terms of
oxygen vacancies can be referred to as the new scientific
phenomenon of “ionotronics”. This revealed the new mecha-
nism of electron ion coupling of the materials involving the

Figure 5.HR-TEM images before and after the fuel cell performance of the SPFMg0.2T electrolyte for raw powder (a) and powder scraped from the cell
tested in the fuel cell environment (b). Schematic illustration of the electrochemical mechanism of the process occurred at the electrodes and the oxide
ion conduction mechanism in the designed cell architecture with the SPFMg0.2T electrolyte (c).
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modification of the structure and properties, which can be
achieved via the external fields.63 The formation of oxygen
vacancies induces the shift in the conduction band for the
reduction of energies, as also depicted in the below discussion of
energy band alignment. As Mg doping also participates
substantially, which plays a crucial role in the development of
new physical properties, such as the superconductivity in
SPFMg0.2T due to the formation of ion defects leading to the
change of the electron state and creating new energy levels in the
energy band structure.64 Moreover, the fuel cell environment
(H2/air) reduces the energy required for the oxygen vacancy
formation in the amorphous shell of the SPFMg0.2T electro-
lyte.65 However, such a physical phenomenon of ion conduction
is illustrated in Figure 5c. Still, this mechanism of the correlated
energy band structure and controlled oxygen defect formation
requires more research and investigation in future research work.

Since the majority of the morphology of the image exhibited a
step-like morphology and a high ion-conducting local layer at
the surface of the SPFMT electrolyte was formed after fuel cell
testing, as presented in Figure 6a−c, it is suggested that there
was dominated ionic conduction by the grain boundary due to
specific changes in the chemistry or structure, generally an

amorphous phase. However, such a phase is occasionally
observed. However, EELS data were measured for the
SPFMg0.2T electrolyte after fuel cell testing. The bulk EELS
data for Ti-L2,3 suggest that Ti is present in Ti4+, while surface
EELS data show a mixed valence state of Ti3+ and Ti4+, as
demonstrated in Figure 6d. However, for Fe-L2,3, EELS data for
the bulk and surface are very different, as shown in Figure 6e.
However, it was found that most Fe diffused to the surface layer
at grain boundaries, suggesting that the transition metals show
changes in the valence as both when approaching the grain
boundaries and in the bulk, a feeble signal is observed, as shown
in Figure S9. The main structure width of O−K EELS, including
the three broad peaks, is evaluated as represented in Figure 6f. As
the distance between the bulk to the surface, the positions of the
broken lines of the O−K edge correspond to the minimum and
maximum in the second differentiated spectra. It seems very
reasonable that this shift has also been seen in EELS spectra of
other transition metals after reduction in H2. By comparing the
O−K EELS edge positions at the bulk and surface, we can
estimate that the energy shift is proportional to the vacancy
concentration. The oxygen vacancy formation in this system

Figure 6. HAADF energy image of the SPFMg0.2T electrolyte after the fuel cell performance (a−c); comparison of the Ti L2,3-edge, FeL2,3-edge, and O
K-edge EELS spectra and their corresponding mapping between the grain boundary and bulk of SPFMg0.2T (d−f). Adapted from (a−c).
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played a crucial role in the performance enhancement of the fuel
cell device.

3.6. Energy Band Structure Mechanism. This work
provides a detailed analysis of employing the energy band
structure concept to understand and illustrate the mechanism in

Figure 7. UPS analysis of high- and low-energy intercepts of Sr0.5Pr0.5F0.4−xMgxTi0.6O3−δ (x = 0, 0.1−0.2) (a,b); energy band structure of
Sr0.5Pr0.5F0.4−xMgxTi0.6O3−δ (x = 0, 0.1−0.2) (c); UV−visible absorption spectra and band gap view and the high- and low-energy intercepts from the
UPS of NCAL (d,e); and energy band structure of the fuel cell device with the structure of NCAL/Sr0.5Pr0.5F0.2Mg0.2Ti0.6O3−δ/NCAL (f).
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terms of energy band alignment for the formation of oxygen
vacancies that assist in the enhancement of ionic conduction and
the stoppage of electronic conduction by altering the valence
band maxima via doping of Mg. For this purpose, UV−vis
spectroscopy and UPS were employed to understand the energy
band structure of the as-prepared materials. Generally, UV−vis
spectroscopy was used to obtain the energy band gaps using the
following Tauc plots from the optical absorption spectra as
below

h h Eg( )n
o=

where α, hν, and βo are the absorption coefficient, energy of
photons, and energy independent constant, respectively.66 The
direct or indirect band gap nature of the material can be
predicted from the Tauc plot, that is, by plotting (αhυ)n versus
the incident photon’s energy (eV); where “α” is the absorption
coefficient, “h” is the Planck’s constant, and “υ” is the frequency
of the incident photon. Additionally, the superscript is adjusted
based on the nature of the band gap, that is, n = 2 is used for a
direct band gap, while n = 1/2 is used for an indirect band gap
semiconductor.67,68 Since in our case, the prepared material is an
indirect band gap semiconductor, we used n = 1/2 in the Tauc
plot, as shown in Figure S10. The spectra show a negligible
lower-energy absorption tail, indicating the material’s indirect
band gap nature.68 It has been observed in the spectra that the
absorption edge for Sr0.5Pr0.5F0.4Ti0.6O3−δ is around 440 nm.
However, the absorption edge moves toward a higher
wavelength with the doping of Mg ions. Figure S10a−c shows
the Tauc plots, where the obtained energy band gap values are
2.91, 3.01, and 3.16 eV for SPFMg0.2T, SPFMg0.1T, and SPFT,
respectively. It can be noticed that the energy band gap
decreases with the doping of Mg ions, which proposes the
creation of intermediate energy levels between the conduction
and valence bands. Therefore, in more detail, we utilized UPS to
determine valence band maxima, as shown in Figure 7a,b. The
valence band (Vb) is calculated using the following equation.69

E E21.2 eV ( )cuttoff onset=

where the Ecutoff and Eonset are the high and low BEs of the UPS
raw data, respectively. The calculated Vb values are 7.19, 7.6, and
7.88 eV for SPFT, SPFMg0.1T, and SPFMg0.2T, respectively.
Furthermore, the conduction band minima (Cb) were calculated
based on Vb and the energy band gap. The calculated Cb values

are 4.03, 4.59, and 4.97 eV for the three materials. Thus, all these
data presented indicate that the band gap reduction with the
appropriate Mg ions may provide an intelligent pathway for
charge species. The calculated Vb and the energy band gaps
facilitate constructing the energy band structure (Figure 7c) for
different contents of Mg-doped compositions, which depicts
that the conduction band narrowed where more oxygen
vacancies can be possibly created. Thus, the position of the
Fermi level changed; as a result, the valence band shift occurs
with Mg doping, and the change in the Fermi level measured
from the valence band maximum (EF) and energy of the valence
band maximum (EVBM) could enhance the DOS near the
Fermi level, as illustrated in the DFT calculations. The easy
transport of the charged species from the valence band to the
conduction band where more oxygen vacancies are created
promotes the fast transport of ions. The band gap reduction is
also ascribed to the lowering of the activation energy for the
transport of oxide ions.

The above discussion of the energy band structure portrays
that the designed energy band structure is feasible for the fuel
cell device. For a more in-depth analysis, we applied the energy
band theory to understand and describe the constructed fuel cell
device that follows the rules of the energy band theory. The fuel
cell study revealed that there is a production of extrinsic
electrons at the anode side due to the supply of H2 fuel;
afterward, the produced electrons must flow through the
external circuit for the generation of electrical energy. In this
regard, certain essential thumb rules must be followed for the
successful operation of the fuel cell device to generate high OCV
and electrochemical performance. From the context of the
energy band theory, there are various cases where electrolytes
block electrons, including when the Cb of YSZ is higher than the
redox potential, preventing electron transit.70 In this regard,
Dong et al. reported a semiconductor TiO2 materials to maintain
a wide band gap and achieved high electrochemical performance
and OCV following the four rules of thumb, such as Cbanode <
H2/H+, Cbelectrolyte > H2/H+, Cbcathode > O2/O2−, and Vb(electrolyte)
< O2/O2−.22,71 We have carefully designed a new wide-band-gap
Mg-doped Sr0.5Pr0.5Fe0.2Mg0.2Ti0.6O3−δ (SPFMg0.2T) sample in
light of these four rules, which has significantly followed the
energy band theory.

In general, utilizing the energy band theory aims to illustrate
that the produced electrons at the anode cannot jump into the
electrolyte and follow the external circuit to produce the

Figure 8. Performance of single cell based on the comparison of H2O production through NCAL/SPFMg0.2T/NCAL (a). Faradaic efficiency of the
single cell H2 conversion to H2O (b) under different current densities at 520 °C. The average value of three measurements were considered for Faraday
efficiency calculation, and three average values are used for the plot.
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electrical energy. It is possible due to the high conduction band
of the electrolyte as compared to that of an electrode, which
avoids any short-circuiting trouble. The lower level of the
conduction band can cause e a short-circuiting problem, as
observed in SDC.72 The band gap (2.91 and 1.0 eV) and valence
band (Vb) (7.88 and 6.3 eV) for the SPFMg0.2T electrolyte and
NCAL electrode were calculated by employing UPS and UV−
vis spectroscopy, as shown in Figures 7d,e and S10. The Cb
values (4.97 and 5.27 eV) of the SPFMg0.2T electrolyte and
NCAL electrode were calculated via the combined Vb and
energy band gaps. It is clearly illustrated that the designed Mg-
doped SPFMg0.2T electrolyte and NCAL electrode followed the
thumb rules of the energy band theory, and the energy band
structure (displayed in Figure 7f) was successfully constructed
to avoid any short-circuiting trouble and the high electro-
chemical performance was obtained along with a high OCV.

Furthermore, the individual cell including SPFMg0.2T
electrolyte with NCAL electrodes demonstrated a high
efficiency of fuel conversion under two different current
densities. The outlet products were analyzed by on-line GC in
30 min intervals (a GC run repeated every 10 min for three
measurements) at each current density. The average value of
every three runs was taken as the H2O concentration with the 30

min interval for each current density. It can be seen in Figure 8a
that the H2O concentration production increases with the
increase of applied current densities. Moreover, the Faradaic
efficiency at a lower current density 0.1 mA/cm2 is around 100%
but marginally crosses over 100% due to the less production of
water resulted of low applied current density, where the slight
cross over 100% is also linked to the sensitiveness of the GC−
MS instrument(depicted in Figure 8a). Thus, the very low H2O
concentration produced can easily cause a possible deviation
during the calibration and measurement of the GC−MS
instrument. However, the increase of the applied current density
to 0.2 mA/cm2 leads to the increase in the H2O concentration
production and the obtained Faradaic efficiency of ∼92.8% at
0.2 mA/cm2 is still considered high, as shown in Figure 8b.
3.7. Interconnection of Electrochemical Performance

and Durability. The more essential part of the LT-SOFC is
durability, but it is also more complex for practical application,
especially in the semiconductor-based fuel cell at the low
operational temperature in this emerging energy conversion
technology. Therefore, to assess the durable operation of the fuel
cell device based on the SPFMg0.2T electrolyte with the
architecture of Ni−NCAL/SPFMg0.2T/NCAL−Ni, the as-
sembled cell is operated at the working temperature of 520 °C

Figure 9. Durability operation of the fuel cell device under a current density of 120 mA cm−2 (a) and reproducibility demonstration of fuel cell
performance and EIS spectra of the device at different time intervals at 520 °C (b,c) based on the SPFMg0.2T electrolyte.
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under the constant current density of 120 mA cm−2. The fuel cell
durability has been demonstrated against the time function in
the environment of H2/air under the optimized flow rate of H2
of 110 mL min−1, as shown in Figure 9a. It can be observed that
the 143 h operation under a constant current density of 120 mA
cm−2 with a degradation rate of 0.15 mV exhibited a stable
operation. In this stability operation, the steady-state operation
is considered, and a stable operation of the fuel cell device at 520
°C is observed. It can be regarded that the prominent role of the
Mg doping in altering the insulating behavior into the strongly
oxide ionic conductor as well as the formation of the core−shell
structure play a vital role in the stable and immense support of
the stable operation at the obtained working voltage of 0.96 V.
However, after the ∼125 h operation, a slight decrease of voltage
drop was observed. Still, it is strongly believed that the
SPFMg0.2T electrolyte-based fuel cell operated at 520 °C can
be extended to long-term stable operation. In this regard, several
potential technical barriers might lead to the reduced working
voltage, resulting in the less stable operation of the fuel cell
device: (i) mismatch of the thermal expansion coefficient
between the used NCAL electrodes and the SPFMg0.2T
electrolyte; (ii) possible generation of rusting on the inner
surface of the steel chamber of the sample fixture, which may
result in increased resistance; and (iii) the difference in the cell
geometry due to the lack of engineering facilities to guarantee
uniformity of the NCAL−Ni electrode preparation and fuel cell
assembly. These all-technical barriers lead to the challenge of
reducing cell voltage over a period of time.

Interestingly, we have also performed the fuel cell perform-
ance in terms of power output as well as EIS analysis at various
time intervals under a long-term operation at 520 °C, but we
found that there was a negligible change in the fuel cell power
output, OCV, and the Ohmic resistance and polarization
resistance, as shown in Figure 9b,c. The prepared fuel cell
presented the peak power density of 0.83 W cm−2 at 520 °C with
the Ohmic resistance of 0.16 Ω cm2 and the polarization
resistance of 0.43 Ω cm2. Afterward, a slight degradation of fuel
cell performance was noticed along with Ohmic and polarization
resistances, respectively, after 50 h, where the power output was
decreased to 0.81 W cm−2 without a decline of the OCV and the
Ohmic and polarization resistances were 0.18 and 0.46 Ω cm2,
respectively. After 100 h, the power output was decreased to
0.79 W cm−2 and the Ohmic and polarization resistances
increased to 0.21 and 0.55 Ω cm2, respectively. Subsequently, at
140 h, the power output decreased to 0.77 W cm−2 with the
decrease of OCV to 1.04 V. In addition, the Ohmic and
polarization resistances also increased to 0.25 and 0.63 Ω cm2,
respectively, which may have happened due to several reasons,
but a possible reason could be the fact that in the operating
environment, the NCAL electrode on the anode side is liable to
be reduced by hydrogen, as our previous reports disclosed,
namely, the Ni2+ (Co3+) easily turned into metallic Ni (Co)
through a reduction reaction and was accompanied by the
production of active oxygen ions, which reacted with the
product H2O vapors in the fuel cell reaction to form OH− and
then combined with Li+ to generate LiOH. The mechanism is
similar to the phenomenon that lithium oxide is easily combined
with H2O vapors to produce LiOH, when the material is exposed
to a humidified environment. However, maybe this LiOH results
in an insulating phase at the anode and electrolyte interface,
which can create an insulating phase to increase the polarization
resistance of the fuel cell. However, there is still a need to design
new electrodes to overcome the resistances produced, which

restrained the fuel cell efficiency. Considering the electro-
chemical power output, it can be concluded that the employed
SPFMg0.2T electrolyte-based fuel cell was stable with relatively
low resistances. The EIS analysis at different intervals of time of
the cell-based on electrolyte SPFMg0.2T revealed no severe
increase in Ohmic resistances and mass and charge transport
resistances, which guarantees better fuel cell performance of the
designed electrolyte for the low-temperature based FC device
with the durable operation.

4. CONCLUSIONS
In summary, a new electrolyte Mg-doped Sr0.5Pr0.5Fe0.2Ti0.6O3−δ
was proposed for LT-SOFCs. The material properties including
the phase structure, morphology, microstructure, and surface
oxygen vacancies were investigated through XRD, SEM, HR-
TEM, and XPS. The ionic conductivity and electrochemical
performance of the material were also characterized, which
revealed that by using Mg doping, Sr0.5Pr0.5F0.4Ti0.6O3−δ could
exhibit an improved ionic conductivity and appreciable fuel cell
performance with high OCVs. The presented core−shell
structure can be considered as a semiconductor core and a
surface layer for superionic conduction, portraying the
heterostructure characteristics. In addition, the correlation of
electron−oxide ions (oxygen vacancies) in the formed core−
shell structure−based heterostructure opened a new scientific
mechanism for the superionic conduction in the SPFMg0.2T
electrolyte toward the LT-SOFC, where the interface/surface
played a vital role. In addition, the band gap engineering in the
design of the energy band structure via Mg doping also had a
substantial role in charge separation and ionic transport/
transfer. Considering all these possible charge mechanisms has
provided efficient evidence of surficial/boundaries-based
superionic conduction with an ionic conductivity of 0.133 S
cm−1 and suppression of electronic conduction that resulted in a
significant fuel cell performance of 0.83 W cm−2 at 520 °C.
Moreover, the GC characterizations-based calculated Faradaic
efficiency demonstrated that SPFMg0.2T is an efficient electro-
lyte during the fuel cell operation mode. Thus, the work
introduces a new approach for the development of functional
electrolytes for LT-SOFCs and helps leverage the consistent
advantage of the low cost and facile way for commercialization.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c06565.

XRD analysis, TEM and SEM analyses, EDS mapping,
XPS analysis, fuel cell performance, EIS analysis, EELS
results, optical characteristics, Tables including EIS fitted
data of the SPFT electrolyte obtained from Z-Simpwin
software at temperatures ranging from 520 to 420 °C, and
EIS fitted data of the Sr0.5Pr0.5Fe0.4−xMgxTi0.6O3−δ (x = 0,
0.1, and 0.2) electrolyte obtained from Z-Simpwin
software at temperatures ranging from 520 to 420 °C
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Sajid Rauf − College of Electronics and Information Engineering,
Shenzhen University, Shenzhen, Guangdong Province 518000,
China; Email: sajidrauf@szu.edu.cn

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c06565
ACS Appl. Mater. Interfaces 2022, 14, 43067−43084

43081

https://pubs.acs.org/doi/10.1021/acsami.2c06565?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06565/suppl_file/am2c06565_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sajid+Rauf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:sajidrauf@szu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Imran+Asghar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c06565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Muhammad Imran Asghar − Hubei Collaborative Innovation
Center for Advanced Organic Chemical Materials, Faculty of
Physics and Electronic Science, Hubei University, Wuhan,
Hubei 430062, P. R. China; New Energy Technologies Group,
Department of Applied Physics, Aalto University School of
Science, Espoo FI-00076 Aalto, Finland; orcid.org/0000-
0003-3559-0955; Email: imran.asghar@aalto.fi

Wei Xu − College of Electronics and Information Engineering,
Shenzhen University, Shenzhen, Guangdong Province 518000,
China; Email: weixu@szu.edu.cn

Authors
Muhammad Bilal Hanif − Department of Inorganic Chemistry,

Faculty of Natural Sciences, Comenius University in Bratislava,
Bratislava 84215, Slovakia

Naveed Mushtaq − Hubei Collaborative Innovation Center for
Advanced Organic Chemical Materials, Faculty of Physics and
Electronic Science, Hubei University, Wuhan, Hubei 430062,
P. R. China; Energy Storage Joint Research Center, School of
Energy and Environment, Southeast University, Nanjing
210096, P. R. China

Zuhra Tayyab − Hubei Collaborative Innovation Center for
Advanced Organic Chemical Materials, Faculty of Physics and
Electronic Science, Hubei University, Wuhan, Hubei 430062,
P. R. China

Nasir Ali − Zhejiang Province Key Laboratory of Quantum
Technology and Devices and Department of Physics and State
Key Laboratory of Silicon Materials, Zhejiang University,
Hangzhou 310027, People’s Republic of China

M. A. K. Yousaf Shah − Energy Storage Joint Research Center,
School of Energy and Environment, Southeast University,
Nanjing 210096, P. R. China; orcid.org/0000-0002-
1081-9090

Martin Motola − Department of Inorganic Chemistry, Faculty
of Natural Sciences, Comenius University in Bratislava,
Bratislava 84215, Slovakia; orcid.org/0000-0001-7394-
9944

Adil Saleem − College of Physics and Optoelectronic
Engineering, Shenzhen University, Shenzhen 518060, China;

orcid.org/0000-0001-5959-0429
Rashid Iqbal − Institute for Advanced Study, Shenzhen

University, Shenzhen, Guangdong 518060, China
Changping Yang − Hubei Collaborative Innovation Center for

Advanced Organic Chemical Materials, Faculty of Physics and
Electronic Science, Hubei University, Wuhan, Hubei 430062,
P. R. China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.2c06565

Author Contributions
S.R.: investigation and writing�original draft preparation; S.R.,
and W.X.: investigation and software; S.R., M.B.H., and N.M.:
data curation and writing�reviewing and editing; Z.T., N.A.,
M.A.K., and Y.S.: investigation and data curation; S.R., M.M.,
A.S., R.I., and C.Y.: formal analysis and methodology; S.R.,
M.I.A., and W.X.: conceptualization and supervision; S.R.,
M.I.A., and W.X.: resources and supervision; and S.R., M.I.A.,
and W.X.: supervision and validation.
Notes
The authors declare no competing financial interest.
The data can be provided upon request.

■ ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (52105582), the Natural Science
F o u n d a t i o n o f G u a n g d o n g P r o v i n c e ( g r a n t n o .
2020A1515011555), the High-Talent Research Funding (827-
000451), the Fundamental Research Foundation of Shenzhen
(JCYJ20210324095210030), the Open Foundation of the State
Key Laboratory of Digital Manufacturing Equipment and
Technology (DMETKF2021016), and the National Natural
Science Foundation of China (11674085 and 51772080). M.I.
Asghar thanks the Hubei overseas Talent 100 programme (as a
distinguished Professor at Hubei University) and the Academy
of Finland (grant nos. 13329016 and 13322738) for its support.
We are thankful to Dr. Ghulam Yasin for proofreading and
suggestions. We are really thankful to Dr. Xiuan Xi and Prof. Dr.
Xian-Zhu Fu for initially using their GC characterization
facilities and their discussion at the College of Materials Science
and Engineering, Shenzhen University and then utilizing
another GC−MS characterization for further analysis.

■ REFERENCES
(1) Carrette, L.; Friedrich, K. A.; Stimming, U. Fuel cells: principles,

types, fuels, and applications. ChemPhysChem 2000, 1, 162−193.
(2) Fan, L.; Zhu, B.; Su, P.-C.; He, C. Nanomaterials and technologies

for low temperature solid oxide fuel cells: recent advances, challenges
and opportunities. Nano Energy 2018, 45, 148−176.

(3) Yamamoto, O.; Arati, Y.; Takeda, Y.; Imanishi, N.; Mizutani, Y.;
Kawai, M.; Nakamura, Y. Electrical conductivity of stabilized zirconia
with ytterbia and scandia. Solid State Ionics 1995, 79, 137−142.

(4) Rivera, A.; Santamaría, J.; León, C. Electrical conductivity
relaxation in thin-film yttria-stabilized zirconia. Appl. Phys. Lett. 2001,
78, 610−612.

(5) Kerman, K.; Lai, B. K.; Ramanathan, S. Nanoscale compositionally
graded thin film electrolyte membranes for low temperature solid oxide
fuel cells. Adv. Energy Mater. 2012, 2, 656−661.

(6) Chen, Y.-Y.; Wei, W.-C. J. Processing and characterization of ultra-
thin yttria-stabilized zirconia (YSZ) electrolytic films for SOFC. Solid
State Ionics 2006, 177, 351−357.

(7) Huang, H.; Nakamura, M.; Su, P.; Fasching, R.; Saito, Y.; Prinz, F.
B. High-performance ultrathin solid oxide fuel cells for low-temperature
operation. J. Electrochem. Soc. 2006, 154, B20.

(8) Takagi, Y.; Lai, B.-K.; Kerman, K.; Ramanathan, S. Low
temperature thin film solid oxide fuel cells with nanoporous ruthenium
anodes for direct methane operation. Energy Environ. Sci. 2011, 4,
3473−3478.

(9) Su, P.-C.; Chao, C.-C.; Shim, J. H.; Fasching, R.; Prinz, F. B. Solid
oxide fuel cell with corrugated thin film electrolyte. Nano Lett. 2008, 8,
2289−2292.

(10) Timurkutluk, B.; Timurkutluk, C.; Mat, M. D.; Kaplan, Y. A
review on cell/stack designs for high performance solid oxide fuel cells.
Renewable Sustainable Energy Rev. 2016, 56, 1101−1121.

(11) Hanif, M. B.; Motola, M.; Rauf, S.; Li, C.-J.; Li, C.-X. Recent
advancements, doping strategies and the future perspective of
perovskite-based Solid oxide fuel cells for energy conversion. Chem.
Eng. J. 2022, 428, 132603.

(12) Cao, Z.; Wang, Z.; Li, F.; Maliutina, K.; Wu, Q.; He, C.; Lv, Z.;
Fan, L. Insight into high electrochemical activity of reduced
La0.3Sr0.7Fe0.7Ti0.3O3 electrode for high temperature CO2 electrolysis.
Electrochim. Acta 2020, 332, 135464.

(13) Mushtaq, N.; Xia, C.; Dong, W.; Abbas, G.; Raza, R.; Ali, A.; Rauf,
S.; Wang, B.; Kim, J.-S.; Zhu, B. Perovskite SrFe1‑xTixO3‑δ (x ≤ 0.1)
cathode for low temperature solid oxide fuel cell. Ceram. Int. 2018, 44,
10266−10272.

(14) Mushtaq, N.; Xia, C.; Dong, W.; Wang, B.; Raza, R.; Ali, A.; Afzal,
M.; Zhu, B. Tuning the Energy Band Structure at Interfaces of the

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c06565
ACS Appl. Mater. Interfaces 2022, 14, 43067−43084

43082

https://orcid.org/0000-0003-3559-0955
https://orcid.org/0000-0003-3559-0955
mailto:imran.asghar@aalto.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:weixu@szu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Bilal+Hanif"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naveed+Mushtaq"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zuhra+Tayyab"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nasir+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+A.+K.+Yousaf+Shah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1081-9090
https://orcid.org/0000-0002-1081-9090
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Motola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7394-9944
https://orcid.org/0000-0001-7394-9944
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adil+Saleem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5959-0429
https://orcid.org/0000-0001-5959-0429
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rashid+Iqbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Changping+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06565?ref=pdf
https://doi.org/10.1002/1439-7641(20001215)1:4<162::aid-cphc162>3.0.co;2-z
https://doi.org/10.1002/1439-7641(20001215)1:4<162::aid-cphc162>3.0.co;2-z
https://doi.org/10.1016/j.nanoen.2017.12.044
https://doi.org/10.1016/j.nanoen.2017.12.044
https://doi.org/10.1016/j.nanoen.2017.12.044
https://doi.org/10.1016/0167-2738(95)00044-7
https://doi.org/10.1016/0167-2738(95)00044-7
https://doi.org/10.1063/1.1343852
https://doi.org/10.1063/1.1343852
https://doi.org/10.1002/aenm.201100751
https://doi.org/10.1002/aenm.201100751
https://doi.org/10.1002/aenm.201100751
https://doi.org/10.1016/j.ssi.2005.10.010
https://doi.org/10.1016/j.ssi.2005.10.010
https://doi.org/10.1149/1.2372592
https://doi.org/10.1149/1.2372592
https://doi.org/10.1039/c1ee01310f
https://doi.org/10.1039/c1ee01310f
https://doi.org/10.1039/c1ee01310f
https://doi.org/10.1021/nl800977z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl800977z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2015.12.034
https://doi.org/10.1016/j.rser.2015.12.034
https://doi.org/10.1016/j.cej.2021.132603
https://doi.org/10.1016/j.cej.2021.132603
https://doi.org/10.1016/j.cej.2021.132603
https://doi.org/10.1016/j.electacta.2019.135464
https://doi.org/10.1016/j.electacta.2019.135464
https://doi.org/10.1016/j.ceramint.2018.03.033
https://doi.org/10.1016/j.ceramint.2018.03.033
https://doi.org/10.1021/acsami.9b13044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c06565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


SrFe0.75Ti0.25O3−δ−Sm0.25Ce0.75O2−δ Heterostructure for Fast Ionic
Transport. ACS Appl. Mater. Interfaces 2019, 11, 38737−38745.

(15) Rauf, S.; Zhu, B.; Yousaf Shah, M. K. Y.; Tayyab, Z.; Attique, S.;
Ali, N.; Mushtaq, N.; Wang, B.; Yang, C.; Asghar, M. I.; Lund, P. D.
Application of a triple-conducting heterostructure electrolyte of
Ba0.5Sr0.5Co0.1Fe0.7Zr0.1Y0.1O3‑δ and Ca0.04Ce0.80Sm0.16O2‑δ for high
performance low-temperature solid oxide fuel cell. ACS Appl. Mater.
Interfaces 2020, 12, 35071−35080.

(16) Rauf, S.; Shah, M. Y.; Ali, N.; Mushtaq, N.; Tayyab, Z.; Yousaf,
M.; Yang, C. P.; Wang, B. Tuning semiconductor LaFe0.65Ti0.35O3‑δ to
fast ionic transport for advanced ceramics fuel cells. Int. J. Hydrogen
Energy 2020, 15, 9861−9873.

(17) Shah, M. A. K. Y.; Mushtaq, N.; Rauf, S.; Xia, C.; Zhu, B. The
semiconductor SrFe0.2Ti0.8O3‑δ-ZnO heterostructure electrolyte fuel
cells. Int. J. Hydrogen Energy 2019, 44, 30319−30327.

(18) Garcia-Barriocanal, J.; Rivera-Calzada, A.; Varela, M.; Sefrioui,
Z.; Iborra, E.; Leon, C.; Pennycook, S. J.; Santamaria, J. Colossal ionic
conductivity at interfaces of epitaxial ZrO2/Y2O3/SrTiO3 hetero-
structures. Science 2008, 321, 676−680.

(19) Zhou, Y.; Guan, X.; Zhou, H.; Ramadoss, K.; Adam, S.; Liu, H.;
Lee, S.; Shi, J.; Tsuchiya, M.; Fong, D. D.; Ramanathan, S. Strongly
correlated perovskite fuel cells. Nature 2016, 534, 231−234.

(20) Lan, R.; Tao, S. Novel proton conductors in the layered oxide
material LixlAl0.5Co0.5O2. Adv. Energy Mater. 2014, 4, 1301683.

(21) Chen, G.; Zhu, B.; Deng, H.; Luo, Y.; Sun, W.; Liu, H.; Zhang,
W.; Wang, X.; Qian, Y.; Hu, X.; Geng, S.; Kim, J.-S. Advanced Fuel Cell
Based on Perovskite La−SrTiO3 Semiconductor as the Electrolyte with
Superoxide-Ion Conduction. ACS Appl. Mater. Interfaces 2018, 10,
33179−33186.

(22) Dong, W.; Tong, Y.; Zhu, B.; Xiao, H.; Wei, L.; Huang, C.; Wang,
B.; Wang, X.; Kim, J.-S.; Wang, H. Semiconductor TiO2 thin film as an
electrolyte for fuel cells. J. Mater. Chem. A 2019, 7, 16728−16734.

(23) Rauf, S.; Zhu, B.; Shah, M. Y.; Tayyab, Z.; Attique, S.; Ali, N.;
Mushtaq, N.; Asghar, M. I.; Lund, P. D.; Yang, C. P. Low-temperature
solid oxide fuel cell based on Tm-doped SrCeO2‑δ semiconductor
electrolyte. Mater. Today Energy 2021, 20, 100661.

(24) Zhu, B.; Lund, P. D.; Raza, R.; Ma, Y.; Fan, L.; Afzal, M.;
Patakangas, J.; He, Y.; Zhao, Y.; Tan, W.; Huang, Q.-A.; Zhang, J.;
Wang, H. Schottky junction effect on high performance fuel cells based
on nanocomposite materials. Adv. Energy Mater. 2015, 5, 1401895.

(25) Baharuddin, N. A.; Muchtar, A.; Somalu, M. R. Short review on
cobalt-free cathodes for solid oxide fuel cells. Int. J. Hydrogen Energy
2017, 42, 9149−9155.

(26) Kovalevsky, A. V.; Aguirre, M. H.; Populoh, S.; Patrício, S. G.;
Ferreira, N. M.; Mikhalev, S. M.; Fagg, D. P.; Weidenkaff, A.; Frade, J. R.
Designing strontium titanate-based thermoelectrics: insight into defect
chemistry mechanisms. J. Mater. Chem. A 2017, 5, 3909−3922.

(27) Jin, F.; Xu, H.; Long, W.; Shen, Y.; He, T. Characterization and
evaluation of double perovskites LnBaCoFeO5+δ (Ln= Pr and Nd) as
intermediate-temperature solid oxide fuel cell cathodes. J. Power Sources
2013, 243, 10−18.

(28) Arroyo-de Dompablo, M.; Morales-García, A.; Taravillo, M.
DFT + U calculations of crystal lattice, electronic structure, and phase
stability under pressure of TiO2 polymorphs. J. Chem. Phys. 2011, 135,
054503.

(29) Berger, R. F.; Broberg, D. P.; Neaton, J. B. Tuning the electronic
structure of SrTiO3/SrFeO3−x superlattices via composition and
vacancy control. APL Mater. 2014, 2, 046101.

(30) Lu, Y.; López, C. A.; Wang, J.; Alonso, J. A.; Sun, C. Insight into
the structure and functional application of Mg-doped Na0.5Bi0.5TiO3
electrolyte for solid oxide fuel cells. J. Alloys Compd. 2018, 752, 213−
219.

(31) Zhang, H.; Suresh, A.; Carter, C.; Wilhite, B. Materials synthesis,
electrochemical characterization and oxygen permeation properties of
Fe-doped BaZrO3. Solid State Ionics 2014, 266, 58−67.

(32) Mushtaq, N.; Lu, Y.; Xia, C.; Dong, W.; Wang, B.; Wang, X.;
Yousaf Shah, M. Y.; Rauf, S.; Jingjing, N.; Hu, E.; Xiao, H.; Raza, R.;
Kim, J.-S.; Zhu, B. Design principle and assessing the correlations in Sb-

doped Ba0.5Sr0.5FeO3−δ perovskite oxide for enhanced oxygen
reduction catalytic performance. J. Catal. 2021, 395, 168−177.

(33) David, J. N.; Alexander, L. E.; Steven, C. E. Doped nanocrystals.
Science 2008, 319, 1776−1779.

(34) Zaheena, C.; Nithya, C.; Thirunakaran, R.; Sivashanmugam, A.;
Gopukumar, S. Microwave assisted synthesis and electrochemical
behaviour of LiMg0.1Co0.9O2 for lithium rechargeable batteries.
Electrochim. Acta 2009, 54, 2877−2882.

(35) Moulder, J. F. Handbook of X-ray photoelectron spectroscopy;
PerkinElmer Corporation, 1995; pp 230−232.

(36) Yan, L.; Yu, R.; Liu, G.; Xing, X. A facile template-free synthesis of
large-scale single crystalline Pr (OH)3 and Pr6O11 nanorods. Scr. Mater.
2008, 58, 707−710.

(37) Hassan, M. S.; Akhtar, M. S.; Shim, K.-B.; Yang, O.-B.
Morphological and electrochemical properties of crystalline praseody-
mium oxide nanorods. Nanoscale Res. Lett. 2010, 5, 735.

(38) Liu, Y.; Fan, L.; Cai, Y.; Zhang, W.; Wang, B.; Zhu, B. Superionic
conductivity of Sm3+, Pr3+, and Nd3+ triple-doped ceria through bulk
and surface two-step doping approach. ACS Appl. Mater. Interfaces
2017, 9, 23614−23623.

(39) Nenning, A.; Opitz, A. K.; Rameshan, C.; Rameshan, R.; Blume,
R.; Hävecker, M.; Knop-Gericke, A.; Rupprechter, G.; Klötzer, B.; Fleig,
J. Ambient pressure XPS study of mixed conducting perovskite-type
SOFC cathode and anode materials under well-defined electrochemical
polarization. J. Phys. Chem. C 2016, 120, 1461−1471.

(40) Yao, T.; Guan, C.; Zhang, J.; Zhang, X.; Huang, X.; Wu, J.
Preparation of Magnetically Recyclable Yolk/Shell FexOy/PdPt@CeO2
Nanoreactors with Enhanced Catalytic Activity. Chem. - Asian J. 2017,
12, 1400−1407.

(41) Saher, S.; Meffert, M.; Störmer, H.; Gerthsen, D.; Bouwmeester,
H. J. Grain-size dependence of the deterioration of oxygen transport for
pure and 3 mol% Zr-doped Ba0.5Sr0.5Co0.8Fe0.2O3−δ induced by thermal
annealing. J. Mater. Chem. A 2017, 5, 4982−4990.

(42) Dimitrov, V.; Komatsu, T. Classification of simple oxides: a
polarizability approach. J. Solid State Chem. 2002, 163, 100−112.

(43) Barr, T. L. Modern ESCA: The Principles and Practice of X-Ray
Photoelectron Spectroscopy; CRC press, 1994.

(44) Pawlak, D. A.; Ito, M.; Oku, M.; Shimamura, K.; Fukuda, T.
Interpretation of XPS O (1s) in mixed oxides proved on mixed
perovskite crystals. J. Phys. Chem. B 2002, 106, 504−507.

(45) Gao, T.; Kumar, A.; Shang, Z.; Duan, X.; Wang, H.; Wang, S.; Ji,
S.; Yan, D.; Luo, L.; Liu, W.; Sun, X. Promoting electrochemical
conversion of CO2 to formate with rich oxygen vacancies in nanoporous
Tin oxides. Chin. Chem. Lett. 2019, 30, 2274−2278.

(46) Ganesh, K. S.; Wang, B.; Kim, J.-S.; Zhu, B. Ionic conducting
properties and fuel cell performance developed by band structures. J.
Phys. Chem. C 2019, 123, 8569−8577.

(47) Etsell, T.; Flengas, S. N. Electrical properties of solid oxide
electrolytes. Chem. Rev. 1970, 70, 339−376.

(48) Zhu, B.; Raza, R.; Qin, H.; Fan, L. Single-component and three-
component fuel cells. J. Power Sources 2011, 196, 6362−6365.

(49) Xia, C.; Wang, B.; Cai, Y.; Zhang, W.; Afzal, M.; Zhu, B.
Electrochemical properties of LaCePr-oxide/K2WO4 composite
electrolyte for low-temperature SOFCs. Electrochem. Commun. 2017,
77, 44−48.

(50) Xia, C.; Mi, Y.; Wang, B.; Lin, B.; Chen, G.; Zhu, B. Shaping
triple-conducting semiconductor BaCo0.4Fe0.4Zr0.1Y0.1O3‑δ into an
electrolyte for low-temperature solid oxide fuel cells. Nat. Commun.
2019, 10, 1707.

(51) Qiao, Z.; Xia, C.; Cai, Y.; Afzal, M.; Wang, H.; Qiao, J.; Zhu, B.
Electrochemical and electrical properties of doped CeO2-ZnO
composite for low-temperature solid oxide fuel cell applications. J.
Power Sources 2018, 392, 33−40.

(52) Chan, S.; Khor, K.; Xia, Z. A complete polarization model of a
solid oxide fuel cell and its sensitivity to the change of cell component
thickness. J. Power Sources 2001, 93, 130−140.

(53) Zhang, J.; Lenser, C.; Menzler, N. H.; Guillon, O. Comparison of
solid oxide fuel cell (SOFC) electrolyte materials for operation at 500
°C. Solid State Ionics 2020, 344, 115138.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c06565
ACS Appl. Mater. Interfaces 2022, 14, 43067−43084

43083

https://doi.org/10.1021/acsami.9b13044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b13044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c10061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c10061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c10061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijhydene.2020.05.155
https://doi.org/10.1016/j.ijhydene.2020.05.155
https://doi.org/10.1016/j.ijhydene.2019.09.145
https://doi.org/10.1016/j.ijhydene.2019.09.145
https://doi.org/10.1016/j.ijhydene.2019.09.145
https://doi.org/10.1126/science.1156393
https://doi.org/10.1126/science.1156393
https://doi.org/10.1126/science.1156393
https://doi.org/10.1038/nature17653
https://doi.org/10.1038/nature17653
https://doi.org/10.1002/aenm.201301683
https://doi.org/10.1002/aenm.201301683
https://doi.org/10.1021/acsami.8b10087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b10087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b10087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9ta01941c
https://doi.org/10.1039/c9ta01941c
https://doi.org/10.1016/j.mtener.2021.100661
https://doi.org/10.1016/j.mtener.2021.100661
https://doi.org/10.1016/j.mtener.2021.100661
https://doi.org/10.1002/aenm.201401895
https://doi.org/10.1002/aenm.201401895
https://doi.org/10.1016/j.ijhydene.2016.04.097
https://doi.org/10.1016/j.ijhydene.2016.04.097
https://doi.org/10.1039/c6ta09860f
https://doi.org/10.1039/c6ta09860f
https://doi.org/10.1016/j.jpowsour.2013.05.187
https://doi.org/10.1016/j.jpowsour.2013.05.187
https://doi.org/10.1016/j.jpowsour.2013.05.187
https://doi.org/10.1063/1.3617244
https://doi.org/10.1063/1.3617244
https://doi.org/10.1063/1.4869955
https://doi.org/10.1063/1.4869955
https://doi.org/10.1063/1.4869955
https://doi.org/10.1016/j.jallcom.2018.04.037
https://doi.org/10.1016/j.jallcom.2018.04.037
https://doi.org/10.1016/j.jallcom.2018.04.037
https://doi.org/10.1016/j.ssi.2014.08.011
https://doi.org/10.1016/j.ssi.2014.08.011
https://doi.org/10.1016/j.ssi.2014.08.011
https://doi.org/10.1016/j.jcat.2020.12.005
https://doi.org/10.1016/j.jcat.2020.12.005
https://doi.org/10.1016/j.jcat.2020.12.005
https://doi.org/10.1126/science.1143802
https://doi.org/10.1016/j.electacta.2008.11.009
https://doi.org/10.1016/j.electacta.2008.11.009
https://doi.org/10.1016/j.scriptamat.2007.12.007
https://doi.org/10.1016/j.scriptamat.2007.12.007
https://doi.org/10.1007/s11671-010-9547-8
https://doi.org/10.1007/s11671-010-9547-8
https://doi.org/10.1021/acsami.7b02224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b02224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b02224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b08596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b08596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b08596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/asia.201700525
https://doi.org/10.1002/asia.201700525
https://doi.org/10.1039/C6TA10454A
https://doi.org/10.1039/C6TA10454A
https://doi.org/10.1039/C6TA10454A
https://doi.org/10.1006/jssc.2001.9378
https://doi.org/10.1006/jssc.2001.9378
https://doi.org/10.1021/jp012040a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp012040a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cclet.2019.07.028
https://doi.org/10.1016/j.cclet.2019.07.028
https://doi.org/10.1016/j.cclet.2019.07.028
https://doi.org/10.1021/acs.jpcc.8b11914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b11914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60265a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60265a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2011.03.078
https://doi.org/10.1016/j.jpowsour.2011.03.078
https://doi.org/10.1016/j.elecom.2016.12.013
https://doi.org/10.1016/j.elecom.2016.12.013
https://doi.org/10.1038/s41467-019-09532-z
https://doi.org/10.1038/s41467-019-09532-z
https://doi.org/10.1038/s41467-019-09532-z
https://doi.org/10.1016/j.jpowsour.2018.04.096
https://doi.org/10.1016/j.jpowsour.2018.04.096
https://doi.org/10.1016/s0378-7753(00)00556-5
https://doi.org/10.1016/s0378-7753(00)00556-5
https://doi.org/10.1016/s0378-7753(00)00556-5
https://doi.org/10.1016/j.ssi.2019.115138
https://doi.org/10.1016/j.ssi.2019.115138
https://doi.org/10.1016/j.ssi.2019.115138
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c06565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(54) Xing, Y.; Hu, E.; Wang, F.; Muhammad, N.; Wang, B.; Wang, J.;
Maryam, A.; Rasheed, M. N.; Asghar, M.; Xia, C.; Yun, S.; Zhu, B. Cubic
silicon carbide/zinc oxide heterostructure fuel cells. Appl. Phys. Lett.
2020, 117, 162105.

(55) Tukamoto, H.; West, A. Electronic conductivity of LiCoO2 and
its enhancement by magnesium doping. J. Electrochem. Soc. 1997, 144,
3164.

(56) Xing, Y.; Wu, Y.; Li, L.; Shi, Q.; Shi, J.; Yun, S.; Akbar, M.; Wang,
B.; Kim, J.-S.; Zhu, B. Proton Shuttles in CeO2/CeO2−δ Core−Shell
Structure. ACS Energy Lett. 2019, 4, 2601−2607.

(57) Zhu, B.; Huang, Y.; Fan, L.; Ma, Y.; Wang, B.; Xia, C.; Afzal, M.;
Zhang, B.; Dong, W.; Wang, H.; Lund, P. D. Novel fuel cell with
nanocomposite functional layer designed by perovskite solar cell
principle. Nano Energy 2016, 19, 156−164.

(58) Dong, W.; Yaqub, A.; Janjua, N. K.; Raza, R.; Afzal, M.; Zhu, B.
All in one multifunctional perovskite material for next generation
SOFC. Electrochim. Acta 2016, 193, 225−230.

(59) Mannhart, J.; Schlom, D. G. Oxide interfaces�an opportunity
for electronics. Science 2010, 327, 1607−1611.

(60) Reyren, N.; Thiel, S.; Caviglia, A.; Kourkoutis, L. F.; Hammerl,
G.; Richter, C.; Schneider, C. W.; Kopp, T.; Rüetschi, A.-S.; Jaccard, D.;
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