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Electrolytes with high-proton conduction and low activation energy are attractive for reducing the high
operating temperature of solid-oxide fuel cells to less than <600 �C. In this work, we have fabricated
semiconducting electrolyte SrFeTiO3-d (SFT) material exhibiting high ionic conduction and exceptionally
high protonic conduction at low operating temperature but with low electronic conduction to evade the
short-circuiting issue. The prepared fuel cell device exhibited high open-circuit voltage (OCV) and a high-
power output of 534 mW/cm2, of which 474 mW/cm2 could be for sure be related to the protonic part.
The current study suggests that usage of semiconductor SrFeTiO3-d facilitates a high concentration of
oxygen vacancies on the surface of SFT, which mainly benefits proton conduction. Moreover, lower grain
boundary resistance leads to obtain higher performance. Also, the Schottky junction phenomena are
proposed to inhibit the e-conduction and excel the ions transportation. The high performance and ionic
conductivity suggest that SFT could be a promising electrolyte for protonic ceramic fuel cells.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ceramic fuel cells possess numerous attractive advantages such
as fuel flexibility (hydrocarbon, hydrogen, ammonia, etc.), high
efficiency, and no need for precious-metal catalysts [1e3]. In
contrast, traditional SOFC fuel cells with yttria-stabilized zirconia
(YSZ) electrolyte operates at high temperatures (800�-1000 �C),
resulting in materials issues and high cost [4,5]. New oxygen ion-
conducting electrolytes like samarium-doped ceria (SDC) or gado-
linium, also known as a second-generation SOFC [5,6], enable lower
roup, Department of Applied
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operating temperatures to ~600 �C. The third-generation SOFC
based on nanostructured rare earth elements (including Eu or Ru
and ultrathin multilayer or nanofiber heterostructure electrolytes)
has reached impressive fuel cell performance at a lower tempera-
ture (450� - 600 �C) [7,8]. However, decreasing the temperature, the
performance drops rapidly due to the high activation energy (Ea)
accompanied by oxygen-ion conduction. In comparison to oxide
ion conduction, protonic conduction in oxides typically has lower
EA (activation energy), meaning that protonic ceramic fuel cells
(PCFCs) hold the extensive potential to gain high fuel cell perfor-
mance at low temperatures (LT) [9e13].

Past efforts in proton-conducting fuel cells include the demon-
stration of a stable proton conductor yttrium-doped barium zirc-
onate (BZY), showing high (bulk) proton conductivity [14,15].
However, this material system has offered a high grain boundary
resistance that has constrained its application. To overcome these
problems, the semiconductor-based ceramic fuel cell has been
introduced. Recently a new semiconductor perovskite material
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(proton conductor), SmNiO3 (SNO), with high ionic & electronic
conductivity, was introduced, which can be exploited as an elec-
trolyte in a low-temperature fuel cell delivering a meaningful
power-density of 225 mW/cm2 at 500 �C, but also a high open-
circuit voltage (OCV) of 1.03 V [16]. The filling-controlled Mott-
transition phenomena were exploited to suppress the electronic
conductivity through the SNO electrolyte. Also, SNO has shown a
high Hþ conductivity at a low operating temperature of
300e500 �C, which is among the best performing solid perovskite
electrolytes [16]. Zhu et al. have presented a new idea of proton
confined transportation via proton shuttles phenomena based on
core-shell heterostructure using CeO2/CeO2-d electrolyte to
enhance the proton conduction up to 0.16 S/cm reaching high fuel
cell performance of 697 mW/cm2 at 520 �C [17]. The high con-
centration of oxygen vacancies on the surface layer and depletion
region created by the core-shell structure at the interface confines
the proton transport at the surface layer of ceria [17]. These exciting
studies reveal that compared to conventional SOFC, the
semiconductor-based perovskite oxides involving Hþ conduction
hold more potential as an electrolyte at lower temperatures
(350e550 �C). These results suggest that Hþ conduction in semi-
conductor perovskite oxides has lower activation energy than the
O2� due to the minimal ionic radius, and smaller mass of protons.

Undoubtedly, proton-conducting perovskite electrolytes have the
advantage of enabling low operating temperatures. However, un-
fortunately, they face a crucial challenge of high grain boundary
resistance, which leads to low ionic conductivity [18e20]. A repre-
sentative proton conductor, doped barium cerate (BaCe1�xMxO3�d),
has low proton conductivity of 10�2 S cm�1 at 600 �C [21]. Much
effort has been devoted to developing perovskite electrolytes with
high proton conduction via advanced thin-film techniques. However,
the performance of PCFC still lags far behind SOFC performance.
Nevertheless, from this perspective point, several proton conductors
such as BZY and BCFZY enable higher performance at low temper-
atures. Moreover, perovskites with semiconducting properties are of
increasing interest as semiconductor materials have been employed
as electrolyte-membranes for LT-SOFCs [16,17,22]. Utilizing the
above-stated benefits to design semiconductor-based high ion-
conducting electrolytes, especially the perovskite oxides, could be
a high potential for practical use in LT-SOFCs.

To obtain the high proton conduction and low activation energy,
we develop the semiconductor perovskite into a proton-conducting
electrolyte for LT-SOFCs. We have designed a promising perovskite
SFT of p-type semiconductor, sandwiched between two Ni0.8C-
o0.15Al0.05LiO2-d (NCAL) electrodes to construct a fuel cell device.
The developed SFT semiconductor-based device delivered a notable
ionic conductivity and fuel cell performance at 420e520 �C. The
Schottky junction helps suppress the electronic conductivity and
promote the ionic conductivity in the material. The experiments
reveal that SFT can be a promising electrolyte material with
dominant proton conduction for LT-SOFCs.

2. Materials and method

2.1. Powder synthesis

The sol-gel method was used to synthesize SrFe0.3Ti0.7O3 (SFT)
powders. In detail, the Sr(NO3)2, Fe(NO3)3$6H2O, Ti(NO3)2 (fol-
lowed bymixing an appropriate ratio of TiO2 (Sigma 99.9%) in HNO3
e 66% purity), C6H8O7$H2O and C10H16N2O8 (Sigma Aldrich, 99.5%)
were chosen in the synthesis as a precursor. Briefly, at first, all the
precursors of nitrates with a stoichiometric ratio were liquefied in
EDTA (ethylene diamine tetra-acetic acid) followed by continuous
heating and stirringwhere Fe(NO3)3$6H2Owas doped using surface
doping technique. Then, the molar ratio of metal cation: citric acid:
902
EDTA ¼ 1: 1.5: 1 was selected by adding C6H8O7$H2O and
C10H16N2O8 to the desired solution. Afterward, to adjust the pH to
approximately 9, the NH3$H2O (Sigma Aldrich) was familiarized
with the solution to make it transparent. After that, the prepared
solution was stirred and heated for 5e6 h to dry the water and
obtain the grey gel. After that, the obtained gels were sintered at
700 �C in the air for 3 h and then adequately grounded to get the
powder of the SFT sample. Moreover, BZY was synthesized using
the sol-gel technique; the previous report discussed the detail [23].
2.2. Fell cell construction

The NCAL electrodes' slurry was prepared using the mixture of
NCAL powders and terpineol-solvent to get a viscous liquid (slurry).
The prepared thick slurry was pasted on Ni foamwith a brush, then
desiccated at 150 �C for 0.5 h to shape the Ni-NCAL electrodes. A dry
pressing procedure was exploited to fabricate the SOFCs cell based
on SFTelectrolyte by squeezing the SFT electrolyte powder between
two symmetrical Ni-NCAL (NieNi0.8Co0.15Al0.05LiO2-d) (anode &
cathode) electrodes into one pellet under an applied pressure of
250 MPa. Furthermore, the Ag paste was poured or pasted on the
surface of electrodes to function as a current collector. The sym-
metrical (NCAL-Ni/SFT/NCAL-Ni) SOFC device has an active area of
0.64 cm2, and a thickness of 1.5 mm, while the electrolyte thickness
was 750 mm. The two blocking layers of BaZr0.9Y0.1O3-d (BZY) O2�/e�

were combined with the electrolyte layer of SFT to compile tri-layer
electrolyte BZY/SFT/BZY. Then trilayers were crammed among two
symmetrical electrodes (Ni-NCAL) to fabricate the five-layer device
cell in the architecture of NCAL-Ni/BZY/SFT/BZY/NCAL-Ni. In the
five-layer device, the thickness of the electrolyte was 450 mmwhile
the thickness of BZYwas 130 mm. Later, online sinteringwas done at
600 �C for 0.5 h for each pellet before performance measurement.
2.3. Material characterization

The crystal structure of SFT was examined using the advanced X-
ray diffractometer (XRD Bruker D8) with Cu Ka (l ¼ 1.54060 Å),
where the tube voltage was set to 45 kV and tube current to 40 mA
for a reliable result. The 2q range 20e80� was chosen with an in-
terval of 0.02� to collect the diffraction pattern of SFTmaterial. Field
emission scanning electron microscopy (JEOL JSM7100F field, Ger-
many) was employed to examine the morphology of the SFT par-
ticles and the element's distribution or presence in the SFT lattice.
Further, the transmission electron microscope (TEM, JEOL JEM-
2100F, accelerating voltage of 200 kV) was performed to investi-
gate the prepared specimen's microstructure. TEM-EDX with line
scanning was also used to determine the composition of each
element of the SFT lattice. XPS (X-ray photoelectron spectroscopy)
was used to study the surface features of the SFT lattice.
2.4. Electrochemical measurements

The electrochemical-impedance-spectra (EIS) technique was
implemented (Gamry, 3000 Instruments, USA) to study the (elec-
trical and electrochemical) properties of the equipped pellet. The
0.1 Hz e 1 MHz frequency range and AC voltage signal of 10 mV
were set for data collection in open-circuit voltage (OCV) mode for
EIS measurements. The prepared fuel cell's current-voltage (IeV)
characteristics were operated and measured under dry hydrogen
and air (120e150 mL min�1) at 370e520 �C. The IT8511 electronic
load (ITECH Electrical Co., Ltd., China) was used to examine the
measurement. However, the IT7000 software recorded the data
with a scan speed of 0.02 A s�1 in the current-voltage sweep.
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3. Result and discussion

3.1. X-ray diffraction and morphology analysis

The x-ray diffraction pattern of semiconductor perovskite
SrFeTiO3-d (SFT) prevailed by performing x-ray diffraction, as
shown in Fig. 1(a). The obtained diffraction peaks of SFT semi-
conductor are listed or well-matched with cubic perovskite struc-
ture. No prominent impurity peak has been observed due to Fe
doping into STO, signifying pure cubic structure as advertised in
Fig. 1(a). A little distortion appears, which might be due to low-
temperature sintering for a short time. All the prevailed peaks
have been assigned a hkl value of (012), (110), (111), (210), (211),
(220), and (310) resembling pure perovskite structure with JPCD #
330677, with the space group of Pm3m also these peaks are as pre-
reported literature [24,25]. The cubic phase can play a crucial role in
producing more oxygen vacancies [26]. According to previous re-
ports, Fe doping causes a peak shifting towards the lower angle,
suggesting that Fe is well incorporated [24]. Moreover, Fig. 1(b)
shows the side view of the cubic SFT lattice.

In comparing previously reported literature, the intended lattice
parameter was evaluated using the Sherer formula D ¼ Kl/L(cosq)
is 3.89605 Å, which is higher than the published literature signi-
fying that the lattice parameter increased by surface doping of Fe.
According to the Vegards Law, the enhanced lattice parameter is
owed to the variance in the ionic radius of Ti and Fe [24].

Fig. 1(c and d) reveals the morphology of SFT with a magnifi-
cation scale of 1 mm. Fig. 1(c) shows that the particle in the shape of
a ball and iron is distributed coherently on the surface. Also,
Fig. 1(d) depicts the homogeneous distribution of all particles in the
SFT lattice. However, the particle size is in the nano range, leading
to a large surface area with more active sites favoring the electro-
chemical performance. Despite particle size in the nano-size range
or micro-size range, core-shell type structures in the shape of the
ball have been noticed as shown in Fig. 1(c). Also, all particles are
well connected, compacted, and consistently scattered, as dis-
played in SEM images. Homogeneity and consistency of the parti-
cles are essential parameters that make them more favorable for
the speedy passage of charge carriers in the electrochemical reac-
tion [27].

Additionally, our work mainly depends on the construction of
the single-phase structure. Therefore, the core-shell structure
might support ionic transport, especially ions at the surface [17].
Fig. 1(eej) shows the EDS image of the SFT lattice, signifying that all
particles are unvaryingly scattered, and Fe is well incorporated into
the STO lattice as confirmed in the images.

Moreover, for a deep investigation of the morphology of SFT
lattice, the HR-TEM analysis was performed supported by the EDS
and line scanning. The TEM images confirm that particles are in the
nano-range 50e200 nm, as displayed in Fig. 2(a and b). The atomic
d-spacings of 0.276 nm are well-suited to (110) planes of cubic-
perovskite SFT [24]. The amorphous phase has been noticed in
TEM images, confirming the presence of core-shell structure, dis-
played in Fig. 2 (a, b). A core-shell structure can also help form a
network of charge transport channels in the SFT lattice. The
amorphous phase helps in the easy transportation of charges [17].
Moreover, separate image of SEM and HR-TEM have been displayed
in the Supplementary information (Fig SI1(a-d)). TEM-supported
EDS mapping (Fig. 2(fei)) approves the uniform dispersions of Sr,
Fe, Ti, and O elements in the SFT lattice. Line-scanning (Fig. 2(e))
demonstrates the composition ratio of each lattice component. It is
suitable to be distinguished through the physical characterization
of TEM supported by EDS. The contribution of all elements
including Sr, Fe, Ti, and O can be confirmed in themapping region of
the SFT lattice as shown in Fig. 2(d).
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3.2. Impedance spectroscopy analysis and ionic conductivity

EIS spectra were performed to investigate the electrical prop-
erties of SFT as a frequency function in different operating tem-
perature, as displayed in Fig. 3(aec). The H2/Air environment was
supplied to acquire the EIS results at 420e520 �C. The EIS curve of
SFT shows a spot of predominant process in the real Z-axis are
witnessed for the presence of high frequency, which further in-
tersects arc at a middle frequency and function at low-frequency
range. The curve at HF, middle frequency, and lower frequency
corresponds to the ohmic behavior, charge transfer and mass
transfer resistance. The equivalent circuit model LRo (R1Q1) (R2Q2)
was fitted to simulate each electrochemical process, where Ro
corresponds to ohmic resistance while R1 and R2 to the charge
transfer (grain-boundary resistance) and mass transfer process
(electrode resistance) respectively. All simulated values of EIS are
displayed in Table 1. From the EIS results in Fig. 3(a), it is clear that
the ohmic and grain boundary tends to decrease with increasing
temperature, signifying the quick transport of charges leads to
enhanced ionic conduction.

Moreover, polarization resistance exhibiting small values led to
the high reaction activity of electrodes. High electrode activitymust
be due to the functionality of SFT as a cathode which might
contribute to the interface region of electrolyte/electrode, causing
high ORR (oxygen reduction reaction) kinetics at the SFT/NCAL
interface [28]. Fig. 3 (b) shows the EIS analysis of a blocking-layer
device of (Ni/NCAL/BZY/SFT/BZY/NCAL/Ni) structure under the
H2/air environment at different temperatures 420e520 �C. The
simulated data suggest that the ohmic and polarization resistance
favors the prepared device. Still, without blocking, layer cell (Ni/
NCAL/SFT/NCAL/Ni) shows lower values in ohmic resistance and
grain boundary resistance. This difference in resistance appears due
to an additional layer of BZY (causing enhanced polarization
resistance) in the cell, which causes a loss in power [29].

Furthermore, we perform the EIS analysis of SFT using a new cell
under the environment of Ar (95%) and 5% of H2 at different
operational temperatures 420e520 �C, as shown in Fig. 3(c). The EIS
curves at each temperature reveal the same trend as the earlier
results. It can be seen that providing a purely H2 environment
shows lower ohmic and grain boundary resistance, signifying the
significant contribution of protons in the prepared electrolyte SFT.
All parameters obtained from ZSIMPWIN have been displayed in
Table 1. EIS results using the five-layer device and employing the Ar
(95%) and 5% of H2 gases under different operational temperatures
520-420 �C have indicated the proton transportation in the SFT
lattice. Therefore, proton transport in the prepared SFT electrolyte
might be the dominant contributor to the ionic transport and
performance output. The detailed EIS results for each device have
been presented separately in supplementary information under
different environments and temperatures of 520e420 �C (Fig SI2-
4(a-c)).

The EIS resistance was used to elucidate the total conductivity of
prepared electrolyte SFT at different temperatures of 420e520 �C.
The obtained total conductivity lies in the range of 0.13e0.24 S/cm
at different temperatures of 420e520 �C, as demonstrated in
Fig. 3(d). In addition, ionic conductivity is calculated from the IeV
curve of the ohmic polarization region. The central and linear
part of the IeV curve replicates the ohmic polarization resistance of
the fuel cell [29]. Such as, the NCAL plays a significant role as an
electrode in maintaining high electrode kinetics, so a large part of
ohmic-polarization is omitted through an electrolyte membrane as
an ionic conductor. The obtained resistance of SFT from the IeV
curve was used to calculate the ionic conductivity via s ¼ L/
R� A, where L reflects the thickness of the electrolytemembrane, R
is the resistance, while A is the active cross-sectional area of the



Fig. 1. (aed) The XRD analysis of SFT, the crystal structure of SFT with (aec) plane and SEM images of SFT at 1 mm scale while (eej) shows the EDX images of all elements including
Sr, Fe, Ti, and O.
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pellet. The attained ionic conductivity of 0.18 S/cm at 520 �C is
probably higher than the several reported semiconductor mem-
branes [30].

Moreover, the obtained proton conductivity using the IeV curve
from the IeV curve of the five-layer device was 0.14 S/cm
904
suggesting that protons' contribution is much more dominant than
the oxide ions, as demonstrated in Fig. 3(d). The Arrhenius relation
sT ¼ Aexp[�Ea/(kT)] was implemented to elucidate the activation
energy of 0.72 eV for SFTelectrolyte. The obtained activation energy
of SFT is lower than the reported proton conducting fuel cell



Fig. 2. (aec) SEM images of particle distribution and multi-fringes at 110 planes while (dei) reveals the TEM-EDX image of all elements, line scanning via EDS supported by TEM (d)
mapping region, (e) line scanning, and (fei) EDX of Sr, Fe, Ti, and O.

Table 1
The EIS data of SFT (b) BZY-SFT-BZY under H2/Air environment while SFT under H2

and 5% H2 95%Ar at different operational temperature 420e520 �C.

SFT under H2/Air Ro (U-cm2) R1 (U-cm2) R2 (U-cm2)

520 �C 0.0693 0.087 0.214
470 �C 0.219 0.101 0.405
420 �C 0.227 0.363 1.19
BZY/SFT/BZY under H2/Air
520 �C 0.1203 0.1 0.639
470 �C 0.221 0.143 0.807
420 �C 0.37 0.34 1.23

SFT under 5% H2 95%Ar
520 �C 0.11 0.09 0.895
470 �C 0.13 0.147 1.311
420 �C 0.153 0.35 1.4
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devices [16,17,29]. The proton conductor usually needed lower
activation energy than the oxide ions conduction, which benefitted
from high ionic conductivity. Such high ionic conduction is due to
surface doping, core-shell structure, low grain boundary resistance,
and the Schottky junction. Also, such appreciable ionic
905
conductivity, especially the protons conduction, might play a
crucial role in emerging semiconductor-based low-temperature
fuel cells.

3.3. Electrochemical fuel cell performance

The IeV/IeP characteristics curve of SFT have been performed
under the H2/Air environments at different operational tempera-
ture 420e520 �C are shown in below Fig. 4 (a, b). The prepared
device Ni/NCAL/SFT/NCAL/Ni displayed a pretty attractive power
density of 534 mW/cm2 and a higher OCV 1.04 V at 520 �C. Besides,
the cell showed a power-output of 430 mW/cm2, 350 mW/cm2 at
470 and 420 �C, and a higher OCV of 1.05 V and 1.06 V, respectively,
following the Nernst potential. Many factors influence such high
performance at low operational temperature, including surface
doping, which causes more O-vacancies to enhance the ionic con-
ductivity. The core-shell structure is another factor for the easy
transportation of ions, primarily protons, through the amorphous
phase at the surface. Moreover, the lower value of grain boundary
resistance assists in fast transportation of charges, enhancing the
ionic conductivity of prepared SFT lattice [17]. Also, due to the
amphoteric semiconducting nature of SFT, the existence of the



Fig. 3. (aec) EIS analysis of SFT (a) (Ni/NCAL-SFT-NCAL/Ni), (b) (Ni/NCAL/BZY-SFT-BZY/NCAL/Ni) under H2/Air environment and (c) Ni/NCAL-SFT-NCAL/Ni under H2 and 5% H2 95%Ar
at different operational temperature 420e520 �C, while (d) reveals the total, ionic and protonic conductivity at 420e520 �C.
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Schottky junction play a crucial role in suppressing the electronic
conduction and act as a driving force to excel the ions’ trans-
portation through the electrolyte layer [31e33]. Additionally, the
fuel cell cross-sectional image of Ni/NCAL/SFT/NCAL/Ni has been
displayed in Fig. 4(c). It should be noticed the electrolytemembrane
SFT is well compacted or sandwiched between two symmetrical
electrodes, and electrodes seem to be much porous, which gua-
rantees high ionic of electrolyte and better catalytic activity of Ni-
NCAL electrodes in the prepared device of SOFC [25].

Furthermore, electrical properties reveal that the prepared SFT
semiconductor owns underlying proton-conduction and a high
level of ionic conductivity at 420e520 �C. Therefore, the following
configuration Ni-NCAL/BZY/SFT/BZY/NCAL/Ni of a blocking fuel cell
was fabricated to verify the proton conduction using the proton
conductor BZY as a blocking layer or filtering layer [29]. To measure
the specific ionic conductivity, a cell with a blocking approach was
adopted in past literature to eliminate the impact of other charge
carriers [29]. The IeV curve has been tested the sameway as above;
moreover, BZY is purely a proton conductor, so it only lets Hþ pass
through the membrane while blocking the other carriers (O2�/e�).
The maximum power output of 474 mW/cm2 has been achieved
which, is about 90% of total fuel cell performance (without BZY
layer 534 mW/cm2) at 520 �C. The difference of 10% (loss in power-
output) might be caused due to BZY own resistance and limited
proton conductivity, and more polarization losses due to additional
interfaces.
906
Moreover, neither power nor the OCV loss has been noticed in
both cases, which confirms no electrons passageway over the
electrolyte layer to cause the short-circuiting of the device. Also,
using the BZY blocking layer ensures no contribution of electrons
conduction to overall conductivity. Fig. 4(d) shows the SEM cross-
sectional image of the blocking cell or five-layer device. The
blocking cell contains five layers, including NCAL symmetrical
electrodes, BZY blocking layer, and SFT electrolyte layer, undoubt-
edly distinguished in the obtained SEM image, suggesting the
practical construction of a five-layer device or blocking cell (O2�/
e�) [17,29]. Moreover, five-layer device performance and EIS under
H2/air environment have been repeated at 520 �C as shown in Fig SI.
(5, 6).

Moreover, the protonic cell was used to further study the fuel
cell performance further and electrical properties using different
intervals of time such as 0 he90 h at 520 �C under H2/air envi-
ronments as depicted in below Fig. 5(a and b), respectively. The
prepared cell in 0 h possesses peak power density 474 mW/cm2 at
1.45 A/cm2, with an ohmic resistance Ro of 0.1203 U-cm2 and po-
larization resistance Rp of 0.739 U-cm2. Afterward, a slight degra-
dation in performance was noticed along with ohmic and
polarization resistance; after 30 h, performance was 462 mW/cm2

with ohmic and polarization resistance of 0.15 and 0.79 U-cm2.
After 90 h, the performance of the prepared cell was 451 mW/cm2

and ohmic and polarization resistance 0.21 and 1.07 U-cm2. After
90 h, the degradation in power and resistance was a little higher,



Fig. 4. (aec) I/V characteristics curve of SFT (a) Ni/NCAL-SFT-NCAL/Ni, (b) Ni/NCAL/BZY-SFT-BZY/NCAL/Ni under H2/Air environment at different operational temperature 520-
420 �C, while (c, d) shows the cross-sectional view of) Ni/NCAL-SFT-NCAL/Ni and Ni/NCAL/BZY-SFT-BZY/NCAL/Ni.

Fig. 5. (a, b) Fuel cell performance and EIS analysis of Ni/NCAL/BZY-SFT-BZY/NCAL/Ni under H2/Air environment with different intervals.
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which might happen due to some chemical reaction or high po-
larization losses with time. Still, overall, the performance was sta-
ble, and resistance was relatively low, which benefits the
promotion of ions in the prepared lattice. The detailed inspection of
EIS and fuel cell performance with different intervals have been
presented separately in the supplementary information (Fig SI7,8
(a-d)). The EIS and fuel cell performance suggest that the pre-
pared device with surface doping can significantly improve the
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proton conduction (grain-boundary and bulk conduction), which
guarantees better fuel cell performance at a low operating tem-
perature of 520 �C.

3.4. XPS spectra

Additionally, an XPS study was executed to investigate the sur-
face properties of prepared electrolyte materials. The XPS full
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spectrum of SFT constitutes all elements, including Sr-3d, Fe-2p, Ti-
2p and O-1s, as displayed in SI Fig. 3. The prominent peak of Sr-3d
located at 133 eV and 134 eV are linked to Sr-3d5/2 and Sr-3d3/2,
respectively, as visualized in Fig. 6(a). The peaks of Fe mainly reside
at different binding energy 709.8 eV and 722.8 eV concerned to the
Fe-2p3/2 and Fe-2p1/2. The Fe peaks are further divided into six
more peaks, including two peaks of Feþ3 and satellite peaks located
at 710.0, 723.20 and 714.53 eV. An additional two peaks of Feþ2 is
observed at 708.50 and 722.00 eV, with satellites peaks at
729.89 eV. The XPS spectrum consists of four characteristics sub-
peaks of Ti 2p. The sub-peaks are positioned at 458.03 and
463.85 eV with Tiþ4, as shown in Fig. 6(c). The difference of 5.82 eV
can be noticed between Tiþ4-2p3/2 and Tiþ4-2p1/2, which is larger
than the theoretical value of Ti (5.74 eV), leading to Fe's being well
incorporated into STO, especially in Ti through surface doping
[34,35]. Also, the sub-peaks of Tiþ3-2p3/2 and Tiþ3-2p1/2 situated at
459.43 eV and 465.33 eV resemble Ti atoms of TiO2, which is
bounded to O.

Furthermore, Fig. 6 (d) shows the spectra of O-1s with three
different peaks positioned at 529.2 eV and 531.3 eV are allotted to
lattice-oxide and hydroxyl groups leading to enhance the surface
hydroxyl group and enhancing the proton transportation. The peak
at 531.8 eV in SFT is tentatively assigned to oxide ions bonded to
Feþ3 ions near the surface of a lattice. Also, compared to STO, the
SFT O peak shift toward lower binding energy might be attributed
to a change in charge distribution. This causes to enlarge the O-
Fig. 6. (aed) XPS analysis of SFT with all elements inc
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vacancies, which results in enhanced ionic conductivity, especially
the protons conductivity [36,37]. Moreover, the peak area has been
expanded upon doping, resembling the creation of more O-va-
cancies and high ionic conduction channels [35,37].
3.5. Schottky-junction, and durability of fuel cell

The produced electrons at the (anode/electrolyte) interface in
fuel cell mode must follow the desired direction through an
external circuit to make the electric current. However, if it follows
the path through the electrolyte layer, it causes degradation in fuel
cell performance and OCV. Therefore, to prevent the passage of
electrons through electrolytes, Schottky junction phenomena have
been proposed and performed as demonstrated in Fig. 7(a) [38]. In
the Schottky junction fuel cell device, a potential can be developed
at the established interface of metal & semiconductors either p-
type or n-type. However, SFT is a p-type semiconductor, and pro-
duced potential between metal and semiconductor is also termed a
Schottky barrier [32]. In fuel cell mode at the anode side, H2 in-
jection causes a reduction of the anode NCAL into Ni/Co metal
which forms the Schottky junction with the SFT semiconductor, as
shown in Fig. 7(a). The formation of the Schottky junction cause to
produces a depletion layer at the interface, which further consti-
tutes a build in the potential whose direction is from the metal side
to towards semiconductor [38]. BIEF and Schottky barriers were
formed in the fuel cell device to stop the electronic movement
luding (a) Sr-3d, (b) Fe-2p, (c) Ti-2p and (d) O-1s.



Fig. 7. (a) The mechanism of Schottky junction between metal and semiconductor Ni/Co/SFT, (b) exhibit the IeV characteristic curve under H2/Air environment at different
operational temperature 520-420 �C, (c) durability operation of SFT electrolyte with constant current 110 mA cm�2 at 520 �C.
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through the electrolyte and force it through an external circuit to
produce an electric current.

Meanwhile, BIEF works as a secondary driving force to boost the
ionic conduction through the lattice. Furthermore, to approve the
presence of Schottky junction, (IeV) characteristics curve of the
following cell (Ni-NCAL/SFT) has been tested at different operating
temperatures as displayed in Fig. 7(b) [32]. The current response of
the prepared half-cell was noted by setting the bias-voltage from-1
to 1 V at different operational temperatures (420e520 �C). Before
supplying H2 at the anode side, no junction effect has been
observed at the interface (anode & semiconductor electrolyte). The
rectification behavior of (IeV) was noticed as H2 was inserted to the
anode side. Under the reverse bias voltage (�1e0 V), the device
shows little saturation in the current response. According to the

Schottky equation I ¼ Isðe
qVA
KT � 1Þ, the current of the prepared de-

vice increased rapidly under a higher bias voltage. The parameters
of above stated equation have been described elsewhere [39]. The
presented results verify the formation of the Schottky-junction (SJ)
among the reduced NCAL (metallic-phase) anode and semi-
conductor SFT electrolyte [32,38].

The durability operation of SFT electrolyte-based fuel cell has
been performed at 520 �C in fuel-cell working conditions, as
demonstrated in Fig. 7 (c). The prepared cell stays stable for almost
36 h at the OCV of 0.84 Vwith a higher and stable current density of
110 mA/cm�2 under different gas environments H2/Air. Before
reaching the stable point at the initial stage, the OCV decreased
slowly and smoothly for almost 5 h. Thenwithout any degradation,
it came to a steady level of 0.84 V. The operational stability pri-
marily owes to the surface doping of Fe and the formation of the
Schottky junction. It also supports the feasibility of SFT as an
electrolyte. The initial process of falling in stability might appear
due to a delay in the activation of electrodes. Then, as it got acti-
vated, protons insertion in the SFT lattice caused to enhance the
voltage to a stable level, leading to improved proton conduction.
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Also, the interface gap might be the reason for the initial-activation
process leading to a bit of drop in OCV until the gap was bridged
with the ions channels to continue the cell operation. Besides, the
densification of the electrolyte layer might be the possible reason
for the dropping of OCV at the start. The electrolyte layer was not so
dense and could cause gas leakage, but with online densification,
the voltage gets stable. Advanced engineering technology is ur-
gently mandatory to extend the stability for a longer time.

4. Conclusion

A single-phase SFT with surface doping was synthesized here
using a sol-gel method for use as a LT-FC electrolyte application.
Material characterization such as the XRD, SEM, TEM, and XPS
verified the desirable single-phase structure of SFT was obtained
with pure phase, functional morphology and enriched oxygen va-
cancy concentration due to surface doping of Fe into STO lattice.
The developed SFT electrolyte exhibited the most competent and
reliable fuel cells functionality. The prepared fuel cell delivered an
output 534 mW/cm2 and high ionic conductivity 0.18 S/cm at
520 �C. Furthermore, the five-layer device of Ni/NCAL/BZY-SFT-BZY/
NCAL/Ni has exhibited an outstanding performance output of
474 mW/cm2 along with high proton conduction of 0.14 S/cm. EIS
results of three cells with different environments reveal that the
small grain-boundary and electrode polarization resistances of SFT
played an essential role in high performance. Also, the EIS and fuel
cell performance of Ni/NCAL/BZY-SFT-BZY/NCAL/Ni with different
intervals have been evaluated, leading to the fact that neither the
performance drop nor the resistance increases with time. To
interpret the high OCVs and power outputs, the Schottky junction
phenomena presented along with the IeV curve at a different
temperature helps subtract electronic conduction through fuel cell
devices. The BIEF at the junction helps block the electronic con-
duction and helps in excelling the ionic, especially the proton
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transport through the electrolyte layer. The presented semi-
conductor membrane has provided us with new functionalities and
design available materials that can be used as a functional elec-
trolytes for advanced low-temperature ceramic fuel cells.
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