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Abstract: The challenging research topic for developing low-temperature ceramic fuel cells (LT-
CFCs) is to design electrolytes with sufficient ionic conductivity either via doping or composite
semiconductors with ionic conductors. Following this challenging topic, we have developed and
synthesized a novel semiconductor ionic heterostructure Lag gSrg»Cog gFe»03-Gdg 1Ce 9O, (LSCF-
GDC) with different compositions and deployed it as an electrolyte to realize the functionality of the
fuel cell. The developed LSCF-GDC electrolyte with mixed conduction of ions and protons possesses
high ionic conductivity with only 0.06 Ohm-cm? of ohmic area-specific resistance for the electrolyte
component. The fuel cell using 3LSCF-7GDC as the electrolyte exhibits the best fuel cell performance
of 1060 mW-cm~2 and an open circuit voltage (OCV) of 1.11 V at a low operating temperature of
550 °C among individual GDC, LSCF, and different heterostructures of LSCF and GDC. The attained
performance and ionic conductivity are specially accredited to constructing heterostructures and
massively deficient structures at the interface of the LSCF and GDC. The advanced semiconductor
ionic heterostructure of LSCF-GDC provides new insight into designing new electrolytes with high
ionic conductivity for LT-CFC applications.

Keywords: LaggSrg2CoggFep203_5; Gdg1Cep9O;_5; LSCF-GDC semiconductor heterostructure;
ionic transport; spectroscopic studies; LT-CFCs electrolyte

1. Introduction

The main driving force to attain long-term, stable, high-power output is enhanced
ionic conduction in low-temperature ceramic fuel cells (LT-CFCs) [1-4]. Various fuel cells
are generally designed to resume ionic conduction and insulate the electronic conduction
through the electrolyte layer [5,6]. However, SOFCs (solid oxide fuel cells), which convert
chemical energy into electrical energy, are a worthy candidate in terms of better efficiency,
long-term stable operation, and many more benefits. In this regard, chemists design
different types of ionic conductors, including yttria-stabilized zirconia (YSZ), composite it
with samarium-doped-ceria (SDC), and function as an electrolyte layer to achieve adequate
conduction of ions at different operational temperatures of 800-1000 °C for ceramic fuel
cells [7]. However, the main issue is realizing fuel cell operation at low temperatures using
YSZ as an electrolyte, as YSZ has failed to reduce the temperature for CFCs [8]. However,
the high operating temperature of 800-1000 degrees raise multiple challenges, including
quick start-up and shutdown of the cycles and rapid device degradation [9]. Thus, the
primary and essential task is reducing the operating temperature to promote and market
the SOFC device further. Therefore, advanced thin-film technologies and tape casting have
been introduced to mitigate high operating temperature bottlenecks and attain high ionic
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conductivity for LT-CFCs. Controlling or reducing the thickness is crucial and feasible
using these technologies to minimize the ohmic and polarization losses. However, the
existing cost of scaling up thin film negatively affects the durability and performance of the
stack-based device, hindering the commercialization of CFCs [10-14]. Generally, instability,
material cost, and partial electronic conduction are CFC’s main challenges, which need to
be addressed [6,8,15-17].

Lag»SrpgCog4Fep03_5, a mixed ionic and electronic conductor (MIEC), has been
identified as a desired cathode material for SOFCs operating below 800 °C due to its
outstanding catalytic function for cathodic reactions and excessive electronic conductivity.
If we can take advantage of the ionic conductivity and electrocatalytic function of LSCF,
we may develop a new functional material and device by exploiting MIEC LSCF. To deal
with the issues stated above with the electrolyte layer, a new concept of novel technology
semiconductor ionic materials has been proposed and utilized, which seems to be an
attractive and beneficial candidate to perform the fuel cell operation and deliver high
ionic conductivity at a low operational temperature. Moreover, SIM-based electrolytes can
deliver higher fuel cell performance with stable and higher open-circuit voltages without
short-circuiting issues [18,19]. Typically, SIM is composed of perovskite oxide, and layered
structure-based materials are used to realize the fuel cell operation. Various electrolytes
have been designed to enhance ionic conduction to discover the functionality of SIM
electrolytes at low temperatures of 400-600 °C. For example, Xia et al. proposed a new
idea of a semiconductor heterostructure using p-BCFZY and n-ZnO to develop the p-n
heterojunction (p-BCFZY, n-ZnO), used as an electrolyte in the following configuration:
Ni-NCAL/BCFZY-ZnO/NCAL-Ni to realize the fuel cell operation. The sandwiched
electrolyte layer between two symmetrical electrodes has delivered an efficient power
output of 643 mW-cm ™2 with a higher OCV of 1.01 V at a low operating temperature
of 500 °C. Shah et al. have designed a new bilayer heterostructure (p-n SrCoSnO3-CeO,
heterojunction), applied it as an electrolyte, and delivered a maximum fuel cell performance
of 672 mW-cm~2 along with a high ionic conductivity of 0.2 S/cm at 520 °C.

Moreover, another electrolyte-based technology based on the semiconductor ionic
heterostructure was introduced and successfully used to operate fuel cells and achieve high
ionic conductivity. Rauf et al. have proposed an advanced semiconductor ionic heterostruc-
ture using perovskite oxide BCFZY (Bag 551 5Co0.1Fep7Zrp1Y0.103_5) and ionic conductor
SCDC (Cag04Cep g0Smg 1602—5) and used as an electrolyte (BSCFZY-SCDC) to attain a high
ionic conductivity of 0.22 S-cm~! and impressive fuel cell performance of 900 mW-cm 2
at 550 °C. Similarly, many single-phase or heterostructure semiconductors have been
proposed to achieve high ionic conduction with better efficiency at low temperatures. Ad-
ditionally, in recent years, to investigate the exceptional electrolytes, the phenomena stated
above and the proposed strategy have been repeatedly used for LT-SOFC.

Inspired by the literature stated above and characteristic of semiconductor ionic
materials (SIM), we aim to present the hybrid heterostructure using LaSrCog gFep ,O3 semi-
conductor and GDC (Gd-doped CeO;) as an ionic conductor to shape the semiconductor
ionic heterostructure. The LSCF was prepared using the sol-gel method, while the GDC
was prepared using the co-precipitation method. The prepared electrolyte of different
compositions of LSCF-GDC was prepared using the solid-blending technique and used as
an electrolyte to study the electrical and electrochemical properties and compare with the
reported literature. Moreover, different characterization techniques, including XRD (X-ray
diffraction), SEM (scanning electron microscopy), TEM (transmission electron microscopy),
XPS (X-ray photoelectron spectroscopy), and UV-Visible, can be used to evaluate the struc-
tural, morphological, surface, and energy bandgaps. The construction of heterostructures
and energy band alignment lead to a maximum fuel cell performance of 1060 mW /cm?, a
better OCV of 1.1 V, high ionic conductivity, a low 0.06 Ohm-cm? of ohmic area-specific
resistance, and a feasible approach to developing novel electrolytes for LT-CFCs.
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2. Materials and Methods
2.1. Synthesis Procedures

Sol-gel auto-combustions were used to make the Lag gSrg »Cog gFe 203 and Gdg 1Cep 9O,
powers. To make LSCF granules, 99.98% pure La (NOz), -6HyO, St (NO3), -6H0, Co(NOs),-6H O,
and Fe(NOz3),-9H,0O were purchased from Alfa Aesar (GmbH & Co KG, Alfa Aesar, Shang-
hai, China). Step one involved dissolving of 0.1 moles of EDTA in deionized water, then
adding NHj to bring the pH of the solution to 7.0 and clarify the solution. After that,
the solution mentioned above was supplemented with La (NO3);-6H,O, Sr(NO3),-6H,0,
Fe(NO3);-9H,0, and Co(NO3);-9H,0 in adequate amounts. Subsequently, a brownish gel
was produced from the initially brownish LSCF solution by stirring at 300 rpm at 85 °C
for 8 h. The resulting LSCF brownish gel was then aged for a day at room temperature,
then dried in an oven at 140 °C. The gel was desiccated, ground, and calcined at 1000 °C
for 8 h in the open air. In addition, powders of Gdg1CepoO, (GDC) were synthesized
by the co-precipitation technique from Ce (NO3),-9H,0 and Gd (NO3);-9H,O. A proper
amount of these metal nitrates was added to deionized water. Then, a second solution
of Na,CO3; was made and added drop by drop to the Ce and Gd (NO3),-9H,0 solution
to act as a precipitating agent. The obtained precipitates were dried in an oven at 120 °C
for four hours and then heated at 700 °C for 4 h for calcination. For comparison, we
mixed the LSCF mentioned above and GDC granules in various mass ratios, including
1 LSCF-95SDC, 2 LSCE-8GDC, 3 LSCF-7GDC, 4 LSCF-6GDC, and 5 LSCF-5GDC, to prepare
LSCF-GDC heterostructure.

2.2. Characterization Tools and Electrochemical Measurements

Using a Bruker D8 Professional X-ray Analyzer (Bruker Corporation, Billerica, MA,
USA) with Cu Ka monochromatic light, = 1.5418 A in 2 ranges from 10 to 90° was used
for the structural crystallinity of prepared individual LSCF, GDC, and several LSCF-GDC
heterostructures. LSCF-GDC heterostructure composite was analyzed for its microstructure,
crystal structure, and chemical content using an FEI Tecnai GI F30 and a JEOL JSM7100F
(Akishima, Tokyo), a high-resolution transmission electron microscope (HR-TEM), and a
field emission scanning electron microscope (FE-SEM). The UV-Vis 3600 spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to determine the UV-Vis
absorption. We used 449F3 Thermal analyzer to measure thermogravimetric and differential
scanning (TG/DSC, Linseis Messgeraete GmbH, Selb, Germany) at temperatures from
30 to 800 °C in air. Raman spectra were collected using a spectrophotometer manufactured
by NT-MDT, Moscow, Russia, and excited by a solid-state laser emitting at 532 nm with
20 mW of laser power as the excitation source.

2.3. Fabrication of Fuel Cells

This work includes solid oxide fuel cell devices featuring a porous Nip§Co 15Aly sLiOz—_5
(NCAL) electrode, dense GDC electrolyte, and various LSCF-GDC heterostructures fabri-
cated using a straightforward dry pressing technique. Using a brush, we applied a slurry
made from C;pH;30 and the layered NCAL powders we bought from Bamo Sci. & Tech.
Joint Stock Company Ltd., Tianjin, China. Next, the NCAL-sprayed Ni-foam electrode
was dried in a 120 °C for 2 h. Powdered GDC and different LSCF-GDC heterostructures
were pressed between two NCAL /Ni-foam electrodes in a steel mold of 13 mm diameter
(pressure, 240 MPa) to create a solid fuel cell device with a thickness of =1 mm and an
active area of 0.64 cm?. The performance of the fuel cell in its as-fabricated condition was
measured using an ITECH8511dc electronic load instrument (ITECH Electrical Co., Ltd.,
New Taipei, Taiwan) with Hj as the fuel and ambient air as the oxidant at flow rates of
100-110 mL/min and 100 mL/min, respectively. The electrochemical characteristics of
the FC devices were demonstrated by providing the resulting I-V and I-P curves from the
measured data. Using a Gamry Reference 3000, USA (Warminster, PA, USA) workstation,
and a 10-mV dc signal at an open-circuit voltage, electrochemical impedance spectroscopy
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(EIS) measurements were made from 0.1 Hz to 10° Hz (OCV). ZSIMPWIN software was
used to analyze the collected data and produce EIS outcomes.

3. Results
3.1. Structure and Composition Analysis

X-ray diffraction (XRD) patterns of LaggSrg2CoggFep203_5 (LSCF) and Gd-doped
CeO; are shown in Figure 1a,b, respectively (GDC). Figure 1c displays the XRD pattern of
a heterostructure combination of LSCF and GDC in the 26 range of 20-90 degrees. As can
be seen in Figure 1a, corresponds to the (101), (020), (220), (132), (224), and (332) planes of
LSCEF (JCPDF # 89-1268), with the dominant diffraction peaks found at 24, 32, 1, 38, 8, 45, 6,
68, 75, and 76. According to Figure 1b, the XRD diffraction pattern of GDC was observed
at 28.5°, 33.08°, 47.47°, 56.3°, 69.4°, 76.7°, and 79.07°, corresponding to the (111), (200),
(220), (311), (222), (400), (331), and (420) planes, respectively (JCPDF # 75-0162) [19-23].
While the cohabitation of two distinct diffraction patterns in the LSCF-GDC heterostructure
composite demonstrates the presence of a mixed phase of perovskite-oxide (LSCF) and
fluorite structure (GDC). As shown in Figure 1c, the LSCF-GDC heterostructure composite
sample exhibited only the LSCF and GDC peaks in its diffraction patterns, ruling out the
chance of a chemical reaction forming new phases.
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Figure 1. (a—c) X-ray diffraction patterns of synthesized LSCF, GDC, and heterostructure composites
of LSCF-GDC, respectively.

In addition, the scanning electron micrographs (SEM) of individual LSCE, GDC, and
LSCF-GDC bulk heterostructure combinations are depicted in Figure 2. The SEM image
morphology of an individual LSCF is illustrated in Figure 2a,c. In this figure, a nanostruc-
tured, spherical-shaped particle can be seen in the middle of the picture. Although the
SEM picture for the individual GDC particles is displayed in Figure 2d—f, where spherical
particles could be corelated with GDC structure. In addition, the SEM images of the LSCF-
GDC bulk heterostructure composite are shown in Figure 2g—i. These images have a mixed
morphology of LSCF and GDC, and it is possible to see fragments of both LSCF and GDC.
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Figure 2. (a—c) SEM image of LSCF; (d-f) SEM image of the prepared GDC; and (g-i) SEM image of
the LSCF-GDC heterostructure composite image, respectively.

High-resolution transmission electron microscopy (HR-TEM) and energy-dispersive
spectroscopy (EDS) mapping of the LSCF-GDC bulk heterostructure is displayed in Figure 3.
Figure 3a,b shows the HR-TEM image of LSCF-GDC particles where grain-level interaction
between LSCF and GDC can clearly be observed. While Figure 3c shows the HAADF-STEM
imaging of the 3LSCF-7GDC used for energy dispersive mapping. Figure 3d verifies the
elemental distribution at the particle level of LSCF and GDC. The rudimentary mappings
of each element of the LSCF-GDC bulk heterostructure present in Figure 3c are presented
in Figure 3e—j which demonstrates that creating a heterostructure composite at the par-
ticle/grain level is confirmed by the homogeneous chemical spreading of each element,
including La, Sr, Co, Fe, Gd, and Ce. The EDS spectrum of LSCF-GDC is also displayed in
Figure 3k.

3.2. Electrochemical Performance Measurements

Measurements of the electrochemical performance of various heterostructure compos-
ites of LSCF and GDC were performed to evaluate the power output of the LSCF-GDC
heterostructure we produced for fuel cells. Fuel cells using pure GDC, LSCF, and various
heterostructure composites made of LSCF and GDC, all working at 550 °C, are depicted
in Figure 4a, along with their typical current-voltage (I-V) and associated power-density
(I-P) characteristics. With an OCV of 1.11 V and a maximal power density (Pmax) of
1060 mW cm ™2, the 3LSCF-7GDC electrolyte outperformed both GDC (625 mW c¢m~2) and
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LSCF (230 mW cm2) [23-25]. At low temperatures up to 475 °C, the 3LSCF-7GDC elec-
trolyte fuel cell we built also showed excellent electrochemical power density (Figure 4b).
At 525 °C, its power density peaked at 510 mW cm~2, while at 475 °C, it peaked at
305 mW cm 2. The electrochemical behavior of the various heterostructure composites
is also compared in Figure 4c. The importance of the mass ratio of LSCF and GDC that
creates a high oxygen-deficient structure for establishing the path for oxygen ions or pro-
tons transport is highlighted by the enhanced electrochemical performance of synthesized
3LSCF-7GDC electrolyte-based fuel cells over pure LSCE, GDC, and other LSCF-GDC
heterostructures and composites [20,22].
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Figure 3. (a,b) HR-TEM image for the surface morphology of LSCF-GDC; (c) HAADF-STEM image of
the prepared LSCF-GDC heterostructure composite powder at high resolution. (d—j) Combined and
individual element mappings of each element present in the LSCF-GDC heterostructure composite,
respectively, and (k) the EDS spectrum of the LSCF-GDC heterostructure.

3.3. Electrochemical Impedance (EIS) Analysis

In addition, at 550 °C in an H,/air fuel cell atmosphere, EIS characterizations of the
cell with varying LSCF/GDC-based electrolyte mass ratios were performed under OCV
circumstances. The Nyquist curve for the observed EIS is shown in Figure 4d. To simulate
the EIS data of the fuel cell of the LSCF-GDC heterostructure electrolyte, the ZSIMPWIN
software was used to model the equivalent circuit for Ry-(R;-CPE;)-(R,-CPE;), where
Rg represents the ohmic resistance from the electrolyte and R;, R, represent the charge
transfer and mass transfer losses from the electrode, respectively. The EIS spectra show
that the 3LSCF-7GDC fuel cell has a much-reduced Ry (ohmic resistance) in Hy /air (fuel
cell operating conditions) at high temperatures compared to other compositions. In Hj /air
at 550 °C, the Ry of the 3LSCF-7GDC electrochemical fuel cell was only 0.06 cm?, while
the R1 of the 3LSCF-7GDC was over 0.083 cm?. To reduce ohmic and polarization losses
as well as the accumulation layer at the electrode-electrolyte contact, the 3LSCF-7GDC
electrolyte shows the best opportunity. As seen from the EIS data in Figure 4d, this reduces
the fuel cell’s mass transit resistance (R;) and its charge transfer resistance (R;). At each
cell’s electrode/electrolyte interface, the capacitance value may drop as mass and charge

transfer values decrease, (i.e., R;~Cq, Ry~C;). Capacitance values are obtained using the
O.\1/n
following equation: C; = %, where R manifests the resistance and n to the frequency

power [0 > n < 1] of the Q’s values [11,24-27].
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Figure 4. Typical I-V and I-P characteristic curves utilizing (a) pure LSCF, GDC, 1LSCF-9GDC,
8LSCF-2GDC, 3LSCF-7GDC, 4LSCF-6GDC, and 5LSCF-5GDC operating at 550 °C (b) I-V and I-P
characteristic curves of using 3LSCF-7GDC as an electrolyte in fuel cells operated at different op-
erating temperatures of 475-550 °C; (c) shows the comparison of the fuel cell performance using
our prepared different heterostructure composites of LSCF-GDC as an electrolyte under 550 °C and
(d) electrochemical impedance spectra of the fuel cells using different heterostructure composites of
LSCF-GDC as an electrolyte at 550 °C measured in H; /air.

3.4. Spectroscopic Analysis

UV-Visible, TGA, Raman, and X-ray photoelectron spectroscopy were used to investi-
gate additional structural characteristics of LSCF, GDC, and LSCF-GDC powders. Figure 5a
shows the UV-Visible absorbance spectra for unadulterated GDC, LSCF, and LSCF-GDC.
It can be demonstrated that the as-synthesized LSCE, GDC, and LSCF-GDC powders all
have very different absorbance bands. Absorbance spectra variations show that manufac-
turing the heterostructure composite reduces the energy band gap of LSCF-GDC due to the
introduction of oxygen vacancies. This is seen in many cases [21,24,25,28] where oxygen
holes are introduced and the energy band gaps of the metal oxides are lowered. Figure 5b
displays the results of a TGA performed in air at temperatures ranging from 25 to 800 °C on
pure LSCF, GDC, and LSCE-GDC to investigate the effects of temperature on heterostruc-
ture development. At temperatures close to 100 °C, evaporation of the absorbed water
causes a fast mass loss in all three samples. For the GDC and LSCF-GDC powders, the other
rapid weight changes begin at approximately 300 °C, while at 500-600 °C, oxygen vacancies
are released from the lattice. The LSCF-GDC sample demonstrates the most significant
mass shift, supporting our predictions. The considerable mass change in LSCF-GDC could
be readily released due to the relaxation of the O bands during heterostructure formation.
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Figure 5. (a) UV-Visible absorbance spectra of pure LSCF, GDC, and LSCF-GDC heterostructure
composites; (b) thermogravimetric analysis of LSCF, GDC, and LSCF-GDC; (¢,d) Raman spectra of
LSCF, GDC, and LSCF-GDC, and XPS O1s spectrum of the LSCE-GDC heterostructure composite,
where black line shows the measured data and red line shows the fitted data, respectively.

The Raman spectrum comparison of LSCF, GDC, and LSCF-GDC is shown in Figure 5c.
Raman bands for LSCF are at 710 cm 1, and GDCs are at 463 cm~!. However, a downshift
in bands was seen in the LSCF-GDC heterostructure sample. The energy required to
excite the vibrations along progressively looser bonds may be lower when both phases are
present, which may account for the observed change in the Raman peak. High densities
of active surface-oxygen species to boost ORR electrocatalytic activity are consistent with
the LSCF-GDC forming due to labile oxygen bonding at the interface of the LSCF and
GDC. The O1s XPS spectrum of the substance also shows the ionic conductivity of the
developed material [29,30]. Due to a lopsided peak, different oxygen species levels can be
seen in the LSCF-O1s GDC’s XPS spectrum. As shown in Figure 5d, the curve was fit to two
different peaks (1 and 2), where lattice O, ions bound to GDC and LSCF may account for
the 528.2 eV peak, while the 530.1 eV peak may be ascribed to oxygen defects/vacancies,
lending credence to the idea that more nonstoichiometric forms are being formed. An
increased area percentage ratio of Oj,;/Oyac in the LSCF-GDC [21,28] indicates an increase
in oxygen vacancies, which are essential for high fuel cell performance. Accordingly,
our developed LSCF-GDC may represent a novel strategy for creating high-performance
LT-SOFC electrolyte materials [31]. It shows that there are more oxygen vacancies in the
LSCF-GDC than in the individual LSCF and GDC. To facilitate the movement of oxygen
and proton ions, a defective LSCF-GDC layer is configured, as shown in Figure 6 [32].
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Figure 6. The different electrochemical mechanisms and processes involved in fuel cells with LSCF-
GDC electrolyte-based fuel cells in producing power output based on an ionic transport membrane,
where green ball shows the LSCE-GDC particle at anode and purple balls shows the LSCF-GDC at
cathode side.

4. Conclusions

In summary, a semiconductor heterostructure electrolyte based on perovskite-structured
LSCF and its heterostructure composite with fluorite-structured Gd-doped CeO, mate-
rial are effectively assembled and characterized. The LSCF-GDCs that were made are
also used as electrolytes in ceramic fuel cells. With a small area-ohmic specific resis-
tance, the LSCF-GDC showed excellent fuel cell performance at 550 °C, producing over
1000 mW-cm~2. LSCF-GDC electrolyte-based fuel cells have the potential to demonstrate
very high ionic conductivity and fuel cell performance, as evidenced by the ohmic ASR of
only 0.05 Ohm-cm 2. The fuel cell operating at 550 °C and using various heterostructure
materials for the electrolyte also showed promising electrochemical performance. In ad-
dition, we have used microscopic and spectroscopic analyses to determine the reason for
the improvement in ionic conductivity of LSCF-GDC in comparison to pure LSCF, GDC,
and various heterostructure composites. To achieve low ohmic area-specific resistance and
create a high oxygen-deficient structure that facilitates O>~ transport, we found that the
ionic conductivity varies with the mass ratio of LSCF to GDC. In conclusion, this method
can potentially motivate the development of new oxygen ion-conducting materials based
on such heterostructures.
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