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ABSTRACT: Introducing triple-charge (HY/ 0¥/ e’) conducting materi-
als is a promising alternative to modify a cathode as an electrolyte in
advanced ceramic fuel cells (CFC). Herein, we designed a novel triple-
charge conducting perovskite-structured semiconductor Cog,/Fey,- = **°

codoped LayBagZry;Y30;_5 (CF-LBZY) and used as an electrolyte ™
and an electrode. CF-LBZY perovskite as an electrolyte exhibited high
ionic (O*7/H*) conductivity of 0.23 S/cm and achieved a remarkable y
power density of 656 mW/cm” 550 °C. X-ray photoelectron spectroscopy

(XPS) analysis revealed that the Co/Fe codoping supports the formation
of oxygen vacancies at the B-site of a perovskite structure. Besides, using
CF-LBZY as a cathode, the fuel cell delivered 150 and 177 mW/cm? at 550
°C, respectively, where Y-doped BaZrO, and Sm-doped ceria (SDC) were
used as electrolytes. During the fuel-cell operation, H* injection into the
CF-LBZY electrolyte may suppress electronic conduction. Furthermore, the metal—semiconductor junction (Schottky junction) has
been proposed by considering the work function and electron affinity to interpret short-circuiting avoidance in our device. The
current systematic study indicates that triple-charge conduction in CF-LBZYO;_s has potential to boost the electrochemical
performance in advanced low-temperature fuel-cell technology.

KEYWORDS: triple-charge conduction, Co/Fe-LaysBysZr,3Yy305_s5 (CE-LBZY), ceramic fuel cells, electrolyte, electrode, semiconductor,
Schottky junction
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1. INTRODUCTION oxygen vacancies can play a critical role in the injection and
transportation of protons (H+) One mechanism for proton
conduction in perovskite oxides, e.g., BZY, is by dissociative
adsorption of water leading to the creation of protonic defects,
indicating ionic conduction of these materials, which is closely
related to oxygen vacancies. A customary way to enhance the
ionic conduction (H'/O®7) is to increase the oxygen

Low-temperature ceramic fuel cells (LT-CFCs) are known as a
potential emerging clean energy technology. The CFCs rely on
either proton and oxygen ion conductors or a hybrid
conductor as an electrolyte material to enable low-temperature
operation. Lowering the operating temperature is one of the
main requirements for the current (SOFC/CFC) fuel cell |
research and development (R&D)."~ Both Ohmic (electro- vacancies. ] )

lyte) and kinetic (electrode polarization) losses significantly PrOt.on ConduCtori are the primary materials for CFCs
increase with decreasing temperatures, which must be operating below 600 °C. La-doped PO,, NbO,, and CeO, have

addressed to enable operation at a lower temperature (<600 reasonlaob_llez proton conduction at intermediate temper—
°C). The Ohmic loss can be decreased by reducing the atures. The BCFZY (BaCoy,FegZro,Y0,0;-5) triple

electrolyte thickness” and developing electrolyte materials with conducting cathode has also reported that doping of Co and
high ionic conductivity at low temperatures.” ™"

The recent progress in perovskite-structured oxide proton Received: March 2, 2021
conductors such as yttrium-doped BaZrO; (BZY) showed that Accepted:  May 5, 2021
the incorporation of protons suppressed the electronic Published: May 19, 2021

conduction.” Through acceptor doping in BZO, oxygen
vacancies (V,**) can be created by the substitution of
multivalent cations such as (Y**) to replace Zr*".”” These

© 2021 The Authors. Publish
0 e Authors. Published by https://doi.org/10.1021/acsaem.1c00599
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Figure 1. (a) Crystal structure analysis of CF-LBZY (XRD) data and the (b, c) scanning electron microscopy (SEM) images of CF-LBZY with

different magnification scales.

Fe on the B-site of perovskite BZY (H*/O?") exhibited a high
performance of 445 mW/ cm? and high conduction (H*/0*/
e”) at 550 °C." It has also been reported that via high doping
of Co/Fe at the B-site, BZY still maintained its ionic
conductivity and catalytic performance.'* Traditional proton-
conducting CFCs use proton-conducting oxide electrolytes
such as BZY and Y-doped BaCeO, (BCY), which have enabled
operating fuel cells at low temperature.">"> However, new
developments on using semiconductors, e.g., SNO (SmNiO;),
STO (SrTiO;), LST (La-SrTiO;), TiO,, and ZnO, to replace
commonly used BZY or BCY, show advantages in enhancing
both the ionic conductivity and device performance.'®”"

Moreover, much progress has been made in oxide materials,
especially to maintain the protons, dual ions (H*/O?*7), and
triple-charge conduction, respectively. For example,
BaZry ,Cey ;Yo 1Yby05_5s and BaZr,,Cey Y, Yby 05 5
(BZCYYb) were used to function as an electrolyte with a
dual-ion SOFC device and obtained peak power density
(PPD) of 452 and 577 mW/cm? at operating temperatures of
700 and 500 °C, respectively. From the above-reported
literature, it can be predicted that heavily doped BZY with
transition metals has still maintained the ionic conduction.
These triple-charge conductions enabled the fuel cell to
operate even at a low operating temperature of 350 °C. The
latest development includes semiconductor p—n heterojunc-
tion materials as available electrolytes, e.g., p-Ba-
Coy4Feg4Zry1Yy,05_5 (BCFZY) and n-ZnO as electrolytes."”
The formation of a heterostructure and band bending creates a
built-in electric field that helps ions to move quickly, inhibiting
the electronic conduction through an electrolyte.'” These
semiconductors have potential to be used as electrolytes with
low activation energies <0.6 eV and high ionic (H'/O?)
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conductivity >0.1 S/cm at temperatures <600 °C. Compared
to conventional H*- or O* -conducting ceramic electrolytes,
superionic conductivity could be achieved in the semi-
conductor-based ceramic electrolytes.'”™" So, the semi-
conductor electrolytes are more proficient compared to a
conventional SOFC electrolyte for low temperatures.'®*' ™
The semiconducting nature of these perovskite materials
makes them attractive for LT-CFC technology. Though LT-
CFCs with semiconductor materials have successfully been
demonstrated,®’ the functioning of the semiconductor-based
electrolyte and the ionic transport properties, mainly the
coexistence of hybrid (H*/O>7) or triple (H'/O>7/e”)-
conduction mechanisms, have realized superior ionic con-
ductivity and high electrochemical performance at low
operating temperature. The functional semiconductor electro-
lyte membranes have been characterized in LT-PCFCs and
LT-SOFCs with a variety of conduction properties, such as the
hybrid conduction and triple-charge conduction mechanism
but not interpreted precisely, which required much attention.

In this work, we successfully demonstrated that using CF-
LBZY as an electrolyte with high ionic conductivity of 0.23 S/
cm?, the fuel cell delivered a high power density of 656 mW/
cm?. Simultaneously, using CF-LBZY as an electrode, where
BZY and SDC were used as electrolyte membranes resulted in
a power density of 177 and 150 mW/cm® at 550 °C. The
electrolyte and electrode functions of the CF-LBZY perovskite
materials have been investigated based on this newly developed
triple-charge functional material. Also, a metal—semiconduc-
tor-based junction known as the Schottky junction was
conducted to explain the mechanism to avoid short-circuiting
issues. All of the functionalities and the applied strategy make
it promising for advanced CFC science and technology.

https://doi.org/10.1021/acsaem.1c00599
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Figure 2. EDS elemental mapping region of the CF-LBZY membrane of the electrolyte cell at 550 °C: (a) La, (b) Ba, (c) Co, (d) Fe, (e) Zr, (f) Y,
and (g) O and (h) elemental compositions. (i, j) TEM images and lattice fringes of CF-LBZY.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Material. In a typical procedure, CF-LBZY was
synthesized by coprecipitation hydrothermal techniques using a
stoichiometry amount of La(NO;) (Sigma 99.9%), Ba(NO;) (Sigma
99.9%), Co(NO;) (Sigma 99.9%), Fe(NO,) (Sigma 99.9%), and
nitrates of yttrium and zirconium. All nitrates were dissolved in a
beaker containing 500 mL of water sequentially under a stirrer. Then,
an appropriate amount of a precipitating agent, Na,(CO;) solution,
was added dropwise into the solution yielding the precipitate. The
precipitate was then filtered subsequently, placed in a thermal bottle
at 250 °C for 2 h, and then placed in an oven at 120 °C overnight.
The dried precursor was then calcined at 1150 °C for 7 h. Finally, we
obtained the desired solution, CF-LBZY oxides in a powder form,
which was subjected to characterization studies. Furthermore, LBZY
was synthesized following the abovementioned procedure. In
addition, BCZY, BZY, and SDC were synthesized, sintered at 1000
°C, and then ground for uniform mixing. Later, it was used as a
blocking layer (O*7/e”), and a protonic and oxide-ion conductive
layer, respectively, in the construction of a fuel cell as mentioned in
the section below.

5800

The Ni-NCAL electrodes (anode and cathode) were prepared by
mixing terpinol with NCAL powder to obtain a slurry. The slurry was
then applied on the Ni foam to obtain Ni-NCAL electrodes, as
reported in previous reports.””>> Afterward, the prepared CF-LBZY
semiconductor oxide was applied as an electrolyte and sandwiched
between two Ni foams covered by NCAL used as an electrode. After
that, the cell containing two processes hydrogen oxidation reaction
(HOR), oxygen reduction reaction (ORR) of electrodes, electrolyte,
pressed uniaxially under 200 MPa pressure to obtain the pellet of 1.5
mm thickness, an active surface area roughly around 0.64 cm® and13
mm diameter. The electrolyte was approximately of 500 um in
thickness. All fuel cells, including Ni-NCAL/CF-LBZY/NCAL-Nj,
Ni-NCAL/LBZY/NCAL-Ni, Ni-NCAL/BCZY/CF-LBZY/BCZY/
NCAL-Ni, and Ni-CF-LBZY/SDC/BZY/NCAL-Ni, were sintered
before the measurements at 600° to prevent them from cracking and
other side effects during the fuel-cell performance; consequently, the
sliver paste was applied on both sides of the cell to collect the current.

2.2. Characterization Techniques. The crystalline phase and
the structure of the current sample were recorded via an X-ray
diffractometer with Cu Ka radiation (1 = 1.54060 A, voltage ~ 45 kV,

https://doi.org/10.1021/acsaem.1c00599
ACS Appl. Energy Mater. 2021, 4, 5798—5808
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Figure 3. (a) Fuel-cell performance of LBZY cell materials, (b) fuel-cell performance of CF-LBZY cell materials, and the (c) cross-sectional SEM
view of the O* /e~ blocking cell in the configuration of NCAL-Ni/BCZY/CF-LBZY/BCZY/NCAL-Ni. (d) I-V characteristics of Ni-NCAL/
BCZY/CF-LBZY/BCZY/NCAL-Ni cell materials at 450, 500, and 550 °C with H, at the anode and flowing air at the cathode.

and current ~ 40 mA). Scanning electron microscopy (SEM) was
performed to characterize the particles’ size and morphology. Also,
transmission electron microscopy (TEM, JEOL, JEM, 2100F) was
performed to study in detail the morphology of microstructure
materials, which usually operates under an accelerating voltage of 200
kv.

Electrochemical impedance spectroscopy (EIS) of the given cell
was performed using an electrochemical workstation (Gamry
Reference 3000, Gamry Instruments, Warminster, PA) under different
gas environments like fuel gas and air. These experiments were
performed at an open-circuit voltage (OCV) and a frequency range of
0.1—10° HZ. Before the EIS measurements, fuel-cell performance was
measured on the following device (IT8511, ITECH Electrical Co.,
Ltd,, Nanjing, China) under ambient hydrogen gas and air at different
temperature ranges (550—450 °C). Furthermore, to investigate the
oxidation states, to determine the band gap of semiconductor
materials, and to attain the work function of materials, X-ray
photoelectron spectroscopy (XPS), UV—visible spectroscopy, and
ultra-photoelectron spectroscopy (UPS) measurements were per-
formed, respectively.

3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction. Figure 1la depicts the crystalline
pattern of the as-synthesized material CF-LBZY measured via
X-ray diffraction. The diffraction pattern of CF-LBZY and
LBZY is accurately related to the cubic perovskite structure
without observing any other peaks, signifying the pure-phase
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presence. The different diffraction peaks (111), (200), (220),
(222), (400), (422), (440), (620), (444), and (642) are
identified as a cubic perovskite structure in a space group
Pm3m, which is used to observe the coherence of the pattern.
The Co/Fe codoping in LBZY causes a slight shift in peaks as a
piece of evidence for Co—Fe doped into the structure to form
a solid solution maintained in the perovskite structure. The
crystalline size was calculated using the Scherrer relation D =
KA/L(cos 0) relation and found to be around 48 nm.

The surface morphology was studied using a scanning
electron microscope (SEM). Figure 1b,c displays the particle
size of given materials varying from 100 nm to 1 um. The
energy-dispersive spectroscopy (EDS) (element mapping) of
the overall view demonstrates that all elements, including La,
Ba, Co, Fe, Zr, Y, and oxygen, are uniformly distributed in the
CF-LBZY sample, as shown in Figure 2a—g. Also, Figure 2h
shows the elemental compositions of the CF-LBZY sample.
The EDS confirms that all elements are distributed uniformly
in the CF-LBZY sample. Also, Figure 2i presents transmission
electron microscopy (TEM) images with uniform distribution
of particles at the nanoscale. The image depicts that particles at
the nanoscale are well connected, which might benefit ionic
transport and device performance. Furthermore, Figure 2j
depicts that lattice fringes with lattice spacings of 0.2943 and

https://doi.org/10.1021/acsaem.1c00599
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02131 nm correspond to the LBCFZY crystal planes (220)
and (400), respectively.

3.2. Fuel-Cell Performance. To start with, the electro-
chemical performance of LBZY and CF-LBZY electrolytes was
determined. Figure 3ab presents the typical fuel-cell device
performance of LBZY and CF-LBZY electrolytes with an
NCAL/Ni symmetrical device, respectively. In the current
case, LBZY and CF-LBZY are semiconducting types of
electrolytes for the fuel-cell device. First, we noticed that
using the semiconducting LBZY and CF-LBZY as electrolytes,
the fuel cells can still gain high OCV in the range of 1.09—1.1
V for CF-LBZY and 1.02—1 V for LBZY in the temperature
range from 550 to 450 °C, respectively. The power outputs are
obtained in the range from 285 to 658 mW/cm? for the CF-
LBZY material-based cell, while for LBZY, the output power
varies from 200 to 420 mW/cm?, which is lower than that of
the CF-LBZY material. Such high-performance P, is mainly
due to high o; (ionic conductivity) of the semiconducting
electrolyte membrane, reduced polarization resistance, band-
gap engineering, and dopants, as reported in previous
reports;‘2 we will further discuss on this later. The OCV,
current, and power output are also dependent on temperature
because ionic transport and fuel-cell reactions are thermally
activated processes.

The protonic performance is determined using a blocking
layer (O* /e™) BCZY, which is applied to both sides of the
CF-LBZY electrolyte in the NCAL/BCZY/CF-LBZY/BCZY/
NCAL configuration. Figure 3¢ shows the cross-sectional SEM
view of the O*"/e” blocking cell with the proton BCZY filters.
The BCZY filter layer (blocking layer), the CF-LBZY
electrolyte, and NCAL electrodes are visibly seen in the
SEM cross-sectional image.

This device delivered the performance of about 370, 333,
and 194 mW/cm? with the OCV values of 1.02, 1.01, and 1V,
respectively, in the given temperature range of 550—450 °C, as
depicted in Figure 3d. Subsequently, the obtained power for
this cell, we can see proton contribution makes significant
contributions to the fuel-cell performances, e.g, 370 vs total
658 mW/cm? at 550 °C. These results signify that the proton
conduction has marked extensive contribution as oxygen ions.
It has been noticed that the performance of the current
material is better than other reported materials used as
electrolytes.”>** The reported voltage around 1.0 V demon-
strates that the present electrolyte is highly dense, causing
neither gas leakage nor short-circuiting problems, leading to a
high power density.”> The cathode side is also a more active
site for the transportation of oxygen and oxygen ions through
the semiconductor—electrolyte material to complete ORR to
perform advanced LT-SOFC better.

3.3. Oxygen Reduction Reaction Catalytic Activity. In
addition, to verify the oxygen reduction reaction (ORR)
activity and triple-charge conduction pertinency as a cathode,
we applied CF-LBZY to function as a cathode. In this scenario,
two cells were fabricated following NCAL/SDC/CF-LBZY
and NCAL/BZY/CF-LBZY structures. The CF-LBZY acts as a
cathode, while SDC and BZY are oxide-ion and proton
conductor electrolytes, respectively. Figure 4 shows the I-V
and I—P curves of the fuel cells. The fuel cell delivered a P,
value of 150 mW/cm?® with an OCV of 1.0 V using BZY as an
electrolyte layer between the CF-LBZY cathode and the NCAL
anode. On the other hand, the fuel cells produced about 177
mW/cm® with an OCV of 0.96V using SDC as an electrolyte
layer and the CF-LBZY cathode, which is relatively higher than
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Figure 4. Fuel-cell performance of CF-LBZY/BZY/NCAL and CF-

LBZY/SDC/NCAL as an electrode (cathode) at 550 °C.

the conventional fuel cell>® The abovementioned results

suggest that CF-LBZY possesses both the ORR catalytic
activity and also confirms triple-charge conduction under low
temperature. Furthermore, the use of SDC as an electrolyte
and CF-LBZY as a cathode delivered more active sites for the
ORR catalytic activity, which aided in enhancing the
electrochemical fuel-cell performance. Such findings indicate
that CF-LBZY has a good ORR catalytic activity, an essential
property for fuel cells” high performance.

3.4. Electrochemical Impedance Spectroscopy. EIS
studies of LBZY and CF-LBZY semiconductors were carried
out to investigate the electrical process at a different
temperature range of 450—550 °C. From the start, at SSO
°C, there is a short straight line in the high-frequency range;
also, the EIS spectra line of the current material is composed of
a half semicircle, as shown in Figure Sa,)b. The crossing of the
arc at the X-axis in the high-frequency region gives the Ohmic
resistance. The equivalent circuit LR, — (RIQPEgb)(RZQPEe)
was implemented where R, and R,, R, denote the Ohmic and
polarization resistances, respectively. The Ohmic resistance at
high frequency (HF) is usually due to the electrolyte,
electrodes, and wires connected,® and Ohmic resistance
primarily contributes to oxygen ions and electrons. The
alternative region of EIS spectra at higher resistance and low
frequency is denoted as (R; + R, = R,,), where R; is the charge-
transfer resistance and R, is the mass-transfer resistance of
electrodes, at the intermediate frequency arc and the low-
frequency arc, respectively.

Furthermore, in the low-frequency region, mostly the
electrode processes occurred. Also, as temperature increased
from 450 to 550 °C, the spectra arc regularly changed into a
continuous line, mostly due to the increase in the mobility of
oxygen ions and shorter polarization time of charges causing a
reduction of resistance concurrently. As the temperature
increased, R, decreased from 0.28 to 0.13 Q/cm? though R,
reduced from 0.92 to 0.05 Q/cm? due to the thermal activation
and migration of ions and electrons at the grain boundary; also
resistance R, has shown a related behavior that signifies an
increase in the electrode reaction activity due to an increase in
the temperature (450—S50 °C). Such an activity has been
attributed to the ORR in the cell or the cathode functionality
with CF-LBZY that contained the electrolyte/electrode
region.'””” This leads to an increase in the ORR kinetics
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Figure 5. (a) Nyquist plot of Ni-NCAL-LBZY-NCAL-Ni and (b) Nyquist plot for Ni-NCAL-CF-LBZY-NCAL-Ni at 450, 500, and 550 °C.

Table 1. EIS Fitted Data of LBZY and CF-LBZY Obtained Via ZSimpWin Software

composition (°C)  inductance (L) R, (Q/cm?) R, (Q/cm?) Q n @ R, (Q/cm?) Q n ()
LBZY
550 1.07 x 107* 0.68 0.24 0.59 0.20 0.071 0.59 1.27 0.49 0.94
500 1.144 x 1077 0.79 0.35 0.003 0.66 0.0001S 1.09 123 0.57 1.53
450 9.15 X 107® 0.93 0.55 0.04 1 0.04 1.52 0.28 0.29 0.036
CF-LBZY
550 7.99 X 1078 0.13 0.05 0.22 0.69 0.036 0.26 1.65 0.58 0.89
500 2459 X 1077 0.24 0.26 0.48 0.42 0.027 0.49 0.83 0.16 0.0073
450 1219 x 1077 0.28 0.92 0.00021 1 0.00021 15 0.13 0.48 0.022
activity at the interface of CF-LBZY/NCAL, and is better than conduction, which might be due to increased oxygen
that in the undoped LBZY electrolyte layer, as shown in Figure vacancies."' " The obtained high conductivity is extraordi-
Sa,b. The capacitance has been calculated via the following narily higher than the stated values of oxide-ion conductors,
R x Q)" . . such as SDC ~ 0.05 S/cm, GDC ~0.04 S/cm at 700 °C, and
formula G, = i In addition, the values obtained for YSZ ~ 0.13 S/cm at 1000 °C, and also more significant than
LBZY and CF-LBZY from the ﬁtted equivalent circuit the pure PI'OtOIl Conductor w1th BCZY ~ 0.02 S/Cm at 700
LR(QR,)(QR;) using ZSimpWin software are given in °C.**™* The conductive properties of the current electrolyte
Table 1. are also temperature-dependent because it has been perceived
The ionic conductivity of the CF-LBZY material cell can be that the semiconductor electrolyte conductivity increases with
calculated using the Ohmic resistance value from the -V temperature, as observed in the semiconductor materials.*’
curve of electrochemical performance, as reported.” ™"’ The CF-LBZY can be a successful candidate the same as BCFZY
ionic condélctivity of the c1.1rrent investigated material is 0.2 S/ for proton-conducting fuel cell (PCFC) in many forms, such as
om at 550 °C; oth'ers covering a temperature range f)f450_550 high ionic and protonic conductivity and high ORR catalytic
C are presented in Figure 6. It has also been noticed that by activity at low temperature, as confirmed in the literature.”® So
incorporation of Co and Fe, there is an increase in the ionic it is believed that such a high ionic conductivity was the sum of
H*/O*" conductivities, as reported in the previous report.’
—0—Gigyq from EIS Additionally, the thermally activated ions follow the Arrhenius
034 —®=o;from I-V curve equation in the case ionic flow represented as oT =
—&—o,, from IV curve . . .
A exp[—E,/(kT)], where o; and o, are the ionic conduction
and protonic conduction, as shown in Figure 6. The ionic
\ conductor, calculated activation energy from the I-V curve, is
T 021 about 0.68 eV, which is lower than that of other ionic
% \ conductors.*
g As reported previously, BCFZY is a triple conducting
o1 material but dominated by proton conduction.'””" The CE-
LBZY material developed here showed proton conduction and
\\q the highest ionic conduction. From the result, it can be noted
that the proton conduction has significantly contributed to the
0.0 1—r r r r total ionic conduction, which confirms the presence of the
120 1.25 1.30 1.35 1.40 triple-charge ((H*/O?7)/e” or h) conduction, as shown in
1000/T(1/K) Figure 6. In addition, the ionic flow is enhanced by suppressing
the electronic flow via interfacial conduction at an electrode/
Figure 6. Total and hybrid (i and p) conductivity of cell materials at electrolyte region that causes to build gradient energy, which
450, 500, and 550 °C. separates the ions and electrons to avoid the short-circuiting
5803 https://doi.org/10.1021/acsaem.1c00599

ACS Appl. Energy Mater. 2021, 4, 5798—5808


https://pubs.acs.org/doi/10.1021/acsaem.1c00599?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00599?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00599?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00599?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00599?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00599?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00599?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00599?fig=fig6&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c00599?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Energy Materials

www.acsaem.org

522 524 526 528 530 532 534 536 538 540
Binding Energy (eV)

= LBZY
(a) = CF-LBZY
le) La
’5 ¢ Ba
= yzr
-’
>
=
»n
[—] o
S La
=
= Fe Bago
yzr ¢
200 400 600 800 1000
Binding Energy (eV)
530.8 eV LBZY- O 1 530,05 eV CF-LBZY-O1y
(b) A (©
]
— ~~
: : !
S : /
2 £ 3
g z 528.08 eV ¥
g £
= i
—

524 526 528 530 532 534 536 538 540 542
Binding Energy (eV)

Figure 7. (a) XPS spectra analysis of LBZY and CF-LBZY sample SOFCs. (b, ¢) Oxygen peaks of LBZY and CF-LBZY elemental analysis,

respectively.

problem, leading to the enhancement in the ionic con-
duction.'**”

3.5. X-ray Photoelectron Spectroscopy. To determine
the chemical state with a quantum number, purity, and
composition of the single-phase CF-LBZY material, XPS
analysis was carried out. The full spectra of XPS of LBZY and
CF-LBZY confirm the coexistence of La, Ba, Co, Fe, Zr, Y, and
O elements in CF-LBZY, as shown in Figure 7a. In addition,
HR (high-resolution) XPS spectra of O 1s are presented in
Figure 7b,c, respectively. According to the literature, any
material’s ionic conduction is closely related to the O 1s
BE.”>~** Barr and Dong et al. reported that this BE range
(528—529.5 eV) was attributed to the most ionic oxides.”””*
The peak at 530.5 eV of the undoped LBZY represents the
lattice oxygen, while the peak of CF-doped LBZY at 530.8 eV
denotes the OH ions, which helps to form O vacancies. The
peak at 535 eV was observed, which corresponds to the Na
Auger peak that might appear due to the use of Na,CO; during
the synthesis process. So, it has been noticed that doping
enhances the O vacancies, causing an increase in the ionic
conductivity of the material, as shown in Figure 7b,c. These
peaks suggest that CF-LBZY has excellent ionic conductivity.

3.6. Electronic Subtraction Via the Metal-Semi-
conductor (M-S) Junction. The abovementioned results
confirm that the CF-LBZY semiconductor perovskite has
successfully been applied as an electrolyte with impressive fuel-
cell performance and high ionic conductivity for the
application of LT-SOFC/CFC. According to the conventional
knowledge toward electrochemistry, semiconductor materials
possess e-conduction that is not suitable for the electrolyte of
the SOFC/CEC device. The e-conduction from an anode to a
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semiconductor electrolyte causes profound loss in the form of
reduced OCV and fuel-cell performance, leading to short-
circuiting.***> However, interestingly, our results confirm the
feasibility of using the CF-LBZY semiconductor as an
electrolyte for SOFC/CFC to gain a remarkable performance
along with higher OCV > 1 V. These findings suggest that the
e-conduction passage from the anode Ni-NCAL to the CF-
LBZY semiconductor was congested due some phenomena
taking place during the fuel-cell operation.

According to the published literature, the injection of H,
causes reduction at the anode (NCAL) side of SOFC/CFC.>
As a result, it creates Ni/Co metallic alloy at the interface of an
electrode (anode), and an electrolyte might cause some
interaction among Ni/CF-LBZY. Pondering the semiconduct-
ing nature of the CF-LBZY electrolyte, it can be inferred that
metal—semiconductor contact is established between Ni/Co-
CF-LBZY. Such contact interaction is possibly set up by a
Schottky junction, which includes the space—charge region
that inhibits the passage of electronic conduction. M-S
contacts contain Schottky and Ohmic contacts, which can be
recognized using the work function (wf) of metals @y and
semiconductor @g. The distance between Fermi and vacuum
levels is known as the work function either for metal or a
semiconductor. In the following case, @), > @ semiconductor
and metal might establish a contact, leading to leaving the
electrons (near to metal) from the semiconductor until
establishing a thermal-equilibrium condition again. M-S
contacts lead to the depletion of electrons and creation of a
space—charge region, which hinder the further transition of
electrons across the contact region known as the Schottky
junction.”” To confirm Schottky junction (Ni/Co electrolyte)
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formation in our device, UPS spectra (under H, treatment at
550 °C for 4 h) of NCAL and CF-LBZY were obtained and are
shown in Figure 8b,c. The calculated work function (based on
secondary and Fermi level cutoff) values of reduced NCAL and
CF-LBZY are 5.19 and 4.31 eV.

Following the rule mentioned earlier, ®); > @, the attained
work function values confirm the formation of Schottky
contact among metal and semiconductor electrolyte layers
(Ni/Co-CF-LBZY). The Schottky barrier height was deter-
mined by taking the difference of @y and electron affinity y of
the semiconductor electrolyte to show the blocking effect of
the Schottky junction at the interface of Ni/Co and CF-LBZY
layers.”” So, the band gap of CF-LBZY (2.501 eV) under H,
treatment for 4 h at 550° was elucidated using UV—visible
spectroscopy, as shown in Figure 8a. The valence band of the
treated CF-LBZY was estimated using the UPS results, leading
to the electron-affinity (y = 3.49 eV) value of CF-LBZY. The
electron affinity and work function of metal give rise to the
barrier height value (1.69 eV) for the metal/CF-LBZY
Schottky junction, which leads to creating the potential barrier
for inhibiting electronic conduction.

It is important to know that the states (interface states)
residing in the M—S contact region might weaken the Schottky
contacts and cause it to alternate to the Ohmic contact during
the fuel-cell operation. Therefore, to confirm the existence or
the establishment of Schottky contact, the I—-V characteristics
of the half cell (NCAL-Ni/CF-LBZY) were measured at 550
°C. The current response was recorded by applying the bias
voltage (—2 to 2 V) to the half cell. At first, the I-V curve
characteristics were evaluated without H,. Later, H, was
supplied to the NCAL side to form the metallic Ni/Co and the
voltage response was measured by providing the protective gas
N,, which keeps the cell in a static state during the whole
operation. As shown in Figure 8d, before supplying H,, there
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was no junction effect between the anode and the electrolyte,
while as H, was supplied to NCAL, the I-V curve showed
rectification behavior. Under the reverse bias voltage (—1 to 0
V), the device shows little saturation in the current response,
and under a higher bias voltage (>—1 V), the current increased
rapidly, which is well suited to the Schottky equation. These
results verify the establishment of the Schottky junction
between reduced NCAL (metallic phase) and CF-LBZY.

Figure 8e reveals the schematic diagram of the electron
inhibiting process in our device and the formation of the
Schottky junction at the NCAL/CF-LBZY interface, where the
Schottky barrier is considered as the main role player,
suppressing the electronic conduction. Figure 8e shows that
before the supply of H,, a continuous flow of electrons was
seen, but as H, was supplied, it reduced NCAL to metallic Ni/
Co and formed the Schottky junction.””*" Using the attained
value of work function, electron-affinity energy-band diagram
was constructed between the metal and semiconductor Ni/
Co/CF-LBZY, as shown in Figure 8e. The functionality of the
barrier height is to suppress the electronic conduction from the
anode to the electrolyte, leading to the evasion of fuel-cell
short-circuiting issue and guaranteeing the higher OCV and
impressive fuel-cell performance.

3.7. Durability Test. To demonstrate the long-term
operation of the fuel cell based on CF-LBZY, the durability
of the cells was evaluated at 550 °C under fuel-cell operating
conditions shown in Figure 9. The results show 30 h of stable
performance with a high and constant current density of 100
mA/cm” and an OCV of 0.83 V at 550 °C. From the starting
point, the OCV decreased sharply for almost 2 h until it
reached a stable point without any degradation. This decrease
in voltage at the start of the durability test was because of the
stabilization time required for the cell. This fluctuation
happened due to the assembly of cell Ni-NCAL-CF-LBZY-
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Figure 9. Stability measurement of CF-LBZY CFC at 550 °C for 32
h.

NCAL-Ni materials. Also, the interface gap between an
electrode/electrolyte might cause an initial activation process
that leads to a small drop in OCV until the gap was spanned
with the flow of ions to continue the cell’s operation. In
addition, there is one main possible reason, which could be the
densification of the electrolyte layer. In the beginning, the
electrolyte layer is not dense enough and can cause gas leakage,
but with time, the voltage gets stable with online densification.
A more sophisticated test setup would be required outside the
present study’s scope for more extended stability tests.

4. CONCLUSIONS

In summary, a single-phase, triple-charge conducting (O*7/
H*/e™) semiconductor oxide for fuel-cell use is presented in
this work. A novel perovskite semiconductor Coy,/Fe,-
codoped LaysBags Zry3Ye3 Os_s (CF-LBZY) was successfully
prepared using the hydrothermal coprecipitation method. The
material was used as an electrolyte and an electrode for
advanced LT-CFCs. The ionic conductivity and the power
density of the fuel cells using this material were high (0.2 S/cm
and 656 mW/cm?) at 550 °C but still showed a good
performance of 285 mW/cm?® at 450 °C. Codoping
significantly contributed to the high ionic conduction. From
the XPS results, we can conclude that the high concentration
of oxygen vacancies in the CF-LBZY samples leads to
enhanced visible-light absorption capability. The interpretation
of higher OCV and power output in our device have been
certified by measuring the work function and electron affinity
to explain the electronic suppression based on phenomena of
the Schottky junction. The developed CF-LBZY semi-
conductor materials can be promising alternatives for future
LT-CFCs.
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