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Highlight

Composite electrolyte is fabricated by combining proton and oxygen-ion conductor.
Sinterability of the electrolyte is improved by introducing GDC into BZY.

Impedance data is analyzed by DRT method, revealing the hetero-phase grain

boundary at lower temperature.

Conductivity of composite electrolyte is enhanced in both oxidizing and reducing

atmospheres.

Abstract

BaZr08Y0.203-5 (BZY)-Gdo20Ce0.8002-5 (GDC) composite electrolytes have been
fabricated by mechanical mixing the BZY and GDC powders with different weight ratio
(30 wt%, 50 wt % and 70 wt %). The ceramic powders were synthesized by a sol-gel
method, and the crystalline structure of the ceramic powders and composite electrolytes
was examined by X-ray diffraction (XRD). Good chemical compatibility between BZY
and GDC has been shown based on the XRD analysis. The morphology and element

distribution of the BZY and composite electrolyte were observed by the scanning
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electron microscope (SEM) and energy dispersive x-ray spectroscopy (EDX). The
conductivity measurement was conducted in both oxidizing and reducing atmospheres
by the means of electrochemical impedance spectroscopy (EIS). The equivalent circuit
and distribution of relaxation times (DRT) method were employed to analyze the
obtained EIS data. For the composite electrolytes, two different types of grain
boundaries can be identified in the DRT diagram derived from the impedance data
measured in reducing atmosphere at lower temperature (<450 °C). The influence of the
GDC content on the resistance between the two grain boundaries was investigated and
the result can be attributed to the different average grain size of the samples. The total
conductivity of the composite electrolytes in each atmosphere was also analyzed and
discussed, and the composition of 30wt%BZY-70%GDC (BG37) shows the highest
conductivity of 0.0269 Sem™! at 700 °C in reducing atmosphere. Single cell based on
BG37 electrolyte was fabricated and tested, maximum power density of 0.442 Wem™
at 700 °C with the OCV of 0.89V were achieved.

Key words: B: Grain boundaries; C: Impedance; C: Ionic conductivity; E: Fuel
cells.

1. Introduction

Solid oxide fuel cells (SOFCs) have been regarded as a promising next-generation
energy conversion technology due to their advantages such as high energy conversion
efficiency, fuel flexibility, and low pollution[1-3]. The traditional SOFCs based on
fluorite-structured yttrium-stabilized zirconia (Y SZ) electrolyte usually operate at high
temperature (from 800 °C to 1000 °C) to ensure a good cell performance. However,
high operation temperature usually results in many problems such as narrowing the
choice of the sealing materials, potential reaction between cell components, thermal
expansion mismatch and slow start-up. Therefore, lowering the SOFC operation
temperature while maintaining favorable cell performance is needed for the successful
commercialization of SOFCs. To operate the SOFCs at lower temperature (below
700 °C) with good performance, the ohmic resistance of the cell, which is dominated

from the electrolyte, should be decreased. One widely adopted approach is to fabricate
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thin-film electrolyte [4], and the other is to explore novel electrolyte materials with
higher ionic conductivity at reduced temperatures [5]. Various materials have been
explored as the electrolyte for SOFCs operating at reduced temperatures; ceria-based
oxide ion-conductor and barium-based proton-conductor are two main material systems
that have been extensively investigated. The doped ceria (Ceo3Gdo2019, GDC or
Ceo.8Smp201.9, SDC) shows much higher oxide ionic conductivity than the traditional
yttria-stabilized zirconia (YSZ) at lower temperatures [6-8], but under reducing
atmosphere or low oxygen partial pressures, cerium ion will change its valance state
from Ce™ to Ce** through Eq.1 [9]. The reduction of cerium ions induces electronic
conduction in the electrolyte, which leads to a voltage loss of the SOFCs and causes a

deterioration of mechanical strength of the ceria-based electrolyte.
4CeO,—2Ce, 0, +0, (1)

Barium-based oxides, typically yttrium doped BaCeOs; (BCY) and yttrium doped
BaZrOs (BaZro3Y 02035, BZY), showing protonic conductivity at reduced temperatures
in humid air or hydrogen atmosphere, have been extensively studied as the electrolyte
for proton conducting solid oxide fuel cell (PC-SOFC) [10, 11]. BCY demonstrates
higher conductivity and better sintering property than BZY, however, it easily reacts
with CO,, water vapor and H>S. Consequently, cells based on BCY electrolyte usually
exhibit considerable performance degradation [12-14]. BZY shows better chemical
stability than BCY, however, it has drawbacks such as poor sinterability and low grain
boundary conductivity. To enhance the sinterability and grain growth of BZY, various
metal oxides or non-metal oxides are employed as the sintering-aids. NiO, CuO, ZnO
and P20Os can effectively reduce the sintering temperature of BZY to around 1400 °C
and most of them have already been used for SOFC fabrication[15-19]. However, BZY
samples sintered with sintering aids often show a lower total conductivity than the
sintered BZY samples without sintering aids. It has been an important issue to enhance
the sinterability of the BZY electrolyte while maintaining an adequate ionic
conductivity.

To improve the electrolyte properties at lower operation temperature, another
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effective strategy is to fabricate the composite electrolyte[20, 21], especially the
proton/oxide ion conducting composite electrolyte. Luo et. al fabricated the BZY-YSZ
composite ceramics (BZY with 50wt% YSZ) and reported an enhancement of
sinterability comparing with BZY sintered at 1450 °C for 6 hours [22]. Composite
ceramics consisting of ceria-based oxide ion conductor and barium-based proton
conductor have also been studied [23], revealing that barium-based ceramic can block
the electronic leakage of the ceria-based electrolyte while the total conductivity could
be improved due to the extra electronic conduction of ceria-based ceramics introduced
under hydrogen atmosphere. Recently, Yu et. al. also reported a novel LSGM-BZCY
composite electrolyte with an enhanced conductivity as well as sinterability, and
ascribed these improvements to the introduction of the LSGM phase[24].

Although many composite electrolyte materials have been designed and applied for
SOFC fabrication, detailed investigation on the electrical properties of the two-phase
ceramic system is still limited. Especially, the reported two types of grain boundary
existed in the composite electrolyte are seldom discussed[25]. In this study, BZY-GDC
composite electrolytes were fabricated, their crystalline structure, sinterability and
composition were characterized. The electrical conductivities of the composite
electrolytes were investigated by AC impedance measurements under different
atmospheres and the EIS results were further analyzed by the DRT method combing
with the equivalent circuit model fitting.

2. Experimental
2.1 Powders synthesis, symmetric cells and single cell fabrication

The ceramic powder was synthesized by a sol-gel method[26]. Ba(NO3)2 (Sinopharm
Chemical Reagent Co. Ltd., 99%), Zr(NO3)4-:5H20 (Macklin, 99.99%),Y(NO3)3-6H>0
(Macklin, 99.5%) were weighed with the stoichiometric ratio of BaZrosY0.203.5 and
then dissolved in deionized water with a total metal ion concentration of 0.1M.
Subsequently, acrylamide (AM, Aladdin, 99%) and N,N-methylenebisacrylamide
(MBAM, Aladdin, 97%) were added to prepare a transparent stable solution. -
azoisobutyronitrile (AIBN, Aladdin, 98%) was then added to the solution as the cross-

linking agent to initiate the gelation process at 80 °C and gel containing well distributed
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metal ions was finally obtained. The prepared gel was dried at 90 °C for 12h to
dehydrate, and then ball milled 30 mins with zirconia milling media. The milled powder
was calcined at 800°C for 2 hours with a heating rate of 2 °C/min to remove the organic
residue and the obtained ceramic powder was ready for electrolyte fabrication. The
GDC powder was also prepared by the same method as described above.
Ce(NO3)3-6H20 (Sinopharm Chemical Reagent Co., Ltd.,99%) and Gd(NO3)2-6H>O
(Aladdin, 99.99%) were used as the starting materials. BZY-GDC composite materials
were prepared by mixing the BZY powder with different amount of GDC powder in
different weight ratio of 30, 50 and 70 wt%, denoted as BG73, BG55 and BG37,
respectively, and the composite powders were then ball milled in ethanol for 10 hours.
Electrolyte pellets in diameter of 13mm were fabricated by uniaxially pressing the
ceramic powder under 20 MPa for 5 min and then sintered at 1550°C for 24 hours to
ensure adequate density for conductivity measurement. The symmetric cells were
fabricated with the cell configuration of Pt{BZY|Pt, Pt|GDC|Pt and Pt|BZY-GDC|Pt. All
the surfaces of electrolyte pellets were polished and ultrasonically cleaned in ethanol to
remove any impurities that may form during the sintering process. Platinum slurry with
an area of 0.28 cm? was brushed on both sides of the electrolyte and sintered at 1000°C
for 3 hours with a heating rate of 2 °C/min to serve as the electrodes.

The single cell with the BG37 electrolyte, GDC-NiO anode and GDC-SmBaCo0205+3
(SBCO) cathode was fabricated by the co-pressing technique. The SBCO powder was
also synthesized by the mentioned sol-gel method, anode support with electrolyte was
co-pressed and sintered at 1550 °C for 6 hours to ensure a dense electrolyte. Cathode
powder was prepared by mixing the GDC and SBCO powders with a weight ratio of
3:7 and then milled with terpineol to form the cathode slurry. The cathode was brush
painted on the electrolyte with an area of 0.28 cm? and calcined at 1050 °C for 3 hours
with a heating rate of 2 °C/min.

2.2 Characterization
The phase compositions of the ceramic powders and electrolytes were analyzed by
powder X-ray diffraction (XRD) using a Bruker D8 Advance X-ray diffractometer.

The microstructure of all electrolyte samples was observed by scanning electron
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microscope (SEM) (Thermo-Fisher Scientific FEI Apero) and the elemental
composition of BZY-GDC electrolyte was examined using the energy dispersive x-ray
spectroscopy (EDX) system attached to the SEM. The average grain size of samples
was estimated from the SEM images using Nano Measurer 1.2. The densities of the
sintered electrolyte pellets were measured through the Archimedes water displacement
method. The electrochemical impedance spectra of all symmetric cells were measured
with an A.C. amplitude of 30 mV in the frequency ranging from 0.1 Hz to 1 MHz
using a Solartron XM electrochemical workstation. The EIS measurement was
conducted in dry air (ambient atmosphere) and wet hydrogen atmosphere (10 vol% H>
with Ar as balance and 3 vol% H>O by flowing through a water bubbler) with a flow
rate of 40 SCCM from 350 to 700°C with an interval of 50 °C. The obtained EIS data
of composite electrolytes were further analyzed by the distribution of relaxation time
(DRT) method and fitted with equivalent circuit model built according to the DRT
result. Moreover, the conductivity of GDC electrolyte was also measured in both air
and reducing atmosphere with the same test conductions of the composite electrolytes.
The single cell was tested from 600 °C to 700 °C using humidified H> (3 vol% H20)
as fuel with the flow rate of 40 SCCM for the anode and ambient air as the oxidant for
the cathode. The EIS and i-V curve were also measured by the Solartron XM
electrochemical workstation and the EIS of single cell was performed with the same
condition mentioned above.
3. Results and discussion
3.1 Crystal structural analysis
Fig.1 is the XRD pattern of the synthesized BZY (Fig.1(a)), GDC (Fig.1(b)) and
SBCO cathode powders ((Fig.1(c)) calcined at different temperature. For the BZY
powder, it starts to crystalize to the single-phase perovskite structure after calcined
above 800 °C and there are no secondary phases observed after sintered at 1200°C. The
GDC powder can form a cubic fluorite phase without impurities after calcined at 700 °C
for 2 hours. The result suggests that the acrylamide gelification process is an effectively
method for ceramic powder synthesis at lower temperature. For the SBCO cathode, a

typical double-perovskite structure could be obtained after sintered at 1000 °C for 2
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hours. Fig.2 shows the XRD pattern of BZY-GDC composite electrolyte BG73, BG55
and BG37 after sintered at the temperature for electrolyte fabrication (1550 °C). For all
the composite ceramic samples, there are no secondary phases or intermediate phases
observed, indicating that BZY and GDC have good chemical compatibility even after
high temperature sintering (1550 °C).
3.2 Morphology and sintering property

Fig.3 and Fig.4 show the surface and fracture SEM images of different samples
sintered at 1550°C for 24 hours. Based on the SEM images, all the samples exhibit
dense morphology without apparent pores, and the relative density of sample BZY,
BG73, BG55 and BG37 were determined by the Archimedes method and the
corresponding value was 93.5%, 96.6%, 96.2% and 95.2%, respectively. It can be
concluded that the present of GDC content can enhance the sinterability of the samples.
The average grain size of the samples was also estimated based on the surface SEM
images, and the samples BZY, BG73, BG55 and BG 37 exhibit a grain size of 1.25um,
0.94pum, 1.09pm and 2.18um, respectively. Samples BG73 and BG55 show smaller
average grain size and the same tendency has also been reported by Wang et.al. [25].
The result has been ascribed to the different grain growth rates of two materials[23].

The different phases of the BZY-GDC composite electrolyte cannot be effectively
identified by analyzing the backscattered electron (BSE) image due to the relatively
similar values of Ce*", Ba** and Zr*" [27]. Therefore, the EDX element mapping was
employed to distinguish the two different grains. Fig. 5 is the EDX area map of sample
BG37 and its corresponding SEM image. By comparing the SEM image and element
mapping result of BG37 in the same area, the BZY and GDC grains can be identified
and labeled in Fig. 5 (), showing that GDC has larger grain size than BZY, and this
result is also ascribed to the different grain growth rate of BZY and GDC [23].
3.3 Impedance analysis of composite electrolyte

The conductivity of the composite electrolyte was measured by EIS under dry air
and humidified H> conditions. Fig.6 (a) shows the Nyquist plots of the GDC-BZY
composite electrolyte in reducing atmosphere at 350 °C. The impedance spectrum

typically consists of three semi-circles at lower temperature, corresponding to the bulk
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resistance (Rpuik), grain boundary resistance (Rgp) and electrode resistance (Re) from
high to low frequencies. The first arc starts to disappear with the increase of temperature
due to the different relaxation time constant of the different processes involved in the
symmetrical cell test[28], and the Rouik can be obtained from the intersection with the
X-axis at high frequencies. In this work, the EIS of BG37 start to intersect with the X-
axis when the test temperature is higher than 450°C, as shown in Fig.7. These results
suggest that the total resistance of the symmetrical cells is significantly affected by the
GDC content in the electrolyte. The obtained impedance data are fitted by two types of
equivalent circuit models, one for lower temperature results (<450°C) showing in
Fig.6 (b), the other one for the data tested at higher temperature, containing only two
parallel R-CPE elements representing the grain boundary transport and electrode
process respectively, as shown in Fig.6 (c). Through the data fitting, the bulk, grain
boundary and electrode process can be separated. However, for the two-phase
composite electrolyte, it has been reported that there exist two types of grain boundary
processes[25]. Consequently, the conventional equivalent circuit models mentioned
above are not consistent with the real electrochemical process of the symmetrical cell.
To better distinguish the bulk and grain boundary resistances, the distribution of
relaxation times (DRT) technique has been applied to interpret the EIS data. According
to this method, the total impedance and the distribution function of relaxation times

have the following relation:

(@
Z(w)=R,+R ,| ——dr )
’ pl-([l+1a)r

where Z(w) is the total impedance resistance, Rg and Ry are the ohmic and polarization
resistance respectively, y(z) is the distribution function of relaxation times, 7 is the
relaxation time, o is the angular frequency and j is the imaginary unit[29]. To solve the
y(r), which corresponds to the different relaxation time (z), the DRT diagram can be
obtained. For the EIS of all samples tested at 350 °C in reducing atmosphere, the DRT
analysis has been conducted using the DRTTOOLS developed by Ciucci et al. based
on the Tikhonov regularization with continuous function discretization [30]. The

regularization method and the regularization parameter chosen for the DRT analysis are
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Gaussian and 10, respectively. Then, to better analyze the EIS data measured,
equivalent circuit model fitting based on the DRT result were also employed. The C
values of peaks in the DRT diagram can be estimated based on the time constants (7)
reading from the DRT diagram and resistance (R) according to the formula:

C=t/R (3)
Moreover, they can also be calculated based on the equivalent circuit modeling result

by the following formula:

_ p=n)n Al/n

Where Q and 7 are constants obtained from the simulated EIS data. In this paper, the C
value of peaks were determined by both methods, the results are shown in Table.S1
(Supplementary Data) and Table.S2 (Supplementary Data), respectively. The C value
of the peaks calculated by different methods show the similar order of magnitude.
Therefore, the C value calculated based on Eq.1 (shown in Table.S1) were used for the
subsequent discussion.

Fig.8 (a) shows the DRT diagram of BZY sample tested in wet hydrogen, and there
are two peaks (P1, P2) at the frequency range from 1.2x10* Hz to 300 Hz with the
relaxation time of 1.798x10” s and 1.783x10* s respectively, representing the bulk and
grain boundary processes of the electrolyte. Based on the frequency range information
of each peak extracted from the DRT result, a proper equivalent circuit (shown in
Fig.6(b)) was chosen for the EIS data fitting and the result shows that the capacitance
values of P1 and P2 are in the order of 10'% and 10 F, further proving that P1 and P2
are related to the bulk and grain boundary processes of the proton-conducting
electrolyte, respectively[31]. Moreover, there are also several peaks observed in the
DRT diagram, which should be related to the electrode process. The electrode process
is more complex, the peak lying in the low frequency region may be related to the gas
transportation process in the porous Pt electrode, and the other peaks may represent the
gas conversion process in the electrodes, such as the hydrogen adsorption and
dissociation and ionization steps [32, 33, 34]. For the composite electrolyte BG73 tested

in reducing atmosphere, there is an extra peak (P3) emerged in the DRT diagram, lying
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within the frequency range of the second arc in the Nyquist plot. The second arc
represents the grain boundary process of the electrolyte, thus this specific peak, P3,
should also be related to the ion transportation through the grain boundaries. Based on
the DRT result, the equivalent circuit fitting is conducted with an equivalent circuit
model shown in Fig.6 (d). The corresponding C values of P1, P2 and P3 are 4.80x10"
1071.99x10 and 9.17x10™ F, respectively. For the first peak, its C value close to the
bulk process and the other two peaks should be related to the different grain boundary
processes according to the reported works [28, 31]. Previously, Wang et.al. measured
the EIS of BCY-SDC composite electrolytes in air and then fitted the data by equivalent
circuit models, and found that two different grain boundary processes were determined
based on the fitting result [25]. In this work, for the BZY-GDC composite measured in
reducing atmosphere, P2 should be the BZY/BZY and GDC/GDC grain boundaries,
and P3 is related to the hetero-phase grain boundaries (BZY/GDC interface). The DRT
diagram of sample BGS55 also has three peaks in the high frequency range as shown in
Fig.8 (c), representing the bulk process and two grain boundaries processes according
to their corresponding capacitance value. However, for sample BG 37, as shown in
Fig.8 (d), the C value of P3 is estimated to be 1.56x107 F, a typical capacitance value
of the electrode process[24]. There is only one peak (P2) associating with the grain
boundary process, with a C value of 3.40x10” F, even if there are still two types of
grain boundaries existed. Moreover, from the DRT diagrams of BG73 and BG5S, a
significant decrease in the third peak (P3) comparing to P2 can be observed. Since the
area under the peak in the DRT diagram is proportional to the resistance of the
corresponding process[35], this result indicates that the resistance of the hetero-phase
grain boundary is decreased with the increase in the GDC content. This can be
explained based on the different morphology exhibited in Fig.3. For BG73, the average
grain size is small, therefore, the probability of the BZY/GDC contact will be higher
than sample BG55, which shows a larger average grain size.

The influence of test temperature on the two different grain boundaries are also
investigated, and the impedance data of composite electrolyte BG37 tested from 400 °C

to 550 °C was further analyzed and compared, with the DRT results shown in Fig.9. At
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lower temperature (< 450 °C), there are three peaks lying in the range of the frequency
from 10° Hz to 1258 Hz (shown in Fig.9 (al)) and 10® Hz to 1000 Hz (shown in Fig.9
(bl)), respectively. And in the corresponding Nyquist plots (Fig.9 (a2) and Fig.9 (b2)),
the first two arcs are just distributed in the same range. Normally, the first two arcs in
the Nyquist plot can be interpreted as the bulk and the grain boundary processes.
Therefore, at the lower temperature, the three peaks lying in the high frequency range
as shown in Fig.9 (al) and Fig.9 (b2) should represent the bulk and two grain
boundaries processes. However, with the increase of the test temperature, there is only
one single peak remained (Fig.9 (c1) and Fig.9 (d1)) in the frequency range of the first
arc exhibited in the Nyquist plots (Fig.9 (c2) and Fig.9 (d2)) from 10° Hz to 10* Hz.
Since the arc representing the bulk process is supposed to disappear at elevated
temperature[28], the arc lying in the frequency range from 10° Hz to 10* Hz in the
Nyquist plots should be solely related to the grain boundary process. Therefore, the
single peak in the same frequency range (from 10° Hz to 10* Hz) in both Fig.9 (c1) and
Fig.9 (d1) should represent the grain boundary process. This result reveals that the two
different grain boundary processes can only be separated from the impedance data
obtained at lower temperature (< 450 °C) and similar phenomenon has also been
observed by Wang et.al. [25].
3.4 Electrical conductivity of the composite electrolyte and cell performance

The temperature dependences of total conductivity of different samples are shown
in Fig.10 (Fig.10(a) in air and Fig.10(b) in wet hydrogen). The total conductivity is
expressed as o=owutogs, where opur is the bulk conductivity and o is the total
conductivity of grain boundary. In(o) is plotted against the 1000/T, showing a linear

relationship, which can be described by the Arrhenius equation:

ol = Aexp(— If;“j (5)

Where o is the conductivity (S/cm), T is temperature (K), R is universal gas constant
and E, is the activation energy (eV). The activation energy and conductivity of the
different samples are calculated and summarized in Table.1. It can be observed that the

total conductivity of all samples increases as the increase of the test temperature in both
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atmospheres. Moreover, the total conductivity is also enhanced as the content of GDC
is increased in the composite electrolyte under both dry air and wet H». In air, the
increased total conductivity can be attributed to the higher conductivity of GDC as
shown in Fig.10 and Table.l. In reducing atmosphere, the activation energy is lower
due to the proton conductivity introduced by wet hydrogen[36]. Moreover, in reducing
atmosphere, the activation energy value increases with the increase in the GDC content,
due to the fact that GDC becomes a mixed ion and electron conductor in reducing
atmosphere (or low oxygen atmosphere) [37], while the activation energy of oxygen
ion conductivity is much higher than the proton conductivity of BZY[38]. The total
conductivity of the composite samples increases with the increase in GDC content and
sample 37BG shows the highest total conductivity up to 0.026 S/cm in wet H» at 700 °C,
which is smaller than the total conductivity of GDC (0.0558 S/cm) in reducing
atmosphere as shown in Table.1. The high conductivity may result from the enhanced

conductivity of GDC in reducing atmosphere by the following equation[39].

H

20 O 2V, +2e'+H,0,, (6)
The total conductivity of GDC is improved due to the removal of oxygen and generation
of polaronic electrons[39]. At the same time, the vapor produced during the reduction
process may enhance the local concentration of water content, enhancing the proton
conductivity of BZY. Fig.10(c) and Fig.10(d) show the bulk and grain boundary
conductivity of different samples tested at lower temperature (from 350°C to 500°C) in
reducing atmosphere. The grain boundary conductivity is significantly enhanced with
the increase in GDC content. However, the corresponding activation energy is
decreased, as shown in Table.1, probably attributed to the presence of the hetero-phase
boundary. The different crystal structure of GDC (cubic fluorite) and BZY (perovskite)
may cause lattice disorder at the interface, leading to a larger activation energy value.
Alternatively, it may be resulted from the higher electronic conductivity and oxygen
ion activation energy of GDC through the grain boundary in reducing atmosphere.

Due to the highest conductivity of the BG37 among these composite electrolytes,

single cell with BG37 electrolyte was fabricated and tested. The cross-sectional SEM
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image of the tested cell is exhibited in Fig.11, dense electrolyte with a thickness of 20-
30um can be observed. Fig. 12(a) shows the electrochemical performance of the single
cell tested from 600 to 700 °C. The measured open circuit voltages (OCV) of the cell
are 0.94, 0.91 and 0.89V at 600, 650, and 700 °C, respectively, and the corresponding
peak power densities of the cell are 442 mW/cm? at 700 °C, 300 mW/cm?at 650 °C and
179 mW/cm? at 600 °C, respectively. It can be concluded that the OCV of cell based on
composite electrolyte is improved comparing to the cells with the pure GDC electrolyte
[40]. Fig. 12(b) shows the EIS spectra of the different cells, the intercepts of the spectra
with real axis at high frequencies and low frequencies represent the ohmic resistance
and the total resistance of the cell. With the increasing of the operation temperature,
both the ohmic resistance and total resistance are decreased. According to the cell
performance shown in Fig. 12(a) , which is comparable with the reported cells based
on the composite electrolytes[23], [25], the BG37 composite electrolyte exhibits great
potential to replace the conventional cerium-based electrolyte.
4.Conclusion

BZY and GDC ceramic powders were synthesized by a sol-gel method and BZY-
GDC composite electrolytes were fabricated by mixing BZY and GDC powders with
different weight ratio. The XRD pattern of composite electrolyte shows that BZY and
GDC have good chemical compatibility even after sintered at 1550°C for 24 hours.
Morphology of the samples was observed using SEM and the average grain size was
estimated based on the surface SEM images of the samples. BG73 shows the smallest
grain size due to the different grain growth rates of the two ceramics during the sintering
process. The electrical conductivity of the samples was determined by measuring the
EIS in different atmospheres, the EIS data obtained in humidified hydrogen was
analyzed by the distribution of relaxation times (DRT) method. DRT analysis reveals
two different grain boundary processes for BG37 and BG55 at lower temperature (<
450 °C), which are related to the BZY/BZY and GDC/GDC grain boundaries as well
as the BZY/GDC grain boundary. With the increase in GDC content, the BZY-GDC
composite sample possesses higher total conductivity and corresponding increase in

activation energy in wet Hz. BG37 shows a total conductivity of 0.026 S/cm in wet Ha
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at 700 °C. Single cell based on BG37 electrolyte shows a good maximum power density

of 0.442 Wem™ at 700 °C with considerably high OCV of 0.89V.
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Figure Captions:

Figure.1 XRD patterns of BaZrogY 0203 (2), Gdo.2Ceo.802-5 (b) and SmBaCo0205+5 (c)
powders calcinated at different temperature for 2 hours.

Figure.2 XRD patterns of BZY/GDC composite electrolyte sintered at 1550°C for 24
hours.

Figure.3 SEM images of the surface of sample BZY(a), BG73(b), BG55(c) and
BG37(d) sintered at 1550°C for 24 hours.

Figure.4 SEM images of the fracture of sample BZY(a), BG73(b), BG55(c) and
BG37(d) sintered at 1550°C for 24 hours.

Figure.5 SEM image of BG37 surface (a) and corresponding elemental distribution in
the same area for Zr(b), Ce(c), Ba(d) and Gd(e) and the combination of SEM and
elemental distribution(f).

Figure.6 Typical Nyquist plots of the composite electrolytes measured in reducing
atmosphere at 350°C (a) and equivalent circuit models applied for EIS data fitting from
(b) to (d).

Figure.7 Nyquist plots of sample BG37 tested at 350°C(a), 400 °C (b), 450 °C (c¢) and
500°C (d) in wet Ha.

Figure.8 DRT curves obtained from EIS spectra of BZY(a), BG73(b), BG55(c) and
BG37(d) at 350°C in wet Ha.

Figure.9 DRT curves obtained from EIS spectra of BG37 at 350°C(a), 400°C(b),
450°C(c) and 500°C(d).

Figure.10 Arrhenius plots of the total conductivity of samples tested in air (a) and wet
H> (10%H> with Ar) (b), the bulk conductivity of samples tested in wet Hx(c), and the
grain boundary conductivity tested in wet Ho(d).

Figure.11 The cross-sectional SEM image of the tested cell with a configuration of
NiO-GDC| BG37|GDC-SBCO

Figure.12 I-V curves and corresponding power densities of test cells with BG37
composite electrolyte (a) and impedance spectra (b) measured at 600-700 °C.

Table.1 Summary of the total conductivity (in air and wet H2) of samples and the
corresponding total activation energy values, and the activation energy values of bulk
(in wet H2) and grain boundaries (in wet Hz).
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Figure.1
XRD patterns of BaZrosY0.203-5 (a), Gdo2Ceo 8025 (b) and SmBaCo20s5+5 (c) powders

calcinated at different temperature for 2 hours.
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Figure.2 XRD patterns of BZY/GDC composite electrolyte sintered at 1550°C for 24
hours.
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Figure.3 SEM images of the surface of sample BZY(a), BG73(b), BG55(c) and
BG37(d) sintered at 1550°C for 24 hours.

\
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(o]

Figure.4 SEM images of the frac

BG37(d) sintered at 1550°C for 24 hours.
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Figure.5
SEM image of BG37 surface (a) and corresponding elemental distribution in the same
area for Zr(b), Ce(c), Ba(d) and Gd(e) and the combination of SEM and elemental

10pm

Figure.6
Typical Nyquist plots of the composite electrolytes measured in reducing atmosphere
at 350°C (a) and equivalent circuit models applied for EIS data fitting from (b) to (d).
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Figure.7

Nyquist plots of sample BG37 tested at 350°C(a), 400 °C (b), 450 °C (c) and 500 °C (d)

in wet Ho.
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Figure.8 DRT curves obtained from EIS spectra of BZY(a), BG73(b), BG55(c) and

BG37(d) at 350°C in wet Ho.

5x10° |-
4x10° -
:1.78X10%s
g 3x10° - C,:1.24 X10°°F
=
> . -5
axiof | o, T:1.80X107°s
C,;12.52 X10°F
1x10° | ' P1
ol U\W
1 1 L 1 1
c &} 0 2 4 6
log(fy/Hz
1.2x10°
7,:9.92X107 s
C,:4.74 X10'*°F
8.0x10° [
o] 1,:2.17X10°5 s P1
z C,:1.24 X10°F ol
- |
4,0x10° |-
0.0 |-
1 L L I
e} 0 2 4
log(f)/Hz

23

b

1.5x10" -

1.0x10*

Y(yQ

5.0¢10°

0.0

6.0x10°

4.0x10°

W)/

2.0x10° |

7,:9.92X107 s

C,:4.80 X10°F P3 —

73:2.49X10°s
C,:9.17 X10°F

P
1 i 1 i ] 1
2 0 2 6
log(f)/Hz
7,:1.01X10s
C,:4.58 X101°F —p1

7,:7.71X10°s
C;:1.56 X107F

log(fyHz



Figure.9

DRT curves obtained from EIS spectra of BG37 at 350°C(a), 400°C(b), 450°C(c) and

500°C(d).
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Figure.10

Arrhenius plots of the total conductivity of samples tested in air (a) and wet H2 (10%H:
with Ar) (b), the bulk conductivity of samples tested in wet Ha(c), and the grain
boundary conductivity tested in wet Ha(d).
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Figure.11
The cross-sectional SEM image of the tested cell with a configuration of NiO-GDC]
BG37|GDC-SBCO
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Figure.12
I-V curves and corresponding power densities of test cells with BG37 composite

electrolyte (a) and impedance spectra (b) measured at 600-700 °C.
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Table.1

Summary of the total conductivity (in air and wet H») of samples and the corresponding
total activation energy values, and the activation energy values of bulk (in wet H2) and
grain boundaries (in wet H»).

Electrolytes Gaseous Activation energy/eV Conductivity(total)/Secm’!
atmospheres Total bulk Grain
boundary
BZY dry air 1.093 1.08x10*
wet 5%H> 0.687 0.617 0.642 6.86x10
GDC dry air 0.824 4.64x1073
wet 5%H> 1.235 0.770 0.596 5.58x10%2
BZY07,GDCo dry air 1.217 6.54x10*
wet 5%H> 0.865 0.688 0.872 2.16x1073
BZY5GDCys dry air 1.131 1.64x1073
wet 5%H> 0.999 0.734 1.084 1.15x10%2
BZY3GDCo7 dry air 1.011 4.79x1073
wet 5%H> 1.068 0.777 1.357 2.69%x102
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