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ABSTRACT

A bilayer composite electrolyte comprising BaCeos5Y0.1503-a (BCY15) — Gdo.2Ceo.802-4

(GDC20) at the anode side and BaZros5Y0.1503-a (BZY15) — Ndo.1Ce0902.9 (NDC10) at the

cathode side is designed for improving the stability of co-ionic conducting solid oxide fuel
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cells (SOFCs) in a cell imbalanced stack. Contrary to the single layer structured SOFCs, the
bi-layer cell stably operates without electrode delamination under negative voltage conditions.
We measure local internal p,, values using embedded Pt probes. Based on these values,
local electronic conduction is estimated in combination with four probe DC conductivity
measurements. It is found that n-type conductivity (~ 10 Scm™) and p-type conductivity (10"
>~ 10* Scm!) are developed in the BCY15-GDC20 near the anode side and in the BZY15-
NDCI10 near the cathode side, respectively. The results indicate that local electronic
conduction in electrolyte regions near both the anode and cathode interfaces is a crucial factor
for the durability of co-ionic SOFCs under negative voltage operation. We therefore suggest
the bi-layer configuration as a practical solution to protect co-ionic SOFCs in a cell-

imbalanced stack.
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imbalance, Durability



I INTRODUCTION

Solid oxide fuel cells (SOFCs) are highly efficient energy conversion (chemical energy to
electrical energy) devices having minimum environmental impact with lower emissions of
pollutants as compared to other power generating systems. Recently, decreasing the operating
temperature of SOFCs has been at the center of intense research endeavors [1]. A conventional
SOFC electrolyte, yttria stabilized zirconia (YSZ), is operated at relatively high temperature of
~ 800°C due to the high activation energy of oxygen ion transport. The high operating
temperature brings about advantages including high-energy efficiency and circumventing the
need for precious metals. [2]. On the other hand, it causes thermal degradation issues such as
coarsening of particles in the electrodes and chemical interactions between stack components

[3,4].

Doped ceria (CeO») has been reported to be one of the promising electrolytes for intermediate
SOFCs (500 ~ 700°C). However, ceria is chemically unstable under a reducing atmosphere,
giving rise to mixed ionic electronic conduction that eventually lowers the open circuit voltage
and output power density [5]. Researchers have developed doped ceria — alkali carbonate
composite electrolytes for higher ionic conductivity and ionic transference number compared to
doped ceria. However, these composite electrolytes have issues such as low chemical stability
under moisture and high temperature conditions [6, 7]. Another class of low temperature SOFC
electrolytes is proton conducting perovskite oxides, such as doped barium cerates (BaCeQO3),
doped barium zirconates (BaZrO3) and their solid solution, which have a high ionic
conductivity at an intermediate temperature regime [8]. Doped BaCeO3s has a higher proton
conductivity compared to doped BaZrOs, but it has poor chemical stability under CO, and H>O

environments [9]. Doped BaZrOs is chemically stable, but its grain boundary resistance is



significant because of the poor sinterability. [10, 11]. Recently, a co-ionic conducting
electrolyte model was put forward, comprising a composite of oxygen ion conducting ceria and
a proton conducting perovskite oxide to prevent leakage currents, improve the CO, and H>O
tolerance, and alleviate fuel dilution [12-21]. However, research groups have not adequately
addressed the stability of co-ionic conducting SOFCs under severe operating conditions in a
stack level, which should be considered for their commercialization. Cell to cell performance
variation (cell imbalance) may bring about catastrophic failure in a series-connected
electrochemical device [22-24]. This phenomenon is well known in lithium-ion battery
systems; electrical abuse (over-charging/discharging) associated with cell imbalance may lead
to thermal runaway [25]. In the case of a fuel cell stack, a bad cell with higher resistance can
operate at a negative voltage, and its electrolyte/electrode interface can be delaminated by high
partial pressured developed in the electrolyte, eventually resulting in stack failure [14, 26, 27].
This is known as ‘electro-chemo-mechanical failure (electrochemically induced mechanical
failure)’ and is one of the significant issues addressed in all-solid-state secondary batteries and
solid oxide electrolysis cells [28, 29]. Stack monitoring and a management system are required
for protecting stacks and expanding their lifespan, but it is more important to develop SOFCs

that stably operate even at a negative voltage.

In our previous study on co-ionic conducting composite electrolytes, we found that BCY15
(BaCeo.85Y0.1503.) - GDC20 (Gdo2Ce0s02.q) and BZY15 (BaZrossY0.1503.q) - NDCI10
(Ndo.1Ce0.902-q) cells were stable at positive cell voltages, but both readily degraded upon being
subjected to negative cell voltages [14]. It was observed that electrolyte regions with higher
electronic resistance (a region close to the anode side for BZY 15-NDCI10 and a region close to
the cathode side for BCY15-GDC20) were physically damaged (delaminated) during negative

voltage tests. On the other hand, we did not observe any damage on the relatively high



electronic conducting regions (a region close to the cathode side for BZY15-NDC10 and a
region close to the anode side for BCY15-GDC20) after negative voltage tests. These results
indicate that electrolyte/electrode interfaces can be protected from physical damage by
stabilizing the internal partial pressure with some degree of electronic conduction in the
electrolyte. On the basis of a local equilibrium assumption, we can write the relationship
between the internal oxygen chemical potential (partial pressure) and the electronic

concentration in an electrolyte as follows [26]:

Ho, = 2Uo2- — 4(ul + RTInC, — ed) 1)

where o, is the chemical potential of oxygen; ﬁoz— is the electrochemical potential of
oxygen ions; uQ is the chemical potential of electrons in a standard state; R is the gas constant,
T is the temperature; C, is the electronic concentration; e is the elementary charge; and @ is

the local electrostatic potential. This equation suggests that the higher the electronic
concentration is, the lower the internal partial pressure will be. An anode/electrolyte interface
should be protected in oxygen ion conducting SOFCs while a cathode/electrolyte interface
must be protected in proton conducting SOFCs [10, 27]. In the case of co-ionic conducting
SOFCs in which protons and oxygen ions are transported from the anode to the cathode and
vice versa, respectively, local electronic conduction is required in electrolyte regions near both
electrode sides to circumvent electrochemically induced mechanical failure issues. From this
perspective, we modified composite electrolytes by designing a bi-layer structure in the present
study: BCY15-GDC20 and BZY15-NDC10 were placed at the anode (for n-type conduction)
and at the cathode sides (for p-type conduction), respectively. Effects of the bi-layer structure

on improving stability were evaluated by subjecting the cell to negative voltages. Embedded Pt



probes were utilized to measure internal partial pressures in the electrolyte region near the
anode and cathode sides. Based on the measured internal partial pressures, local electronic
conductivities were determined in combination with four probe DC conductivity
measurements. This study suggests a new concept of co-ionic conducting composite electrolyte

design for stable operation in a cell imbalanced stack.

II. EXPERIMENTAL PROCEDURE

Anode supported bi-layer electrolyte SOFCs were fabricated as follows. Two kinds of
composite electrolytes, BCY15-GDC20 in 65:35 wt% and BZY15-NDCI10 in 25:75 wt%,
were prepared in the same manner as described in our previous work [14]; we maintained the
same dopants and the same weight ratio of proton conductor to oxygen ion conductor as in
our previous work. Maintaining the same material conditions as employed previously, we
could see solely the effects of the bi-layer structure on the cell stability under negative
voltage conditions. An anode support (AS) was prepared by die-pressing a NiO+
BaCe0.7Zr0.1Y0.1Yb0.103.5s (BCZY YD) powder (65 wt% + 35 wt%), and then fired at 950°C.
An anode functional layer (AFL) was deposited on the AS using a NiO+ BCY15-GDC20
slurry (60 wt% + 40 wt%), and then fired at 950°C. The first electrolyte layer was prepared
by drop coating a BCY15-GDC20 slurry on the AFL. A Pt probe was embedded in the first
electrolyte, which is denoted as ‘Ref#2’. The method of embedding Pt probes and attaching
lead wires to probes can be found elsewhere [30]. After firing the first electrolyte at 1000°C,
the second electrolyte of BZY 15-NDC10 was deposited using drop coating. Another Pt probe
was embedded in the second electrolyte. This embedded probe is denoted as ‘Ref#1°. The
anode supported bi-layer was sintered at 1550°C for 4 h. A cathode functional layer (CFL) of

NdBaps Sro.s Coi15Feos0s55 (NBSCF)+NDCI10 (60 wt% + 40 wt%) was deposited on the bi-



layer, followed by a firing process at 1150°C. A schematic diagram and a photograph of the
Pt probe-embedded bi-layer cell are shown in Figures 1(a) and (b), respectively. We prepared
‘Pt probe-free’ bi-layer cells for material analyses and durability tests. Note that the
electrolyte thickness of the ‘Pt probe-free’ cell (20~30 um) was much smaller than that of the
‘Pt probe embedded’ cell (~ 40 um). Scanning electron microscopy (SEM) with energy
dispersive spectroscopy (EDS) line scanning and x-ray diffraction (XRD) analyses were

carried out on the fabricated bi-layer cell.

A specially designed test fixture was used for electrochemical performance tests [31];
hydrogen and air were supplied to the anode and the cathode sides, respectively, at a flow rate
of 300 mLmin™!. I-V characteristics and impedance spectra were evaluated using a Bio-Logic
SP 240 potentiostat/galvanostat. Durability tests were conducted by subjecting the cell to a
positive voltage (~ 2 h) followed by a negative voltage (~ 90 h). Voltage between the cathode
and ‘Ref#1’ and between the anode and ‘Ref#2’ was measured in the Pt probe-embedded
cells under open circuit conditions at 600 °C. Based on these measurements, internal partial
pressure at the probe location was determined. We prepared bar shaped samples of BCY15-
GDC20 and BZY15-NDC10, which were sintered at the same sintering temperature for the
anode supported bi-layer cell. Pt electrodes were painted on the bar samples for four probe

DC conductivity measurement. Their electrical conductivity was measured using a Keithley

DMM6500 at 600°C at various partial pressures of oxygen (py,). From conductivity data as a

function of p,,, we determined electronic conductivities in the region near the anode

interface of the BCY15-GDC20 electrolyte and the region near the cathode interface of the

BZY15-NDCI10 electrolyte.



III. RESULTS AND DISCUSSION

Figure 2(a) compares XRD patterns of BZY 15, NDC10, BCY15, and GDC20 powders, and
bi-layer electrolytes fired at 500 °C and sintered at 1550°C. Note that 2- theta peak positions
were slightly different for BZY and BCY due to different lattice parameters. In the case of the
bi-layer fired at 500°C, we observed all the three phases corresponding to BZY15 and BCY15
and doped ceria (NDC10 and GDC20). On the other hand, XRD peaks corresponding to a
BCY and BZY solid solution (namely, BCZY) were detected in the bi-layer sintered at a high
temperature of 1550°C [11]. Note that no other secondary phases were observed in the
sintered bi-layer. Figure 2(b) shows an SEM image of the cross-section of a ‘Pt probe free’ bi-
layer sintered at 1550°C, with the results of EDS line scanning of Zr element. The Zr profile
indicated that a bi-layer interface was positioned in the middle of the electrolyte. It was also
observed that the Zr concentration slightly decreased from the cathode to the interface within
the BZY 15-NDC10 layer while it slightly increased from the anode to the interface within the
BCY15-GDC20 layer, indicating that Zr of the BZY15-NDC10 was diffused into the BCY15-
GDC20. Additionally, EDS spot analyses were carried out for the atomic ratio of Zr to
(Zr+Ce) on the bi-layer electrolyte region near the cathode (Figure Sla in the supporting
information), and the results were compared with those of a BZY15-NDCI10 single layer
(Figure S1b). The atomic ratios of Zr to (Zr+Ce) were ~0.12 and ~0.124 for the former and
the latter, respectively. Similarly, EDS spot analyses were conducted on the bi-layer
electrolyte region near the anode (Figure S1c) and on a BCY15-GDC20 single layer (Figure
S1d). The atomic ratios of Zr to (Zr+Ce) were determined to be ~0.046 and ~0 for the former
and latter, respectively; a solid solution of BaCeogsxZrxYo.1503.¢ with a very small Zr
concentration (x ~ 0.0391) was formed near the anode side. These results suggest that the

chemical composition of the bi-layer electrolyte became increasingly similar to the original



composition of BZY15-NDC10 and BCY15-GDC20 moving closer to the cathode and anode
interfaces, respectively. SEM micrographs of ‘Ref#1” and ‘Ref#2’ are shown in Figures 3(a)
and (b), respectively. The distance between ‘Ref#1’ and the CFL and between ‘Ref#2’ and the
AFL was ~ 16 um and ~ 14 um, respectively. The thickness of the bilayer electrolyte was ~
42 um. Note that we designed a relatively thick electrolyte to prevent short circuit between

the embedded probes.

The basic electrochemical performance of the ‘Pt probe free’ bi-layer cell was evaluated.
Figure 4(a) shows the initial I-V-P curve measured at 600 °C. Open circuit voltage of ~ 1.0 V
was achieved. This was still lower than the theoretical value, but much higher than that of
doped ceria single-phase electrolyte (0.8 ~ 0.9 V at 600 °C) [17, 32, 33]. Thus, we can state
that leakage current was substantially suppressed in the composite bi-layer electrolyte as the
perovskite oxide phase protected the doped ceria from reduction [14, 15]. The maximum
power density was measured as ~ 101 mWcm™. This value is lower than that of the BCY15-
GDC20 composite electrolyte (single layer) cell, but comparable to that of the BZY15-
NDCI10 composite electrolyte (single layer) cell [14]. This indicates that the BZY15-NDC10
layer dominated the overall electrochemical performance of the bi-layer cell. Impedance
spectra of the bi-layer cell were measured at open circuit voltage and in a frequency range of
200 KHz to 100 mHz. A Nyquist plot is shown in Figure 4(b). Ohmic area specific resistance
(ASR) was obtained from the high frequency (28,160 Hz) intersection of the arc on the real
axis, which was ~ 0.75 Qcm?. This relatively high ohmic resistance was due to the thick bi-
layer electrolyte. Non-ohmic ASR was determined to be ~ 1.35 Qcm? by subtracting the
ohmic ASR form the total ASR. Note that the high non-ohmic ASR was attributed to the large

low frequency impedance (11 ~ 0.1 Hz), which was mainly associated with concentration



polarization. The sharp voltage drop at high current densities in Figure 4(a) also indicates
large concentration polarization, which might be due to the non-completed NiO reduction

and/or the non-optimized anode support microstructure.

After the initial performance test, the bi-layer cell was subjected to positive and negative
voltages for ~ 100 h. The cell voltage was measured at various current densities of 227, 246,
272, and 305 mAcm>, as shown in in Figure 5(a). When the cell was subjected to ~ 227
mAcm™ for about 2 h, corresponding to a cell voltage of ~ +0.217 V, the cell voltage was
stable and slightly increased, which might be due to the anode performance improvement
associated with further reduction of NiO. Although the concentration polarization was slightly
mitigated during the positive voltage test, a small increment in the current density (from 227
to 246 mAcm™) changed the cell voltage sign from positive to negative, implying that the
concentration polarization resistance was still substantial. The performance of the bi-layer cell
could be further improved by optimizing the anode microstructure. We believe that the non-
optimized anode microstructure of the bi-layer cell would not affect the main experimental
results (local electronic conduction in the electrolyte and the cell durability under negative
voltage conditions) of the present study. Upon further increasing the current density from 246
~ 305 mAcm2, the cell voltage decreased from -0.057 to -0.272 V. It can be seen that the cell
voltage was stable under all operating conditions. After completing the tests, the cross-section
of the bi-layer cell was examined by SEM, as shown in Figure 5(b), indicating there was
neither delamination nor cracking at both the anode and cathode sides. These results
contrasted with those of the BCY15-GDC20 and BZY15-NDC10 single layer cells, both of
which showed a rapid voltage drop rate under similar test conditions [14]. Thus, we find that
the cell stability under negative voltage conditions was greatly improved by utilizing the

BCY15-GDC20/ BZY15-NDC10 bi-layer structure.



Three voltages were measured in the ‘Pt probe embedded’ bi-layer cell to elucidate how a bi-
layer structure improved the cell stability. The voltage between the cathode and the anode (C-
A), between ‘Ref#1’ and the anode (Ref#1-A) and between ‘Ref#2’ and the anode (Ref#2-A)
was measured under open circuit conditions at 600°C, as shown in Figure 6. Initially, a mixture
gas of 10% H: + balance N> gas was supplied for the reduction of NiO to Ni in the anode for ~
30 min in which the three voltages were in a range of 0.2 ~ 0.4 V. After NiO reduction, 3% wet
H> and air were supplied to the anode and cathode, respectively. The flow rates of 3% wet H»
and air were fixed at 300 mLmin™!. All three voltages increased upon supplying H and air, but
‘Ref#2-A’ abruptly dropped to ~ 3 mV after ~ 2h H> supply. On the other hand, ‘C-A’ and
‘Ref#1-A’ were stabilized at voltage of 1.001 and 0.854 V, respectively. Note that the voltage
of ‘Ref#2-A’ was as high as 0.2 ~ 0.4 V in 10% H> + balance N> (before H> supply), which
means that ‘Ref #2’ and the anode were not physically shorted. The corresponding voltage
variation through the Pt-Probe embedded bi-layer electrolyte is illustrated in Figure 7(a), where
¢ denotes the electric potential; we can see a small variation of ¢ in the regions close to the
electrode interfaces, but a large variation in the middle region. Note that this type of voltage
profile is quite different from that of the BCY15-GDC20 and the BZY15-NDC10 single layer
cells [14]; the BCY15-GDC single layer cell showed a small ¢ change only in the region close
to the anode side and the BZY 15-NDC10 showed that only in the region close to the cathode
side. With the designed bi-layer structure, electrolyte regions having a small ¢ variation were
formed at both electrode sides. Note that an electrolyte region of a small ¢ change corresponds

to a relatively low electronic resistance region.

The previous studies showed that local electronic conduction has a positive effect on both

oxygen ionic and protonic SOFC stability under negative voltage conditions [34-36]. In the



following, we attempted to determine local electronic conductivities based on the ¢ variation
measurement results in Figure 7(a). Since local electronic conduction is a function of
atmosphere (partial pressure of oxygen or hydrogen) as well as dopant materials, temperature,

etc., we needed information about the local internal partial pressures in the bi-layer electrolyte.
Using voltage values of ‘C-A’, ‘Ref#1-A’, and ‘Ref#2-A’, we calculated the internal Po, in
the corresponding regions. p,, at the positions of ‘Ref#1’ (pgff #1) and ‘Ref#2’ (pgzef #2) can

be written as Equation (2) and (3), respectively:

Ref#1 _ 4 de(pReS#1 — 4

pe ™ = ph, x exp | )
Ref#2 _ A de(pReS#2 — o)

P " = ph, x exp || 3)

where k, e, and T are Boltzmann constant, elementary charge, and temperature, respectively;

Ref #1, (pRef #2, and (pA are electric potentials at ‘Ref#1’, ‘Ref#2’, and the anode,

%
respectively; pgz is the oxygen partial pressure at the anode. The open circuit voltage was

measured as ~ 1.001 V at 600°C, and we can assume that there was no significant electronic

leakage through the bi-layer cell. Thus, the Nernst equation gave us pg,“z ~1.61 x 107%* atm,

and then pgzef *land pgzef 2 were determined as ~ 8.48 x 105 and ~ 1.89 X 10™2* atm,

respectively, using Equation (2) and (3). The corresponding p,, variation through the bi-layer

electrolyte is illustrated in Figure 7(b). The electrolyte region near the anode was in a very low

oxygen partial pressure range of ~ 102* atm while that near the cathode was in a relatively high
oxygen partial pressure range of 8.48 x 107> ~ 0.21 atm. Using these po, values, local

electronic conductivities can be determined.



As mentioned above, the compositions of the bi-layer electrolyte regions near the anode and
cathode interfaces were approximately the same as those of BCY15-GDC20 and BZY15-
NDCI10, respectively. According to [37, 38], the chemical and electrical properties of BaCeo.gs-
xZ1xY0.1503.4 approached those of BCY as x became smaller. Thus, it is a reasonable
assumption that the electronic properties of BCY15-GDC20 and BZY 15-NDC10 bar samples
can represent the local electronic properties of the bi-layer electrolyte regions near the anode
and cathode interfaces, respectively. It is well known that doped ceria exhibits n-type electronic
conduction in a reducing atmosphere (at low p,,) even at 600 °C [39, 40]. BCY also consists
of ceria and therefore we can expect a mixed ionic and electronic conduction in the BCY15-
GDC20 composite under a reducing atmosphere. Although the electronic conductivity of BCY
is smaller than its ionic conductivity, the electronic conduction cannot be neglected in a
reducing atmosphere [30, 41-45]. The information about the electronic properties of BCY-GDC
or a similar composite electrolyte is limited; most studies focused on the effect of the
composite on the prevention of leakage current and the electrochemical performance [12, 13,
15, 16, 18-21]. According to Medvedev et al. [20], the electrical conductivity of the BCN (Nd
doped barium cerate)-NDC composite (in 25:75 mol %) increased with decreasing p,,, at 600
°C. Although the molar ratio we employed in BCY15-GDC20 (in 50:50 mol %) is different, we
can expect that ceria in the composite electrolyte is reduced in a low partial pressure range <
102 atm. A bar sample of BCY15-GDC20 was prepared to determine its n-type conductivity.

A four probe DC 4-probe conductivity was measured on the sample in various po,. Electrical
conductivities of the BCY15-GDC20 bar sample were measured in p,, ~1.48 x 107%3,

~5.92 x 1072°, and ~1.51 x 10727 atm, and its plot as a function of p521/4 is shown in



Figure 8(a). Since it showed linear behavior, we used Equation (4) for estimating ionic and
electronic conductivity of BCY15-GDC composite:

)—1/4 @)

— — 0
o =0; +0,=0; +O’e'(p02

where o,, 0;, 0,, and o2 are the total conductivity, ionic conductivity (considered
approximately constant), n-type electronic conductivity at a given atmosphere, and n-type
conductivity at py, = 1 atm, respectively. From the plot, g; can be determined from the Y-
axis intercept and 62 can be determined from the plot slope [19]. Note that o; and o2
include contributions from two materials, BCY and GDC. g; of the BCY15-GDC20 bar
sample was ~ 4.72 X 1073 Scm™!, which is similar to the reported values of similar composite
electrolytes at 600°C [12, 16-18, 20, 21]. Since the range of p,, in the anode side region

(5, ~ pgzef#z) was determined to be 1.61x 1072* ~ 1.89 x 1072* atm by using embedded

probes, we can calculate the electronic conductivity by ¢ X p521/ * which was 1.76 x 1073
~ 1.84 x 1073 Scm! in the corresponding region. Note that this value is similar to the
increased electrical conductivity value of the BCN-NDC composite as decreasing from

intermediate to low pg,, at 600°C [20].

The electrical conductivity of BZY increases with increasing p,,, developing p-type

conduction, which was reported as 10 ~ 103 Scm™ in air at 600°C [46, 47]. We assumed that a
solid solution was not formed in the BZY 15-NDC10 region near the cathode side and therefore

we can expect non-negligible p-type conduction near the cathode side. Similarly, a BZY-NDC

bar sample was prepared and its electrical conductivities were measured in p,, ~ 0.21, 0.5,

and 0.99 atm. Figure 8(b) shows the corresponding conductivity plot as a function of péé * The



linear behavior indicates that p-type conduction develops with increasing po,. Since doped
ceria is an almost pure ionic conductor in an oxidizing atmosphere [40], the increase in
electrical conductivity with p,, should be due to p-type electronic conductivity from BZY.

We can now determine p-type electronic conductivity of the electrolyte region near the cathode

side using Equation (5):

)1/4 5)

— — 0
o =0; +to,=0; + Uh‘(Poz
where o,, 0;, 0,, and of are the total conductivity, ionic conductivity (considered
approximately constant), p-type electronic conductivity at a given atmosphere, and p-type

conductivity at po, = 1 atm, respectively.. Similarly to Equation (4), o; can be determined
from the Y-axis intercept and of can be determined from the plot slope [19]. g; of the

BZY15-NDC10 was determined to be ~ 9.3x10* Scm™’. Since the range of p, , in the cathode

side region (pgZ ~ pgff #2) was determined to be 8.48 X 107> ~ 0.21 atm by using the

embedded probes, we can calculate the p-type conductivity by ap X péé * which was 3.33 X

1075 ~ 2.35x 10™* Scm! in the corresponding region. These values are somewhat lower
than the reported p-type conductivity of pure BZY [46], but are much higher than electronic
conductivity of an electrolyte with a high ionic transference number (e.g. p-type electronic
conductivity ~ 10%Scm™ of YSZ at 800°C) [48]. We can thus surmise that there is sufficient
local electronic conduction established in the electrolyte regions close to both electrodes, which
eventually plays a role in stabilizing the internal partial pressure, i.e., preventing electrode
delamination [34, 49, 50]. The present results indicate that the bi-layer structure can be a

practical solution to protect co-ionic conducting SOFCs in a cell-imbalanced stack.



IV. SUMMARY

In the present study, we modified the co-ionic conducting composite electrolyte design by
utilizing a bi-layer structure: anode / BCY15-GDC20 / BZY15-NDC10 / cathode. The bi-layer
cell was stable under both positive and negative voltage conditions, contrary to the single
layered composite electrolyte cell. To understand the effects of the bi-layer structure on the
stability, Pt probes were embedded in the bi-layer electrolyte for estimating the internal pg,.
Using these values, n-type conductivity near the anode side (~102 Scm™) and p-type
conductivity near the cathode side (10° ~ 10* Scm™') were determined in combination with
four probe DC conductivity measurements. The results indicate that local electronic conduction
in electrolyte regions near both the anode and cathode interfaces is crucial for the durability of
co-ionic conducting electrolytes under negative voltage operation. Thus, the bilayer structure is
recommended for improving the stability of co-ionic conducting SOFCs in a cell imbalanced

stack.
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Captions
Figure 1: Schematic (a) and photograph (b) of anode supported bi-layer cell with two

embedded probes.



Figure 2: (a) XRD patterns of BZY15, NDC10, BCY15, and GDC20 powders, and bi-layer
electrolytes fired at 500°C and sintered 1550°C; (b) SEM image of the cross-section of a ‘Pt

probe free’ bi-layer electrolyte sintered at 1550°C with EDS line scanning results of Zr.

Figure 3: SEM images of the cross section of the bi-layer electrolyte with Ref#1 (a) and Ref#2

(b).

Figure 4: Initial I-V-P curves (a) and impedance spectra (b) of the bi-layer electrolyte cell

measured at 600°C.

Figure 5: (a) Voltage plot vs. time under positive voltage (+ 0.217 V) and negative voltage (-
0.057 ~ - 0.272 V) conditions, of the bi-layer cell at 600°C; (b) SEM image of the bi-layer cell

after tests.

Figure 6: The voltage between the cathode and anode (C-A), between ‘Ref#1’ and the anode
(Ref#1-A) and between ‘Ref#2’ and the anode (Ref#2-A) measured under open circuit

conditions at 6000C; the anode gas was changed from 10% H> + N> to 3% wet H2 at ~ 0.5 h.

Figure 7: ¢ (a) and py, (b) variation through the Pt probe embedded bi-layer electrolyte at

6000C under open circuit conditions.

Figure 8: Electrical conductivity measurements on the BCY15-GDC20 bar sample as a
-1 1
function of Po, /a (a) and the BZY15-NDCI10 bar sample as a function of poé 4 (b), at

6000C.
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Figure 1: Schematic diagram (a) and photograph (b) of anode supported bi-layer cell with two

embedded probes
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Figure 2: (a) XRD patterns of BZY15, NDC10, BCY15 and GDC20 powders, and bi-layer
electrolytes fired at 500°C and sintered 1550°C; (b) SEM image of the cross-section of a ‘Pt

probe free’ bi-layer electrolyte sintered at 1550°C with EDS line scanning results of Zr.
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Figure 3: SEM images of the cross section of the bi-layer electrolyte with Ref#1 (a) and Ref#2

(b).
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Figure 4: Initial I-V-P curves (a) and impedance spectra (b) of the bi-layer electrolyte cell

measured at 600°C.
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Figure 5: (a) Voltage plot vs. time under positive voltage (+ 0.217 V) and negative voltage (-
0.057 ~ - 0.272 V) conditions, of the bi-layer cell at 600°C; (b) SEM image of the bi-layer cell

after tests.
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Figure 6: The voltage between the cathode and the anode (C-A), between ‘Ref#1’ and the
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